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I. INTRODUCTION

<

Although the dependence of prostatic size and function upon continuous
secretion of testicular hormones has been well documented, the precise
mechanics of growth, differentiation and metabolism of this accessory organ
is still obscure. Generally speaking, substances or conditions which affect
the hypothalamus and/or the pituitary gland, or thé syn£hesis of testosterone
in the testis influence prostatic function and morphology. Whilé the direct

end organ effects/of various pituitary hormones on sex adcessory activity

have not been

clearly established as their indirect effects mediated via
the testis, the interactions of these hormones, especially-p;olactin, with
androgens and their role in the pathogenesis of the prc;state gland remain
to be elucidated (1,2). Various forms of treatment of prostatic dysfunctions
including the use of estrogens, progestogens, orchidectomy‘and hypophysectomy
haﬁe been introduced in attempts to re%ove or reduce the influence of androgens.
on this hormone-dependent tissue (3). while the effectiveness of treatment
with antiandrogens such as cyproterone and cyprotercone acetate appears to
support the notion that the androgens play an etiological role in prostatic
growth,  the exact molecular basis by which the androgens and/or other hormones
promote ghe deve lopment of prostatic cancer remains unknown.

In view of'the anabolic actions of androgens on target tissues that are
constantly depéndeht on male sex steroids for normal differentiation and
function, the prostate glands offer an excellent model for the study of the
mechanisms underlying the gontrol of transcription and cellular growth.
Numerous investigations carried out during the‘ past decade on the molecular
actions of sex hormones have led to the concept that a co-ordinated increase
in genetic transcription in their target tissues may be central to the mechanism

of action of these hormones. Although the precise mechanism for thre control

of gene expression in androgen-dependent cells is still not fully established,




~ the regulation of transcription in response to hormonal stimulation is
mediated by enzymatic modification of nuclear protéins associated with the

chromatin (4,5). While the action of bicgenic amines, polypeptide hormones

and several cell regulating substances is believed to require cyclic AMP
as an fintracelluiar messenger," evidence also exists that this ubiquitous

nucleodide might be involved in some of the actions of sex steroids as well

(6-10). Whereas administration of exogenous cyclic AMP or its dibutyrxyl analog

\

o lcastrate or immature rats mimicked several of the anabolic actions of

androgens (increases in seminal vesicular and prostétic weights, glycogen
synthesis and induction of certain enzymes involved in glucose metabolism),
these responses were effectively inhibited by actinomycin D and cycloheximide
(11—14).‘ It is noteworthy that recent investigations on the effects of various
cyclic nucleotides have centered around the ability of these compounds to
stimulate cyclic ﬁucleotide-dependent protein kinases. It hgs been suggested
that protein.%inase(s) plays an important role in the hormone-mediated
induction of RNA and protein giosyntheéis and that phoéphorylation of nuclear
proteins may be a means by which the cell "turns on" its genetic machinery
(15). Studies on nuclear proteins oganeoplastic cells also have implicated
that aberrations in gene control mechanisms may be responsible either for the
initiation or continuation of tumor growth and that an increased rate of
phosphorylationkof various nuclear proteins (both histones and non-histcne
proteins) is associated with the nuclgi isolated from tumorous tissue (16,17). -
The present dissertation is primarily concerned with the androgenic
regﬁlation of cyclic AMP-adenylate cyclase system in the ventral prostate of
mature rats. Earlier st;dies have indicated that whereas endogenous cyclic
AMP in the rat prostate decreased followiﬁg orchidectemy, administration of

testosterone was capable of partially reversing thiﬁ effect (12,14). 1In the

present study, the important question whether androgenic deprivation and
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‘testosterone repletion can alter the acti?&ty of prostatic adenylate cyclase
has been investigated.. Moreover, in order to establish the earliest possiblé
time when an increase in the activity of this prostatic enzyme can be
.detected under iﬁ_gigg conditions, the influence of intravenously administered
testosterone on prostatic adeﬁylate cyclase in orchidectomized rats was
monitored at different time intervals. The effect of certain other steroidal
compounds such as estradiol-178, prodesterone and mgthylprednisolone was also
studied to establish whether this response was specific for androgens. In
addition, changes in adenylate cyclase activity of rat thymus, an organ Known
to be unresponsive to male sex hormone, also were invé%tigated to establish
the tissue specificity of this androgenic response. Since the intracellular
. concentration of éyclic BMP is also depéndent on the activity of cyclic AMP
phogghodiesterases and evidence indicates that testosterone exerted a marked
inhibitory effect on this enzyme in certain steroid-independent tissues (18},

it was of interest to investigate whethexr this androgen also influenced

the activity of these enzymes in the ventral prostate.

It has been demonstrateéﬁthat prostatic cell nuclei possess the enzyme,
.50-reductase, which reduces testosterone to d'ihydrotestosterone and that
the anabolic effects of androgens on the prostate may be preceded and
probably initiated by the nuclear—bindiﬁg of this metabolite, rather than
the parent compound itself (19-21). In light of the possibility that
dihydrotestosterone might be the active form of testosterone in prostatic
tissue (19,20,22), the question whether dihydrotestostercne could produce
more rapid and pronounced changes in adenylate cyclase and phosphodiesterase
activities of the prostate was examined indeichidectomized rats injected
intravenously with this androgen. In addition, in order to elucidate whether

the androgen-induced changes in prostatic adenylate cyclase represent an

activation of the pre-existing enzyme and/or de novo synthesis of new enzyme

——
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protein, the influence of two inhibitors of RNA and protein biosynthesis,
éctinomycin D and cycloheximide was examined on testosterone—stimulated
changes in enzyme activity.

Although evidence implicates cyclic AMP-in the action of sex steroids
on their target tissues, the questibn reﬁains as to whether cyclic AM? acts
directly as a nsecond messenger® or indirectly subsequent to the release and
action of catecholamines (6,23-38). The effect of propranolol on androgen-
jnduced alterations on prastatic adenylate cyclase was studied in order to
deterﬁine whether the androgenic action was mediated through an activation
of the B-adrenergic system. To further study the possible modulation of ’
adenylate cyclase system by B-adrenergic stimulation, the in vivo effects of
a potent B-adrenergic agonist, isoproterenocl were examined on endogenous
cyélic AMP levels as well as the activities of adenylate cyclase, cyclic AMP-
@ependent and-independeﬁt protein kinases in the ventral prostate. Further-

N
more, siqfe certain steroids have been shown to elicit a "permissive effect"
in the action of other hormones (29), it was of interest to study the influence
of androgens on the sensitivity of prostatic cyclic BMP system to stimulation .
by isoproterenol in rats castrated and/or treated with testosterone.
I's

"Bvidence indicates that cyclic AMP exerts its influence on various
cellular processes by activating a class of enzymes called protgin kinases
£15,30). In order to gain deeper insight into the possible involvement of
the adenylate cyclase system in the mechanism’of action of male sex steroids
on the prostate gland, attempts were. made to partially purify and characterize
the cyclic AMP-dependent protein kinase from canine prostate. In particular,
the éffects of several cyclic nucleotides such as cyclic AMP, cyclic GMP,
cyclic CMP, cyclic IMP, cyqlic UMP, cyclic TMP and dibutyryl cyclic AMP
on p;otein kinase activity were examined to agsess the cyclic nucleotide

specificity. In addition, the ability of various proteins, including histones,

-
N




to serve as substrate for the prostatic enzyme was investigated. To under-
stand the molecular interaction of cyclic AMP with its dependent protein
kinase, association of the nucleotide Qith the prostatic enzyme'was studied
at equilibrium. Moréover, the jeffects of cyclic AMP.on tge Vma# and apparént
Km for prostatic protein kin were determinéd for both histones and AEP.

N
In order to further examine the iﬁfluence of androgens on the prostatic cyclic
AMP system, the effects of orchidectomy and testosterone replacement on the 4
activities of soluble cyclic AMP-dependent and -independent protein kinases
as well as the ability of enzyme to bind (BH)—ckclic AMP in vitro were examined.
Furthermore, sinFe phosphorylation of nuclear proteins may play an important:
role in gene ‘activation in eukaryote cells, the in vivo effects of androgenic

deprivation and repletion on the phosphorylaﬁion of crude nuclear substrate

as well as on the cyclic AMP-binding capacity of this fraction were invest-

igated.

Since the antiandrogen, cyproterone acetate is presumed to compete with
testosteroﬁ? for binding sites on specific "receptor"” or alterna£i§ely with
dihydrotestostéroﬁe binding (31,32), attention also was directed to investigate
the effects of this steroidal antiandrogen on prostatic adenylate cyclase
system. In particular, endogenous cyclic AMP levels, activities of adenylate
;yclase, cyclic AMP-dependent and-independent protein kinases, cyclic AMP-
binding capacity as well as the phosphorylation of endogenous nuclear sub-
strates were monitored at various intervals follo@ing daily treatment with
cyproterone acetate. Moreover, since cyproterone acetate also displays‘
certain hormonal properties cther than ité anti-androgenic effects (33),
it was of interest to examine 1f simultaneous administration of testosterone

could antagonize or reverse these various biochemical responses in the

ventral prostate. In order to elucidate whether the effects of anti-



androgen treatment persis;ed ﬁpoh cessation of drug therapy, the influence
of-1l0-day "withdrawal" was examined upon biochemical par&meters in rats
which had been pretreated with cyproterone acetate for 10 days.

* Results of‘thg present investigation demoﬂstrate.that androgens play
an impéétant role in the requlation of cyclic AMP metabo}ism of the prostate
glana. The activity of prostatic adenylate cyclase was markedly'altered
following orchidectomy and testosterxone replacement. The response appeared
to be specific both for androgeniclsteroids as wéll as the prostate gland,
and may involve stimulation of the B-adrenergic syétem. The regulatory
" influence of androgens on prostatic adenylate cyclase system also was assoc—
jated with marked changes in the activity of cytosolic and nuclear prostatic
. protein kinases as well as the number of unsaturated cyclic AMP receptor
sités of the-enzymes. Since phosphorylation of e;éogenous nuclear substrates

also appeared to be affected by androgens, the possibility remains that a

functional adenylate cyclase and protein kinase system has a central place
ineghe manifestation of at least some of the androgenic effects on the

prostate gland.
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II. LITERATURE REVIEW —
“ C ’
1. HORMONAL DEPENDENCE OF MALE ACCESSORY TISSUES ' - S
A. Androgens - - , L

Although the use of human subﬁeots in studies of hormone dependence of

.

male accessory sex'organs ‘has attained some embhasis during the past two

o b\
decades, the majorrty of 1nvest1gatlons on the blochemlstry of androgen -actibn

L}
have been carrled out on rodent male accessory tissues. In mammals, the ‘male

"
.

accessory reproductlve glands consist of the prostate, seminai vesicles,

bulbourethral and ampullary glands, the secretions of‘whlch prov1de the carrylng
1

medium for the spermatozoa upon emzssxon. Tt is now well established that the:
o

secretory activity of the epithelial=beiis in these glands is primarily under
' . £
- \
the control of testicular anarogens. Although the volume and the chemical

composition of seminal plasma are inf}uenced by many factors, oarked changes
have been noted in the biochemical constituents of various accessory 'sex
glands and their secretaons following androgenic deprivation and repletion, - .
soﬁe of whioh have been. shown to be extremely sensitive indicators of '

androgenicity (34-39). Moreover, mos} pr the morphological and metabolic.

changes evoked'by androgens .are reversible in castrate rats in that if hormone i
administration is stooped; the olands begin to retrogress with disappearance-

of the iaduced biochemical characteristics and secretory activities. Current

evidencé also igéioates that testicular hormones initiate and maintain grow%h

and functional differentiation of the epithelial cells of male agcessory

sexual tissues by controlling the utilization and DNA-dependent synthesis

of both messenger and riboscomal RN@ {40-45). Studies on metabolism and

ultrastructure of the prostate ;;fgrchidectomized animals have indicated that
progressive involution of the initially distended ergastoplasmic sacs is

accompanied by a similar. decrease in the rate of incorporation of amino acids - ~
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into protein of the accessory sex gland'(46). Nevertheless, involution of
these prg;ns following androgen withdrawal proceeds up to a certain point,

such that even at long intervals after orchidectomy, the dwindled accessory
glands do not shrivel up entirely. While the molecular events underlying

+he involution of such androgen-dependent structures are still poorly under-
gtood, numerous reviews on the'dependence of male sex accessory organs on
continued androgenic stimulation for the préservation of their normal strucfure
as wéllias for the maintenance of their functional integrity have accumulated
over the past years (46;60).

(i) Androgenic regulation of growth and differentiation o

The dramatic changes in the size and function of responsive tissues
which result from androgen treatment of juveﬂlie, orchidectomiged or hypo-
physectomized animals in postn;tal 1ife have focussed much attention during
the last1three decades on cellular growth and functional differentiation of
these organs. Moore et al. (61,62) demonstrated a gradual loss.in cytoplasmic
voluﬁe of prostatic-and seminal vesicular cells in castrated animals.
. Orchidectémy also resulted in decreases in secretory activity, cytoplasmic
basophilia,‘endoplasmic reticulum volume, ribosomes and mitochondria (56,63,64).
&he change in the si%e of the nuclei however, was not significant even after
a0 éaﬁs of orchidectomy, although nuclei isolated 4 days following the removal
of the testis appeared soméwhat pycnotic with nucleolar structure being less
distinct. The dramatic disintegration of cytoplasmic structure was
accompanied by the loss of cytop}asmic enzymes, but more importantly, by the
lggs of cytoplasmic RNA's, particularly ribosomal RNA. Nevertheless, all
these degraéatdry effects of castration were quickly and effective}y reversed

by the administration of androgens. While it is known that male sex hormones

exhibit extraordinary organ selectivity as they elicit their stercid-specific
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effects, some of these respoﬁses are achieved through the exigting metabolic
machinery of the.cell. Recent studies have shown that at least some, if not
all, of the manifestations of hormone action on target cells are the result
of culmination of striking inductive effects of the steroid on the genetic
expreé%ion and depend on the synthesis of new RNA and proteins (40-45). In
the organized growth sequences of various target tissues, the inductive effect
of these compounds lead to distinctive patterns of differentiation among the
cell progeny.

In a comprehensive review, Tata (65) pointed out many examples where
hoxrmones ére known to elicit marked stimulation of nuclear RNA synthesis.
Whereas Williams-Agﬁman and his associates published in 1962 the classic
observation‘that the administration of androgens to castrated rats increased
the incorporation of cytidine triphosphate into RNA by a nuclear preparation
of the ventral prostate (66), several ipvestigators have since shown that
androgens also stimulated RNA synthesis iﬁ the seminal vesicles (67,68) and
that the primary s£imulation was of the synthesis of ribosomal RNA (69-71).
Wwithin 1 hr after the administration of testosterone to castrate rats, Liao
et al. (72) detected marked enhancement iﬁ RNA polymerase activity of isolatéd
prostatic cell nuclei.. whereas biochemical and radioauﬁographic studies
have indicated that this earlf_effect océ?ts most distinctly at the mcleolar
chromatin region that- synthesizes rRNA piécursors, mRNA synthesis may also
be affected in this early stage of androgen action (70,71,73). As recently
pointed odt by Coffey (47), activation of RNA synthesis may involve several
processes: (a) activation of the chromatic template as implicated by Liao
and Lin (71) and Mangan and coworkers (21}, (b) inc?eased"évailability of \7

¢
nucleotide precursors for RNA, () possible involvement of cytoplasmic

or initiating factors which are known to be necessary for other mammalian

systems as already discussed by Harris (74) and (d) the activation of the RNA

il
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polymerase enzymes. . L
Utilizing procedures for a complete and reproducible solubilization of
" nuclear RNA polymerase, Liao et al. {75) and Mainwaring et al., (76) were able

e

to separate two active components, one associated with the nucleolus and

- ol
the other extranucleolar from the prostatic ﬁuclear RNA polymerase preparations.
It was also noted by Mainwaring and coworkers (76) that 2 hr after androgen
administration in vivo into castrate rats, 1a£ge increases in the activity of
ventral prostate Mg2+-stimu1ated nucleclar RNA polymerase (which probably

L,
reflects largely the transcription of ribosomal RNA precursors) occurred prior

. s - + . .
to the smaller elevation in the.activity of an —activated nucleoplasmic RNA

polymerase (concerned with the transéription of mRNA and tRNA genes). This
ingrease in the_activity'of the nucleolar enzyme was followed by an activation.
of nuclecolar template. Since the testoste{one-induced synthesis of nuclear
455 ribosomal RNA precursor preceded increases in the capacity of free and
membrane-bound cyteplasmic polyribosomes to incorporate labeled amino acids
into Qroteins {77,78), evidence supports the observation of Liao and Fang

(69) that stimulation of ribosomal RNA synthesis may be one of the early

effects of androgens on accessory sex tissues. The possibility that changes

in RNA production and/or ribosomal protein synthesis may be of prime importance

in androgen-induced growth of a variety of organs is also supported by the

studies of Kochakian {(79,80), Kassenaar (81), Williams and coworkers (21,40},

Florini and Brener (82) and Pellegrino and Pollera (83). Although various

processes or factors such as enhanced synthesis of the polymerase enzyme,

stabilization of the enzyme, removal of an inhibitor ox the direct activation

of the enzyme by the sex steroid-receptor complex may possibly be attributed

to this androgen-induced increase in nucleolar RNA polymerase activity, exactly -

how it is achieved still remains to be determined.
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It is generally accepted that the mitochondria of eukaryote cells contain
unigque circular DNA molecules which are not only replicated independently of
the nuclear DNA genbme, but may also play a directive role in the éynthesis
of certain proteins. Pegg and Williams-Ashman (84) found that whereas the
incorporation of labeled leucine and phenylalanine into mitochondrial proteins
of rat ventral prostate was enhanced by testosterone administration, no effects
of androgen treatmeqt could be detected upto 12 hr after hormone injection
when nuclear RNA polymerase activities were already markedly incxeased. It
thus appears possible that alterations in the cytoplasmic environment following
androgen administration may be a major factor that determines these rather
slow androgen-induced chénges in prostatic mitochondrial amine acid incorp-
orations.

studies on protein metabolism in the prostate glands of orchidectomized
animals have demonstrated that progressive involution of the accessory sex
organ during androgenic deprivation is accompanied by a similar decrease in
the rate of incorporation of labeled amino acids into proteins {46). FPost-
castrate protein synthesis in the prostate is reduced to 40% of coptrol )
values by the second day and by 34 days, ribosome yield is only 29% of
uncastrate values. The RNA/DNA ratio is reduced from 2.4 to 0.77, 7 days
following orchidectomy (40). Liac and Williams-Ashman (85) studied the effect
of androgens on the proLein—synthesizing activity of prostatic.ribosomes and
found that the amino acid polymerizing activity (from aminoacyl tRNA) per
unit amount of ribosomes was reduced by castration and restored after test-
osterone administration.s Since the synthetic template RNA, poly UG (which
was rich in codons for valine) was able to enhance significantly the incorp:
oration of valiﬁerldc into protein when the ribosomes were obtained from
orchidectomized and not from testosterone-treated animals, these investigatogs

concluded that ribosomal preparations from the androgen-deprived rats contained
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a large number of -active ribonuclecoprotein particles deficient in mRNA.

Testosterone thus appeared to increase the amount of mMRNA associated with

prostatic ribosomes (85). Silverman et al. k86) obtained' similar results

whén poly U was . used to direct the prostatic ribosome-depéndent polypepti@e
formation. These findings were subsequently confirmed by Mangan et al. (40)

in the normal ventral prostate, and by Mainwaring and Williams (87) in prostate
tumoxs. It is also‘of interest that decreases in éxygen uptake by ventrall
prostatic slices from gonadectomized rats parallel the decrease in thg
activities of a number of mitochondrial enzymes and can be explained by the

" observed reduction in prostatic mitochondrial population t§ one haif the pre-
castrate values 4 days following castration (88). The absence of androgenic
stimulation of prostatic tissue following orchidectomy seems to activate or
release amino peptidase, a proteolytic enzyme which plays an important role
in the involutioqary chgnge seen following castratién {89). This enzyme has
been found to be absent in human prostatic cancer tumors but whether this

has any important bearing on the mechanism of malignant growth of this tissue

remains to be determined (90). The prostatic regression seen following

gonadectomy can thus be explained biochemically in terms of a progressive
deficiency in messenger RNA and microsomal ribosomes due to a decrease in RNA
polymerase activity (9L).

Probably the earliest recorded biochemical response seen following
androgen treatment is the increase in prostatic NAD+ synthesis that occurs
within 30 min following testosterone injection {92). Ritter (92) proposed
that the processes regulating the concentrations of NI\D+ and ATP in response

e T
‘Lo androgen stimulation redirect the energy metabolism towards a more
efficient production of ATP. The transient decrease in ATP levels following

testosterone was later confirmed by Coffey et al. (93) and was shown to be

followed by an increase in the activity of nicotinamide mononucleotide
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radiéactive ATP into acid-insoluble products pelieved to result from poly-
merization of ADP-ribose moiety of NAD and has been thought to plday a role
in RNA transcription. An increase in the soluble RNA content of prostatic
tissue after androgen treatment has been reported by Kochakian and Harrison
(80). In addition, an increase in the incorporation qf formate—cl4 into

> . »

proteins of the rat prostate was seen before any organ weight increase became

evident {(94). *

One of éhe earliest effects of androgen treatment on male genital tissue
is believed éo be the initiation of the synthesis of nuclear RNA {transcription)
and subsequent protein synthesis (translation) (44,72,95). although the
precise mechanism for the control of gene expression in eukaryotic cells has
not been fully established, the regulation of transcription is probably
influenced by the presence of two classes of nuclear proteins, the histones

(or basic proteins) and the non-histones (or acidic proteins) (96}. Modifi-

cation of amino acid side chains in histones by acetylation, methylétion,
phosphorylation or oxidation-reduction in response to hormonal stimulation
may be important in regulating histone‘function and subsequent induction of
protein synthesis {96,97). Ahmed (98) demonstrated that castration decreased
the rate of inéorporation of 32P into nuclear phosphoproteins of the rat
ventral prostate. A single injection of testosterone to gonadectomized rats
restored this decrease within 30 min. Ahmed and Ishida (99) further showed
that both the non-histone and histone proteins were phosphorylated in nuclei
of prostatic tissue although, the rate of incorporation of radiocactivity into
non-histones and phosphoproteins was found to be of a much greater magnitude
tgan that observed in the histone fraction. The question of the rate, guantity

and type of reactions involved in the biotransformation of nuclear proteins

needs further investigation before any precise conclusions can be drawn about

)

'\ - i



le

the "organizational" or "morphogenetic"”- actions of androgens on dependent
. g '

tissues.

Bruchovsky and Wilson (19,20) greatly advanced our understanding of the
molecular basis of androgen action when they demonstrated that prostate cell
nuclei contain an active NADPH-dependent enzyme, j-ketosteroid 5a-reductase,

[}

which redudes testosterone to 17B-hydroxy—5a—androstan—3—one (dihydrotestosterone)
and that subsequégt events characteristic of androgen action are preceded and
probably initiated by.the binding of this latter compound, rather than of
testosterone itself. These findings have raised the pqssib?lity that dihydro-
testosterone might be the active foxrm of testosterone in prostatic tissue with
its principle action being associated with the nucleus. The intranuclear ‘
binding substance appeared, from the work of Bruchovsky and Wilson (20}, to

be an acidic nuclear protein althoudh Mangan et al. (21) reported binding of

radicactivity derived from testosterone—(3ﬁ) directly to DRA preparations

isolated from prostatic nuclei. Recently, Lesser and Bruchovsky (100) found that
24-26 hr after the beginning of treatment with dihydrotestosterone to castrate male
réts, the rates of DNA synthesis and cell production increased sharply above those
observed in non-treated animals. These elevated rates were maintained for 3-4 days
and by the Sth day, the number of cells per prostate reached the normal levels of

the intact controls. After this time, despite continued administration of the hormone,
the rate of cell production fell markedly and the rate of DNA synthesis

continued to decline until day 14, when it reached a negligible value. The

growth response i;duced by testosterone was considerably slower than that

seen with dihydrotestosterone indicating that the former was indeed a less

potent androgen. Kevertheless, the molecular events that occur following

the nuclear binding of dihydrotestosterone and the subsequent stimulation of

nucleié acid and protein biosyn£hetic mechanismé in target cells have not

yet been fully elucidated.
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(ii) Androgenic stimulation of carbohydrate metabolism

Attempts during the last two decades to uncover meaningful androgenic

influences on intermediary metabolism have centered around the effects 6f these
steroids on various enzyme systems (6,10,53,55-57,59,101#105). The activities
of several enzymes in androgen-responsive tissues are Kgown to be markedly
altered as a result of androgenic deprivation and repletion. However, most -
of these modulations of the enzymatic makeup of accessory tissues are first
manifested only after a considerable lag period following the androgenic stimuli
and in most instances, reflects alterations in the rate of synthesis and/or
degradation of catalytic proteins. : .

Carbohydrate métabolism plays an important role in the maintenance of
accessory repro&uctive tissues. Glucose,upon entry into male accessory tissues,

is phosphorylated into glucose 6-phosphate which is then further chanelled

either into the glycolytic pathway or to glycogen formation. A portion of the

glucose 6-phosphate pool is also utilized via the hexose mgpophosphate shunt
involving NADP-specific glucose 6-phosphate dehydrogenase and 6-phosphogluconate
'dehydrogenase, two of the initial enzymes in this metabolic pathway (Figure L.
Hexokinase, phosphofructokinase and pyruvate kinase are believed to be thel
key, rate-limiting enzymes in the glycolytic pathway and therefore play an
important role in regulating the conversion of glucose into pyruvate or
lactate. H

In most mammals, fructose is formed from glucose mainly in the seminal
vesicles (37,104-106). The seminal vesicles in the rat however, secrete little
fructose, most of which originates from the dorsal prostate and coagulating
glands {107). The principal-nutrient present in seminal plasma has peen
assumed to be glucose (108-112) uﬁtii Mann and his co-workers (113-115) were

able to demonstrate conclusively that the sugar was not glucose but D(-}fructose.

Fructose in the seminal plasma serves as a source of energy for spermatozoa
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Summary of major pathways involved in glucose utilization in most
mammalian tissues. HK, hexokinase; PHI, phosphohexose isomerase; PFK,
phosphofructokinase; ALD, aldolase; a-GPDH, a-glycerophosphate dehyd-
rogenase; G3—-PDH, glucose 3-phosphate dehydrogenase; PX, pyruvate kinase;
G-6PDH, glucose 6-phosphate dehydrogenase; 6-PGDH, 6-phosphogluconate
dehydrogenase. Thick arrows indicate irreversible, key rate-limiting
steps; broken arrows indicate that a sequence of reactions is involved.
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undexr both aerobic.and anaerobic conditions {116) and its content in the semen
and the accessory gland has been shown to be under constant modulation of

the testicular hormones (39). while seminal fructose levels in sexually mature
rabbits fell shortly following orchidectomy, this decrease was prevented by
impiantation of a testosterone pellet. It is also of interest that the increase
in fructose content of the coagulating gland of castrate rats in response to
testostexone was greater than the corresponding change in organ weight and may
thus be a better indicator for androgen}c activity (39). Mann and Lutwak-Mann
(117,118) postulated that the conversion of glucose to. fructose may involve

an initial phosphorylation by hexokinase to form glucose 6-phosphate which

is then isomerized to fructose 6-phosphate, and later dephosphorylated to
_fructose éossibly through the action of an alkaline phosphatase. Other invest-
igatofs however, found that certain fructose-secreting accessory glands of
rodents contain the enzyme, aldose reductase {(56) which catalyzes the

reduction of glucose to sorbitol, and ketose reductase, which catalyzes the
reversible oxidation of sorbitol to fruétose, and thus suggested an alternative
pathway for the conversion of glucose to fructose (119}. Nevertheless, the
relative importance of these phosphorylative and non-phosphorylative pathways
for the biosynthes{s of seminal fructose still remains to be determined (120).
Studies‘by Gunagé et al. (121,122) demonstrated the presence of higher

maltase activity in the dorsolateral prostate of several animal species when
compared to that df other tissues. Wwhile the enzyme is believed to be rate-
limiting for fructolysis (123), Gunaga et al. (122,124,125) showed that its
activity also was androgen—dependent. Analysis of fructose content and maltase
aEtivity‘in male accessory Sex glands and their secretions has been widely
used ag‘an index for androgenic influences on these steroid—éependent tissues

(115,125-129).

N\
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Price and Williams-Ashman (56) conducted a detalled survey on the bio-

chemistry of citric acid in semen and in the sécretions of a variety of

mammalian accessory sex glands. In some animals, like the r;t and man, citric

acid is produced mainly by the prostate gland, while in others (e.g. guinea pig,
boar;and-bull), most of itloriginates from the seminal vesicles.  The citric

acid content of the seminal pAasma and of the secretions of accessory_reproductive
tissues depends on éndrogenic hormones. Whereas orchidectomy resulted in loss

of citric acid from these fluids, treatment with androgenic hormones was able

to reverse this response (106,115). It is also worth noting that whereas the \\\\\\

androgen-induced changes in citric acid levels are reminiscent of similar

alterations in the fructose content of the accessory sex tissues, its dec:lase

!
i

and reappearance upon androgen treatment in the post-castrate animal axe
‘usually more sluggish than that of fructose (107). Farnsworth (130) -reported

that incubation of ventral prostate minces with testosterone stimulated the
¢

synthesis of citrate, free fatty acids and lactate. In contrast, testosterone

produced a decrease in the production of radiocactive carbon dioxide from

acetate. These data were interpreted to suggest that increased biosynthetic

activity after testosterone was the result of facilitated removal of citric

acid. Depletion of citric acid would promote a compensatory increase in the

mobilizatién of acetyl CoA to restore the normal levels of citrate. The

energy derived from increased glycolysis could then be utilized for the bio-

synthesis of lipids, proteiﬁs and nucleic acids required for increased

cellular growth seen following androgen st.imulation. b
Testosterone also has been shown to exert a requlatory influence on a

number of carbohydrate metabolizing enzymes in androgen-dependent tissues.

The marked decline in the activities of glycolytic enzymes, phosphofructokinase,

hexokinase, pyruvate kinase and glyceraldehyde 3-phosphate dehydrogenase and

the activities of 2 hexose monophosphate shunt dehydrogenases (glucose 6=

phosphate and 6-phosphogluconate) as well as of a-glycerophosphate
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thydrogenése in the prostate.and seminal vesicles seen after castration was
found Fo be effectively reQersed by testosterone (11,131-133). Phosphofructo- _
kinase activities declined to 51% and 47¥Ain the prostate ana 9% and 6% of

the normal values in Seminal vesicleé 4 ané 8 weeks after castration, respectively.
Moreover, administration of testosterone (100 pg/100 g) for 3 days reversed
substantially tﬁe effects of orchidectomy and phosphofructokinase activity ~
increased to 173% in the prostate and 536% in seminal vesicles when compared

with the values of castrate contéols. Time-course studies demonstrated that
after a single injection of testo;terone {5 mg/100 g}, phosphqfructokinase
activity was maximally elevated to 236% in the prostate and 342% in semjnal
vesicles at 24 hr. Wwhile dose-response studies revealed that 2.5 mg of test-
osterone propionate/100 g body weigﬁt was the minimal amount necessary to

induce significant increases in enzyme activity in both accessory sex organs,

maximalsincreases were obtained with a dose of 5 mg/100 g (131,133,134).

Cycloheximide, 5-fluorouracil and ethionine, inhibitors of nucleic acid and

protein biosynthesis, blocked the androgen-stimulatéd rise in enzyme activity
observed 24 hr after ste:oid injection. Actinomycin D, which is kngwn to
inhibit the synthesis of messenger RNA as well as the synthesis of other
cellular RNA fractions, wheh given simultaneously with the hormoﬁe, also ’ !
inhibited the testosterone-induced increases in prostatic and seminal vesicglar
enzyme (131). It is also of interest tﬂat 24 hr following testosterone
treatment, the activities of the two hexose monophosphate shunt dehydrogenases
as well as of a-glycerophosphate dehydrogenase were enhanced to 16l%, 188%

and 168%, respectively, when compared with the values of control rats. The
observed stimulation of prostatic enzymes by testosterone was inhibited by act-
inomycin D and cycloheximide, suggesting that the testosterone-induced
increases i; various enzyme activities may represent de novo enzyme synthesis

and that stimulation of the synthesis of certain RNA species may be a primary
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response to androgenic sﬁimulation (132,133). ﬁbreover, a sihglejintramuscular
injection‘of testosterone propionate (5.0 mg/100 g) enhanced progre551vely the
‘activities of prostatic and vesicular hexoki?ase and glucose 6-phosphate
dehydrqgenase(to more than 12-fold of the control velues over a period of 5
days. ‘The observed increaee in eniyme activitiesithen gradually started to
decllne but even aftex 45 days of androgen injection, the values were signifi—
cantly higher (2-fold) when compared with castrate controls (132) . Furthermofe,
"wﬁereas administration of a single intramuscular dose of testosterone (5.0 mé/
100 g) to castrate rats'signiflcantlg increased prostate and vesicular glycogen
at 4; 8{ 12:&5@ 24 hr, pretreatment of testosterone—injected animals with
fachihom&cin D effectively prevented the observed androgenic¢ response in both
.accessory glands; glycogee content increased initially by approximately S50%

of the coﬁtrql values following testosterone stimulation, but then fqiled te

rise any further during the entire 24 hr perieod. A similar inhibition of

testosterone-stimulated prostatic and vesicular glycogen synthesis was seen ‘

-

‘when 5-fluouracil or ethionine was_administered along with the hormone {135).

These reports on the biochemical concomitants of certain activational effects

‘of androgens suggest that the hormone-induced quantltatlve changes in specific
proteins or enzymes may represent an important means for regulating metabollc

' processes in male secondary sexual tissues (131-134).

./
r - .
(iii) Receptor mechanisms of androgen action

The'primary molecular processes by which steroid hormones elicit their

b

effects on target cells are still not clear. One of the most widely used

approaches to sfudy this problem has been to examine sequential effects of

sex hormones on the wide-range of biosynthetic reactions stimulated in the
cells of responsive organs. - Althéugh such studies yielded plenty of infor-
mation, the expectation of ‘defining an orderly sequence of events was hampered

as it became apparent that the initial trlggerlng step mlght not be clearly
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measurable before secondary responses intervene and thus blur the issue.

An altermative apﬁroach that has recently emerged in studying the
molecular mechanism of action of sex stéroids;lies_in éttempts to study the
fate of these gonadal hormones after thefﬁgave been administered to animals.
This aﬁproach involves the study of the transformation and inter- and intra-
cellular transport of hormones, as well as their interaction with vafious
ceilular compounds. Although the sex steroid-dependent cells have been shown
_to contain specific binding proteins in both the nucleus and the cytoplasm
with a high degree of affinity for androgens and estrogens, it is unknown
as to how the hormone-receptor complex amplifies gene expression within tﬁe
target cell. It has béen pointed out that characterization of these receptors

and of the physico-chemicalbasis of their interaction with the hormones must

lie at the heart of any postulate concerning the molecular basis of sex hormone

actions.

e

5ne of the most 51gn1f1cant advances in studies of steroid receptors was

made by Jensen and his coworkers (136}, who demonstrated that both the uterus

and vagina possess striking ability to retain estradiol-178 in vivo. While
Fhese biochemical responses appeared to pe estrogen-specific and were inhibitéd -
by several anti-estrogenic compounds, they could not be demonstrated in non-
target tissues. Estrogen receptors, later found to be involved in selective
‘tissue retention aﬁd estrogenic function, were subsequently discovered by
Jensen and DeSombre (137) and Gorski et al. (138). .

Although specific cellular receptors for androgens are still not as well
defined‘and characterized as for estrogens, our knowledge has been advanced
since the observation by various investigators that target tissues of male - {
sex steroids exhibited high affinity for androgen (139,140). Retentlon of '

radioactive androgen by rat ventral prostate was most evident the first 3 hr

) ,
following injecdtion of (3H)-testosterone and approximately 50% of the amount
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retained disappeared in about 6 hr (140,141). Moreover, analysis of the

‘radioisotopes for testosterocne, androstenedione and Sa-dihydrotestosterone

" yevealed that whereas dihydrotestostexone was only found in the seminal vesicles

.

and ventral prostate after 3 hr, no retention of this androgen could be detected

in the spleen, liver, thymus, lun
male accessory glands may have th
(140) Furthermore, blochemlcal
that while prologged retention of
appeared te be a Qééﬁip of select

cell nuclei, maximum nuclear labe

g and diaphragm, suggesting that only the

e ability to bind or retain dihydrotestosterone
and autoradlographlc studies have indicated
dihydrotestosterone by rat ventral prostate
ive retention of the androgen by prostatic

1ling occurred at 1 hr and remained for about

3 hr (19,142-144). The?formation of dihydrotestosterone from testosterone in

the prostate gland is catalyzed byinlNADPH-dependent A ~3—ketosteroid, S5o-

oxidoreductase. Although thlS en

indicates that purified prostatic

zyme is located in the microsomal fraction

-and tightly bound to endoplasmic reticular membranes (46,145), evidence

nuclei also contain a large quantity of

this enzyme (19,142). It has been suggested (19,20,22} that dihydrotestosterone

may be the active metabolite of\t

. principal action being associated

response of the prostate varies w

entration of dihydrotestosterone,

estosterone in the prostatic tissue with its
with the nucleus. While the proliferative

iz:/khe intracellular or intranuclear conc-

appears possible that the enzyme which

promotes its formation (5a~reductase) or metabolism may determine the degree

of the growth response of this organ to androgenic stimulation (22).

With the new concept that dihydrotestosterone may indeed be the active

/"ﬁ

androgen, the search for specific proteins that bind dihydrotestosterone as

well as testosterone was initiate

d in many laboratories (20,140,146= ).

Binding of radioactive androgenic steroids can occur in other subcellular

fractions of the prostate, prior

investigators (149-151) have iden

to binding within the nucleus {(152). Several

tified an androgen receptor in the cytosol

4
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of rat prostate with.a sedimentation coefficient of approximately 8S whereas

Fang EE,EE- (140) found it to be around 3.5. -Both receptors have an almost

exclusive affinity for d!hydrotestosterone. The disparity between the sediment-

ation coefficients'however, did not necessarlly indicate the presence of two

distinct and-unrelated forms of soluble androgen reception since the labile

85 form could eqslly be converted to the 4S form in vitro either by XCl

treatment or ralslng the incubation temperature from 0 to 37 and in vivo

following a delay ln the isolation of the receptor proteln after androgen

administration {152). a r///
Studies by Bruchovsky-and Wilson.}zq) and Liao and Fang (69).and Mainwaring

'(148) have demonstrated that the (BH)—dihydrotestosteréne retained by

prostatic nuclei or chromatln in vivo bindsto a proteln that could be

extracted with 0.3 M to 0.6 M KCl solutlon. The sedlmentatlon coeff1c1ent

\ .
of the dihydrotestosterone-bound protein was about 35 and more than 80% of

the nuclear dlhydrotestosterone retained in vivo could be recovered as the
. —

.

3? protein-bound form (140,147). Fang et al.: (140) further demonstrated a
critical involvement of extranuclear androéen receptors in the spec1f1c nuclear
retention of dihydrotestosterone in the prostate. Whereas prostatic nuclei
isolated from castrated animals contained very few proteins that bind dihydro-
testosterone in_gitrg! enhanced formation of (BH)-dihydrotestesterone—protein
complex wae observed when these nuclei were incabated with (3H)—-dihydro—. .
testosterone in the presence of a whole cxtosol preparation. Evidence thds J
supports the concept that the prostatic nuclear dihydrotestosteronerrecebtor

. protein originates in the cytoplasm and is translocated to a specific nuclear ’
aeceptor at a nuclear cnromatin site (153,154). since the retention of
dihydroteetosterone by prostatic nuclei was dependent on a cytoplasmic receptor

protein, the receptor protein might simply have functioned as a carrier of

the hormone to regulate its concentration at various cellular sites. On the

o
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other hand, oﬁe may also visualize the binding of the stetdid to a specific
protein as being a necessar& step in the translocation of the protein to
another cellular locus where the receptor protein (or the protein in complex \“\\\\-—’/
with the steroid), rather than the steroid-alone, functions. It is also of
interest that although the cytoplasm of the prostéte contains a number of
androgens, .only those which form androgen-receptor complexes (i.e. testosterone
and dihydrotestosterone) are incorporated into the nucleus. Other intra-
cell‘ular androgens such as 3o- and 3g-androstanediol, androsterone, andro-
stanedione, androsténedione and dehydroepiandrosterone in general do not enter
the nucleus but are first converted to dihydrotestostero;e in the cytoplasm
and transported across the nucleax membrane. Since the binding of testostexone
T

and dihydrotestostercne to cytoplasmic receptor(s) appears to be an obligatory

step in the transport process, the level of these androgens in the nucleus

may depend on the number of receptors in the cytoplasm. The loss of c¥to— ‘
plasmic receptor with increasing time after orchidectomy has previously been

documented (155-157), although its influence if at all present, on the

éisappearance of receptor prdtein from prostatic nuclei remains unclear ’\

(158).

!
(iv) The use of antiandrogens in studies of androgen-dependent tissues

The search for drugs that can effectively control abnormal grogth of the
prostate such as benign prostatic hyperplasia and prostatic adenocarcinoma

has been the subjeét of continuing investigation. pPalliative therapy with -
estrogen has been an important and successful method for the management of

carcinoma of the prostate ever since it was first introduced by Huggins and

Hodges in 1941 {159); Although it is generally accepted that estrogens elicit

their effects on the prostate via the hypothalamo-pituitary—testicular axis,

ﬁhe problem of adverse effects during estrogen therapy, particularly feminization

and ‘loss of libido, remains unresolved. The last few years have witnessed
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the de\;elopment of certain pdwerful anti-androgenic substances (steroidal and
non-steroidal) that have been used to control the growth of hyperplastic tissue
in both the canine and human prostate. Amongst the popular antiandrogens
being studied today, cyproterone, cyproterone acetate and flutamide have been
examined in greater depth. The texrm “anti-andrqgen" has been frequently used
to describe a substance which will completely prevent, or at least significantly j
reduce the physiological effects normally produced by androgens. Within the
scope of this definition, many substances which interfere with ultimate
expression of androgen action, whether by inhibiting androgen biosynthesis, by
preventing gonadotropin release or reducing accessory sex structure through
protein synthesis suppression or by blocking androgen receptor sites, have

been termed anti-androgens.

L= -
—

Among the steroidal anti-androgens, cyproterone\;HE‘cypxoterone acetate
. T~

are currently being used as experimental tools to help clarify the molecular

sequence of events that occurs following the androgen stimulation of the
prostate gland. Cyproterone acetate, which displays a certain amount of preg-
estational, antiestrogenic and antigonadotropic activities, has 3 times the
anti-androgenic potency of cyproterone {33). There have béén numerods reports
of decreased prostatic weight after cyproterone acetate administration (160,
161). Moreover, Walsh and Gittes (162) reported cyproterone acetate not
onl§ blocked @he testosterone-induced growth of the prostate, but also that
observed following the administration of ?ndrostenedione, dihydroepiandro-
sterone, adrenocorticotropic hormone and prolactin, suggesting a possible
inhibition of entry of the steroid into the cell. Conversely, qurgi {163}
reported from studies with human hyperélastic and adenocarcinomatous prostatic
tissue that’E?pFoterone acetate did not inhibit the pptake of androgens.

‘Many non-steroidal compounds have been tested for anti-androgenic

properties (164-168). Spironolactone, a diuretic has been ;eported to have
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some anti-androgenic activity '(169) and at least one non-sterocidal anti-
androgenic compound has been demonstrated not to alter other endocrine
functions {(170). Of the non-sterocidal antiandrogens, flutamide appears to be

)

most prdmising. ‘Flutamide has been reported to be equipotent to cyproterone
acetate as an anti—anérogen in both sex differentiation effects (171) and
biochemical activity (172). Because of structural dissimilarities, it might

be expected that the antiasdrogenic activity of flutamide and cyproterone acetate
is exerted via different mechanisms. However, Peets et al. {173}, in a
comparison of the two anti-androgens, observed both flutamide and cyproterone
acetate fully antagonized the effects of testosterone to maintain prostate and
seminal vesicle weights in orchidectomized rats. Both flutamide and cyproterocne
acetate inhibited the ég;gixg_uptake of (3H)—te5tosterone by prostate whole
tissue and nuclei, and in addition, inhibited the formation of the 35 protein-

3H androgen complex. In contrast, Liao et al. (174) found cyproterone acetate

to have 10 timei the potency of flutamide in inhibiting the receptor binding
of dihydrotestosterone. Evidence suggests that like testosterone, flutamide
may also und alteration to form a more active metabolite which inhibits

androgen bin::mlsfna and humans (177) .

Fang and Liao (147) provided evidence to show that cyproterone acetate
suppressed the uptake of radiocactive androgens in vivo by the rat ventral
prostate which was accompanied by a decrease in the retention of dihydrotest-
ostercne by prostate cell nuclei suggesting a possible competition between
the active androgen and the aﬁtiandrogen for nuclear binding sites. Walsh
and Korenman (161) also suggested that cyproterone acetate does not act by

) 1
inhibiting the transportation of androgen across the cell membrane, but rather
inhibits the action of androgené in the ventral prostate by preventing the
formation of protein-chromatin complex in the nucleus. Stern and Eisenfield

(32) reported inhibition of testosterone binding to macromolecules present in
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the supernatant of seminal vesicle homogenates by cyproterone, lending support
to the suggestion that.the antiandrogen blocked dihydrotestosterone binding

to nuclear proteins. The significance of such biochemical studies with
cyproterone acetate and its pro;spective role in prostate carcinoma -were demon-
strated in a paper by Gellerrgg_gl. (178). Using 11 patients with severely
advanced carcinomas (stage ;II or IV as classified by Whitmore), these authors
observed objective remissions with cyprotercne acetate in 9 out of 11 patients.
The most notable biochemical change was a decrease in serum acid ﬁhosphatase
levels to ;ear‘hormal 1imit§. This was accompanied by a softening and/or
decreased size of the prostatic tumor and a depressién in plasma testosterone
levels. Interestingly, it has been suggested that the decreased plasma test-
osterone levels following cyproterone acetate administration was the result

of a direct inhibition of hormone synthesis by the testis, because plasma

pituitary gonadotropin. levels remained unaltered {178). Decreased acid phos-

phatase activity during c&proterone acetate therapy has also been described
in the dog (179). Recently, Rajalakshmi and Prasad (180) reported th;t B
cyproterone acetate administration significantly decreased fructosé content
of the dorsolateral prostate and coagulating glands, the citric acid levels
of the ventral prostate and seminal vesicles as well as the concentration of
sialic acid in Cowper's glands of the rat. They also found a marked decrease
in accessory sex gland secretions and DNA content of the caput and cauda
epididymis. In addition, Geller et al. (160) found a reduction in the
RNA/DNA ratio and a decreased acid phosphatase synthesis concomitant with St
prostate weight loss after the.administration of cyprotercne acetate to male
rats. |
It is known that apart from their stiﬁulatory effects on the growth and

differentiation of male accessory sex glands, androgens also exert their action

‘on male secondary sex characteristics, the testis and on the hypothalamo-
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pituitary axis. These androgenic effects have also been shown.to be antagon-
ized by the administration QE cyproteroﬁe acetate or cyproterone to the intact
animal. Goslar et al. (18l) reported that cyproterone acetate enlarged the -
interstitial cell complex of the testis and increased 38-hydroxysteroid
dehydrogenase activity in the rat, suggesting an increased pr;duction of androgens.
Recent studies ﬂy Tsang et al. (182) have shown that whereas rat testicular f
adenylate cyclase activity and cyclic AMP levels were significantly decreased

10 days following daily administration of cyproterone acetate, marked stim- .
ulation (74 and 516%, respectively) of these parameters was seen during the

early phase of anti-androgen treatment. Whereas serum ICSH content following
cyproterone administration has been found to increase (183), both cyproterone
acetate and cyproterone were shown to raise serum levels of FSH in normal and
orchidectomized rats (184). However, iE.EiEEé studies have indicated that at

least some of the antiandrogenic effects of cyproterone acetate on the prostate

may be mediated through the direct action of this compound on testicular
steroidogenesis. While Sommerville et al. (185) reported decreased testosterone
formation from rat testicular incubates containing cyproterone agetate, Engel
.and Karsznia (186) demonstrated ; decrease in the rate of testosterone prod-
uctién from pregnenolone in presence of the anti-androgen. Recently, cyproterone
acetate (25 ug/100 ml) has been reported to inhibit the a4 pathway of androgen
biosynthesis and “to interfere with the biotransformation of (BH}épregnenolone

to (°H)-testosterone and (3H)—androsténedione ﬁy rabbit testicular mince in

v

vitro (187).

_ B. Pituitary Hormones B \\\
Although several studies (2) have demonstrated that pituitary hormones )

act directly and/or indirectly upon male accessory Sex glands, the precise /
role of these hormones ip the overali control of the growth and function of \}
Ve

androgen-dependent organs is -still unclear. The effects of these hormones // R
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(paf¥icularly prolactin) on various androgen-dependent tissues seem to involve
primarily an augmentation of androgen stimulation, although under certain

. eonditions, prolactin was found to directly stimulate male accessory sex organ
growth. Prolactin also facilitated testicular steroidogenesis by enhancing

the action of ILH and thus indirectly stimulated the accessory sex organs (188,
189). Whereas the direct end organ effeé&s of these hormones on sex accessory
activity have not been as clearly established as their indirect effects mediated

via the testis, the interactions of these hormones with androgens as well as

their possible role in the Rg;hGEenesis of the prostate gland remain to be

eludidated.

Early studies demopstrated that hypophysectomy resulted in a reduction of
testiéular Qeight in cat (190), rat (191}, guinea pig and rabbit (192). Huggins
and Russell (35) also reported a significant décrease in the weights of canine
testis and prostate glands after hypophysectomy. Studies by Segaloff et al.

(193) demonstrated that prolactin enhanced LH-mediated stimulation of ventral

prostate weights in hypophysectomized immature ra?s. Woods and Simpson (194)
confirmed the findings of Segaloff et al. (193) about augmentation of the
prostatic responses to ICSH in hypophysectomized rats, other hormones such as
ACTH, TSH or L-thyroxine were found to be ineffective in this regard. Recent
studies by Thomas and Keenan {2) indicated that whereas FSH and LH failed to
enhance the.effects of testosterone in restoring the accessory sex organ weights
in 6-day castrated mice, growth hormone treatment augmen#éd androgen activity
in both the anterior prostate gland and seminal vesicles. Lostroh (195)
observed similar growth hormone stimulation of androgen effects in the rat
ventral prostate gland obtained from hypophysectomized-castrated rats.

Grayhack et al. (196) observed that simultaneous administration of testostercone
ané prolactin to castrated-hypophysectomized rats produced greater increases

3

in prostate gland weights than did testosterone alone. Grayhack (197) had -
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earljer reported that the dorsolateral prostate of hypophysectomized-castrated
rats was.more responsive to testosterone-prolactin interaction than other lobes.
Recently, Keenan and Thomas (198) also found that whereas testosterone, but

not prolactin, alone stimulated anterior prostatic and seminal vesicular welght

gain in castrated mice, the two hormones given together further increased the

weights of both accessory sex organs. Since administration of prdlactin failed

. L)

to alter prostatic or blood levels of testostexone, these investigators
concluded that enhancement of male accessory seX organ weight produced by

‘the interaction of prolactin énd testosterone wés not due to enhanced prostatic
localization of ;estosterone.

The dependencg of ﬁdcleic acid metabolism of male accessory sex orgéns on
.‘androgens has been well established (53). Rgcent studies by Thomas and his
coworkers (199,200) have shown that augmentation by prolactin of mouse and rat
accessory sex organ wéights following androgen administration was associated
with enhanced cellular proliferation, as reflected by elevated levels of DNA.
While prolactin alone failed to elicit any effect on nucleic acid levels of

'
these tissues, androgen-induced elevation in RNA levels was likewise enhanced
by prolactin treatment. Moreover, maximallstimulation of acceésory sex organ
DNA synthesis, as observeé after 3 days of prolactin treatment, preceded
éignificant increases in accessory sex organ weights and.DNA content (observed
on thé 5th day), suggesting that prolactin enhanced accessory seX organ DNA
synthesis prior to stimulation of cell growth of the mouse anterior prostate
and seminal vesicles (2}.

It is we;l established that the secretory activity of the epithelial
ceiis in male agcessoxy sex glandsis primarily under the control of testicular
androgens. While marked changes in the chemical constituents of variocus

accessory sex glands and their secretions have been noted following androgenic

deprivation and repletion, several studies have employed these biochemical

- h
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parameters as indices inﬁthe evaluation of;fhe iqfluencé of prolactin and
other pituitary hormones upon androgenic responsés of these ﬁiséuesf' Grayhack

_ . ) ; .
(?97) reported that prdiactin a@éinistered with testostegéne to hyp&bhysectomized-
castrated rats enhanced the totgl content, buf not the concentrationé of
fructose and citric acid in the dorsolateral lobe of the prostate glahd. s
Although later studies by Grayhack and Lebowitz (201) did show that the proséate
of hypophysectomized—orchidectomi?ed'rats exhibited marked inéreases iﬁuéitric
acid content after simﬁltaneous treatment with testosterone and prolactin,
consistent differences in either the content or concentration of fructose in
the dorsal and the'lateral ;obes of thé prostate glands could not be observed.
whereas Reddi (202) failed to demonstrate a significant influence of prolactin
upon testosterone stimulétion of fructose levels in the prostate gland of
castrated Indién palm squirrel, increases in prostatic citric'acid and seminal
vesicular fructose contents followiné testosterone stimulation were enhanced

by simultaneous administration of prolactin. Peyre et al. (203) observed

that prolactin released by reserpine treatment significantly augmented the

testosterone-induced stimulation of vesicular citric acid and anterior
prostatic fructose content in éastrated rats, neither growth hormone nor
prolactin was found to enhance the stimulatory action of testostérone on
prostatic fructose concentration {198). It also is of interest that the
activities of prostatic alkaline and acid phosphétase decreased in hypophy-
sectomized-castrate dogs to a much greater extent than thosg seen in hypq;
physectomized aniﬁalél(BS). Gunn et al. (204} reported that i; mature hy;o—
physectomized rats, the uptake of zinc by the dorsolateral prostate was a
more sensitive indicator of androgenic activity than the weight of the gland.
These authors alsc demonstrated that while ACTH, FSH or TSH failed to alter

the stimulatory effect of interstitial cell stimulating hormone on the

weight or zinc uptake of the dorsolateral prostate, prolactin and growth
-~ .
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hormone evoked significant inbreases in these responses to the trophic hormope
(204). Rosoff and Martin (205) studied the effects of HCG, FSH, ICSH,
proladtin and testosterone on 652n up£ake of dorsal, 1aterai and ventral
'prostates, seminai vesicles, coagulating gianés, preputial glands and testes
of intact rats. Whereas HCG increased the total 552n uptake for all organs
examined and the 65Zn uptake when ex?ressed Qn a per milligram tissue basis
in the lateral prostate, preputial gland and testis, ICSH and FSH had opposite
effects for the most part (decreasing ;inc uptake for seminal vesicles, dorsal
and lateral prostates and coagulating glandé). Prolactin alone showed no t
effgct except to decrease total GSZn uptake of the testis.
Recent studies by Goldei et al. (206) have demonstrated that whereas

high concentration of prolactin failed to elicit any effect on adenylate cyclase
activity of prostate homogenates in vitro, lower concentrations of the hormone
significantly enhanced the activity of this enzyme although no augmentation

of “he effect was observed with testosterone. This observation is in accord

with the findings of Lasnitzki (207) who demonstrated that prolactin, in a

jow dose, sustained the growth of rat prostate in vitro, whereas high doses

of the hormone fai}ed to maintain epithelial and secretory activity. Further-

more, human luteinizing hgrméne, chorionic somatomammotrophin and growth

hormone also were found to stimulate the activity of prosfatic adenylate

cyclase 35_33359_(206). It is of interest that while Thomas and Manandhar

(206) reported a decrease in p ostatic cyclic AMP in'the‘presence of test- '
.

osterone or high concenfrationg of prolactin, administration of testosterone

with prolactin produced a small increase in the nucleotide levels.

2. CYCLIC AMP INVOLVEMENT IN HORMONE ACTION

The discovery of cyclic AMEP- 20 years ago and the gradual understanding

W r—

of its biological significance has led to the belief that this cyclic nucleo-
tide acts as an iﬁ;Eacellular mediator in the action of many hormones and

cellular regulatory substances. Cyclic AMP has been implicated in the mechanism
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of action of hypothalamic releasing hoxrmones, anterior and pdsterior pituitary
hormon?s, insulin, glucagon, qgtecholamines, paréthyroid hormone, p?osta;
glandins, melatqnin, serotonin and histamine (208). It appears that cyclic

AMP maykglso be involyed in certain-neuronaf®functions as well as other
physiological processes in the body (208-210) .

The biological importance of cyclic AMP has been extended from its
relatively simple function in liver glycogenolysis to the point where it now
appears to play a key regulator¥'role in numerous important cellular responses.
As a result of many extensive studies’, the concept has evolved that many
hormones act by a "two-messenger" system‘(24,211,212). According to this
concept, the first messenger, the hoxmone itself, released from its specific
endocrine gland, travels to the cells of the target tissues where it stimulates
the formation of cyclic AMP from ATP. The cyclic nucleotide, in turm, activates
subcellular effector devices including protein phosphorylation by specific
enzymes to produce a sequential series of ;ffects which may differ depending

3

upon the target tissues involved, but in each case, are the same as those

" characteristically produced by the hoxmone.

, A. Cyclic AMP
Ccyclic AMP is known to be distributed widely in nature. It is found in
'\most trissues of multicellular organisms and in a variety of mammalian £luids.
In general, in the absence of stimulation by exogeﬁous hormones, intracellular
concentrations of cyclic AMP have been found to be in the order of 0.1 to 1
umoles per gram of tissue. Assuming that thé cyclic nucleotide is eveﬁlg
distributed within the intracellulaé fluid, cyclic AMP concentration would.ihus.
be between 1x10_7M and }xlO_GM and about 1/1000 to 1/10,000 of the concentrations
of other adencsine nucleotides (213)7 The concentrations of the cyclic

nucleotide in plasma, cerebrospinal fluid and gastric juice are ordinarily '

gquite low (approximately lo_gM) but can be increaéed‘dramatically in response
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to pharmacological dggeB*qf hormones (214,215). Cyclic AMP is also found

in milk (218) and urine (217,218) and exists at a concentration in the order

of about 10 GM. ‘wWhereas the’ nucleotide appears to be absent in avian erythro-

r

\\cytes "(219) .and human platelets (220,221}, d;strlbutlon studies indlcate that
its presence is not merely confined to maﬂtallan tissues (222).° Cyclic AMP

has been detected in several bacteria where it appears to play a role in the-

[

regulatlon of synthesis of inducible enzymes {(223) and has been 1dent1f1ed

as the acrasin of slime molds (224). It has been reported to potentlate the

~ - +

anti-viral effects.of interferon (225) and it is now believed that the levels
of cyclic AMP inctease in some plant tissues in responee to gibberellic'acid
(226). The presence of cyclic AMP in unlcellular organlsms and in plants
together with the evidence that it plays an important role in the1r cellular
processes suggestsg that the importance of this nucleotide may indeed surpasss
its role in endoZiI;E

biology (24). : .

B. Adenylate Cyclase

The synthesis of cyclic AMP in biclogical systems {s catalyzed by the

enzyme adenylate cyclase, which is present in all animal and bacterial cells

examined except dog e;;EE;ccyte 7} and a line ef/rat hepatoma cells (228).

Nevertheleesﬂ'differences do exist be
bacterial adenylate cyglase, zifticularly with respect to the control of enzyme ‘
activity. While the s;nthesi 7of cyclic AMP in mammalian cells’is regqulated
by hormones produced inacell type distinct and distant from the target cells,
tegulation of the"synthesis\sf_ffe nucleotide in bacterial system appears
to be related to the nutritional state of the bacteria and no evidence as-
yet'exists to suggest a mechanism involving cell to cell communication (229).
Early studies by Sutherland and his coworkers (227) demonstrated that

adenylate cyclase activity was aSSOCLated with particulate fractidns of tissue

homogenates. Whlle Davoren and Sutherland {219} prov;ded ev1dence from studies w
{ N .
: ' : 4
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with pigeon eryéhro;ytes to sugggét that adenylate cyclase was p:obably

. localized in the plasma membrane, this notion was later gonfirmed by a number
of laboratories‘for most, if not all m;mmalian tigsues. Recently, Rodbell c
and his coworkers (230-235) exteﬁsively characterizedqtﬁe adenylate cyclase of
rat iiver plasma membr;ne. .Electron microscopic gxaﬁingtion revealgd‘numerous
paired membrane sheets with typical intracéllular junctidns.characteristic

of ﬁepatic parenchymal plasma membrane. In line with these findings weré

the observations provided by other investigators that ACTH, glucagon and
norepineph;ine, bound to large inséluble Suppﬁrt materials (too large to entefl
the target cells) vwere also effective in stimulating adenylate cyclase and

in elieciting normal pﬁysiolegical responses (236,237). Moreover, recent

studies have demonstrated the binding of polypeptide hormone and biogen;p

amines to partially purified plasma menbrane preparatiogs.(233,238—240). .
Whiie ampl%‘evidence suggests the existence of an adenylate cyclase system |

in the plasma membrane of various target cells, the possibility that this

Lot . . C s
enzyme may likewise be present in certain internal membranous structures such

as mitoﬁégndrial and microsomal components (241-243), sarcolemma (244) and
nuclear membfapel(245—247) should not be qferlooked. of particular interest
is the finding of Mangan et al. (246) which indicateé that whereas adenylate
cyclase in purified prostatic nuclei decreased markedly following aﬂdrogenic
deprivation, administration of androgen was able to‘reverse this effect -
in 1 hr. The 'significance of these findings will be discussed in greater
detail in later sections. -
One featu;e which is common to'édenylate cyclase in most prepafations
from multicellular organisms is its sengitivity to fluoride ién (245}.
”Fluoride, however, does not stimulate bacterial adenylate cyclase (249): *

The magnitude of the effect of fluoride varies markedly with enzymes from

different tissues (250). Although the maximall§“é%fedtive consentration of



lfluoride ranges between 3 to 4 ' and 12 fo 15 mM, the sensitivity of -

. the enzyme to fluoride stimulation is also influenced by the concentraélon of
1bther ions in‘the aseey‘mixture {251). Moreover, it has been demonstrated
that adenylate cyclases from most tissues are not responsive to hormones in
the ﬁeesence of magimally effective coneentrations of NaF. Since the activity
of the enzyme is generally activated to a greater extent by ‘fluoride than by
hormones, it has been assumed by some workers tﬁat-fluoride causes full
expression of enzyme activity. However, an exception to this generalization
mayrbe obtained from the studies of Birnbaumer et al. (231), who showea that
rat liver adenylate eyclase was stimulated to a greater degree by glucagon
than by NaF. Subsequently, Hynie and Sharp (252) demonstrated the enzyme from
. frog bladder epithelium to be more responsive te vasopressin .than NaF.
‘Althdhgh the effect of fluoride has been studied to some exfent in preparations

of fat cell ghosts (251,253, 254) and evidence suggested that it markedly

. increased the maximum velocity of the cyclase reaction with llttle or no change

in apparent affinity of the enzyme for ATP, the mechanism of action of fluoride
on the cyclase system is still poorly understood (250).

One of the.most striking features of adenylate cyclase is its seneitivity
to hormonal stimulation. Adenylate cyclase from different mammai&an cells and
tissues has been shown to be regulated by a variety of hormones
(268,255). Moreover, it has been demonstrated that only some of these
effectore can modulate adenylate cyclase activity in a éiven tissue. Adenylate
cyclese activity in liver preparations can be stimulated by epinephrine and
other cat hglamines (256,257) as well as by glucagon %258,259). Glucagon is

much mo&e potent than any of the catecholamines, not only in the sense that

smaller concentrations of glucagon are regquired to stimulate the enzyme, but
- . s

also in that the maximal xresponse in this case is much greater than the maximal

response to.catecholamines.
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The adeﬁylategzyclase of the rat epididymal fat pad is another system
that has been extensively explored.‘ Birnbaumer, Pohl and Rodbell (251},
Vaughan and Murad (254) and Bar and Hechtegr (253) found thaﬁ catecholamines,
ACTH, glucagon and other polypeptide ;i;glytic hormones all stimulated adenylate
cyclase activity of fat cells or fat cell ghosts prépared from rat epididymal
fat pad. Moreover, when fat pads were inqubated with low concentrationsof
epinephriﬁe, cyclic.AMP levels and the rate of lipolysis were proportiocnally
increésea {260) . Other hormones-with lipolytic activity also increased cyclic
ﬁFP levels, while those without lipolytic activity did not (261). Although
f-adrenergic blbckers-antagonized t@e effects of catecholamines on both cyclic
AMP accumulation and on lipolysis, other §ubstances éucb'as insulin and prosta-
glandins were alsos found to be effective antagonists. Roébell and his coworkers
(262) proposed a model wherein the hormone-sénsitive membrane bound adénylate ) -
cyclaéé system is composed of three components: a hormone discriminator

(receptor), a transducersand an amplifier (catalytic unit). The discriminator,

located on the external surface of the cell membrane, serves as receptor({s)

for hormeone (s) and provides hormonal specificity for the target cells, The
second component is a transducer which converts signals coming from the
discriminétor in such a way that the amplifier (third c;mponent) recognizes
them as instructions to accelerate its catalytic function. The amélifier or
catalytic unit lies on the inner suxrface of the cell membrane which has
access to ATP and can generate_cyclic AMP, | -

C. Phosphodiesterases

The levels of cyclic AMP in biological systeés are dependént upon the
rate of both the synthesis and degradation of the hucleotide. The enzymes Jf. -
responsible for the hydrolysis of cyclic AM% to 5'-AMP are specific cyclic
nuéleotide phosphodies£erases (263,264) which are present in all animal tissues,

except non-nucleated erythrocytes, as well as certain lower organisms and
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plants (265—270); Cyclic nucleotide phosphoaiesterases are the only enzymes
gnown to directly terminate the activity éf cyclic nucleotides. Various
metabolites including citrate, pyrophosphate, adenosine, ATP and other
nucleoside triphosphates have been showggto inhibit c&clic AﬂP phosphodiestérase
activity in vitro and it appears that these agents act by chelating Mg++.
Similarly, enzymatic activity can be inhibited by various pharmacological agents
such as methyl ianthines (217,251), purbmycin (272-274), 4-benzyl-2-imidazoli-
dinones (275-277), papaverine (274,27§-281):and variocus o-adrenergic antagonists
{282-284).- Mo er, it is generally true that_&fe effects of hormones which

\

act by stimulating adenylate cyclase are potentiéted in the presence of one of |

the phosphodiesterase inhibitors.

Although coﬁsiderable effort has been devoted during the past years to
study the hormonal regulation of cyclic nucleotide phosphodiésterasgs, the
results, in general, have been disappointing. Thislis in part due to the_fact
that there are multiple cyclic nucleotide phosphodiesterases in each cell
type, and it has been rather difficult to separate and purify them (270).
Nevertheless, recent work utilizing bettexr kinetic analysis, fractionation of
cellular compconents and enzyme purifiéation procedures has yielded valuable
information regarding the hormone-phosphodiesterase relationship. A hypothesis
has been proposed that hormones, for which the physiological response is
paralleled by depressed cyclic AMP levels, might act through‘activation (285~
290) or even induction of the synthesis: (291) of phosphodiesterase to achieve
this effect. Althoﬁgh the physiological role of cyclic nucleotide phospho-
diesterase in various hormone-mediated responses remains to be determined,
there are indications to suggest that certain hormones such as thyroid hormone,
cholecystokinin and insulin, decrease cellular gyclic AMP levels through
regqulation of the cyclic AMP phosphodiesterases in their target cells (270,

292-295).




D. Protein Xinases

. Iﬂ order that one may fully understand the role of the adenylate cyclase-
cyclic AMP system in the mechanism of action of hormones in their target
tissues, studies of the various biochemical'responses fo 1owing'the binding
of these hormones to specific receptors and stimulation of.cyclic AMP
formation are ﬁgcessary. Whereas cyclic AMP has been found to be present
throughout the‘éhipal kingdom, protein kinases which-are activated by nucleo-

tides have \Ehe/iéglated from a variety of mammalian tissues as well as species:

of different invertebrate phyla (296-306). The activation of protein kinases

.appears at pyesent to be the major if not the only mechanism by which cyclic

AMP carries out its function as a "second messenger" in the transmission of
hormonal signals. Although the functional reole of this class of proteins
in the adenylate cyclase-cyclic AMP system is still under extensive invest-
igation, recent evidence hés indicated that in the presence of cyclic AMP
they catalyze the phosphorylation of other prqteins having key réles in
various hormone-mediated regponses {307-313). |

During the past 5 years, numerous studies have indicated that cyclic
aMP-dependent protein kinases are composéd‘of regulatory (R) and catalytic (C)

i

subunits. The binding of the regulatory subunit to the catalytic component
results in an inactive homoenzyme (RC). BAs shown below, cyclic AMP promotes.f
dissociation of RC to yield g requlatory subunit-cyclic AMé complex and a
free catalytic subunit which is then engymatically active (Equation 1).

Cyclic AMP + RC S==== R:Cyclic AMP + C

(inactive) {active}
By itself, the activity of the catalytic component is unaffected by
cyclic AMP, but cyclic AMP dependence may be restored by the addition of
requlatory subunit to the system. Although this model was first proposed

on the basis of studies with protein kinase from bovine cardiac muscle,

similar mechanisms have since been reported for many other tissues (296,
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303, 314-318). Since the cyclic AMP-dependent phosphorylation step precedes
hormonal manifestation, a rapid control of the reaction is vital for the
maintenance of normal physiological states. The effectiveness of the cyclic
AMP-dependent protein kinase system in responding to hormonal stipulation is
well illustrated in the regulation of glycogen petabolism in skeletal muscle.
_ By means of the cascade of sequential activation reactions, the original
hormone éignal via cyclic AMP is amplified many-fold by the time its effect
impinges on the glycogenoiytic pathway per se. The activétion of phosphorylase
and inhibition of glycogen synthetase by one enzyme, protein kinase, thus
provides a unique and highly efficient metabolic control mechanism.

It is also of interest that within 1 min of the addition of epinephrine
or ACTH to isolated fat cells, the cyclic AMP coq}ent of the_cells was elevated.
The nucleotide levels continuedlto rise, reaching a peak at 4-7 min, and fell
thereafter; A maximal rate ;f glycerol production was, however, established

within 1-2 min, well before the peak in cyclic AMP concentration, and was main-

tained unaltered while the nucleotide levels continued to rise and then fell.

Furthermore, incubation of epididymal fat pads with epinephrine was also found
to increase protein kinase activity in tissue extracts. This activation was
qssociated with the conversion of the inactive ﬁoloenzyme to the active catalytic
subunit and the time-course of formation of the latter paralleled the
epinephrine-induced increase in cyclic AMP concentration. Concentratiors of
epinephrine (0.1-0.3 uM) which produced small increases in both the cyclic
AMP concentration and the catalytic form of protein kinase gave a maximum
rate of lipolysis (308). These results demonstraté the rapidity of the
enzyme system with which it reségnd% to hormonal stimulation.

wWith such an effective and résponsive system, the need for regulatory

mechanisms that may provide rapid and instantaneous control of hormone

responses is undoubtedly crucial. This aspect of endocrine function may
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be regqulated at various levels, and control of cyclic AMP and its dependent
protein kinase seems guite important. The adjustment of steady state levels

" of free endogenous cyclic AMP by the actions of adenylate cyclase and phospho-
diesterase has been well doéumeﬁted. Furthermore, it has been shown that
cyclic AMP bound to the receptor subunit of protein kinase was less susceptible
to degradation by phosphodiesterase, and that the rate of dissociation of
cyclic AMP from the receptox protein appeared to be sufficiently rapid at
physiolegical temperafure to account for the relatively.rapid equilibrium
between the free-and bound cyclic nucleotide. Therefore, it is possible that
the proportion ‘of the total kinase which is cyciic AMP-activated is adjusted
through the enzymatic degradationof the unbound nucleotide alone (3195.

(i) Multiple forms of protein kinases

There is accumulating evidence indicating the eﬁistence of multiple forms
of protein kinases %E:E;;Kous tissues. Three férﬂs of enzyme, RC, R and C,
having different physical characteristics have been isolated from adrenal
cortical tissue (317,320). While RC, having a ﬁélecular wéight of 144,000 and
sedimentation constant of 7 S, possessed both cyclic AMP binding and kinése

activities, R and C had molecular weights of 92,000 and 60,500, respectively.

R also had a sedimentation constant of 4 S. It has been shown that recombiﬁ—
ation of R and C repressed the latter's activity bgt this inhibition could | :
be relieved by aédition of cyclic AMP (317). -
Multiple forms of cyclic AMP-dependent pfotein kinase from skeletal
muscle have been reported. Two brotein kinase peaks, I and II were obtained
and were dependent on cyclic AMP {302). At least three and probably four
forms of cyclic AMP-dependent protein kinase have been suggested to be
present in this tissue. The largest of these had a molecular weight of
123,000 consisting of ; regulatory (M.W. 82,000) and a catalytic subunit

(M.W. 49,000). While protéin kinase of peak II has been estimated to have
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a molecular weight of 76,000, peak I has been suggested to contain a total
of 3 épecies of protein kinase, sedimentiné at 6.8.5, 5.4 é and 5.0 s (322).
It has also been shown that incubation of pfotein kinase of pe;k I with
cyclic (3H)—AMP followed by chromatography on a casein-Sepharose 2B column
provided a cyeclic AMR—indepéndent kinase_ and a cyclic (3H)-AHP receptor -
complex (313). It was %urther documented that the presence of added cyclic .
AMP-receptor complex increased the nucleo;ide requirement for the activation
of RC. These findings imply the existence of a éynamic equilibrium among
RC, R and C, as shown in Equation 1. Hormonal elevation of intrafellular ?
'concentra;ion of cyclic AMP shifts the equilib;ium of this equation towards ;
formation of activated kinase (C), while depression of intracellular cyclic:
AMP concentration leads té the formation of the repressed form of the enzyme
{RC).

A cyclic AMP-dependent protein kinase has been purified from bovine

heart muscle (318). Its molecular weight was 280,000, and it is composed

of a cyclic AMP receptor and a cyclics -~independent kinase subunit having
molecular weighté of 55,000 and 42,000, respectively. 1In brain, two cyclic 3
aMP-dependent protein kinase peaks (I and II) were obtained after column

chromatography on hydroxqupatitel(322,323). wWhen protein kinase I was

centrifuged in a sucrose density éradient, two peéks of cyclic AMP-dependent Q
catalytic activity with molecular weights of 140,000 and 80,000 again were

obsefved. Under the same condition, protein kinase II appeared as a single

peak (also with cyclic AMP-dependent catalytic activity) with molecular weight

of around 140,000. It has also been demonstrated that preincubation of either

protein kinase I or II with cyclic AMP prior to sucrose gradient sedimentation

converted the protein kinase into another protein of lower molecular weight

7

(40,000} .
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In fat liver, three fractions have been resolved from cytoplasmic hepatic °
protein kinase by DEAE-Sephadex chromatography (324). Two of these fractions
exhibited sedimentation constants of 6.8 S and isoelectric point of pH 5.2,
while the third component had a 4.0 8 wiﬁh an isoelectric point of pH 8.6.

The activity of the 6.8 § fracﬁions was stimulated by cyclic AMP, while that of

- 'the 4.0 S kinase was inaependent of the ﬁﬁcleotide. In the presence of
cyclic AMP, the 6.8 S protein kinase dissociated to yield two cyclic AMP-
independent protein kinases of isocelectric points 7.6 and 8;9 each of 4.0 S,
and neither of which was identical with the 4.0 S protein kinase isolated by
DEAE-Sephadex chromatography. Addition of a cyclic AMP receptor to 4.0 S
cyclic AMP-independent protein kinases inhibited the activity of the latter,
whereas no effect was observed if the nucleotide was present. On the basis

~

of reconstitution experiments, each 4.0 S component has been interpreted to

represent aspecies of catalytic subunit of cyclic aMP-dependent protein kinase,

while the 6.8 S protein represents a holoenzyme(s) composed of catalytic and

cyclic AMP-binding regulatory subunit.

’_‘\\ The physical characteristics of various protein kinases and their sub-
uﬁits from various t;ssues have been well documented (296,315,321,317,301,332,
302,318,325). The differences in molecular size -of some of the protein
kinases and subunits may be explained as a result of either aggregation or
dissociation of these protein molecules, limited digestion due to contamination
of small amounts of proteolytic enzymes, tissue specificity of the proteins,
or a combination of any of these factors. Nevertheless, effort should be
made to determine, once and for all, what these various species represent in
order.that one may have a clearer picture of the role of cyclic aMP-dependent

protein kinase in the mechanism of hormone action.

(ii) Stimulation of protein kinases by cyclic AMP and other cyclic
nucleotides in vitro

The activity of protein kinases from various sources has been studied as



46 )

a function of concentration of cyclic AMP (298). It has been documented in
various bovine tissues that cyclic AMP stimulated the enzyme in a dose-related
manner with a maximum response at approximately 5 uM of the nucleotide, but

decreased at higher concentration was found to range from

30-160 mM (298). These K, valueg alsg agreed well with those described for

enzymes from rabbit skeletal musclge {302), rat adipose tissue {296}, rat
mammary gland (301), frog bladder (297), bovine thyroid gland (304} and
Escherichia coli (326). The relative ability of various analogs of cyclic AMP
to stimplate protein kinase activities from different sources has also been
examined (306). Of the various cyclic nucleotides examined, cyclic IMP,,
cyclic GMP, cyclic UMP and ?yclic cMP, at high concen;rations, stimulated L\
mwotein kinase activity almost as effectively as cyclic AMP at optimal conc-
entrations. In contrast,, the cyclic deoxyribonucleotide, cyclic 4TMP,

. .

even at high concentrations, only caused moderate increases in the activity

of the enzyme from rat muscle and from lobster muscle, but exerted little or

no effect on the activity of the enzymes from other tissues. The effectiveness
of these cyclic nucleotides in stimulating protein kinase activity (with the

v

exception of the enzym® from lobster tail muscle which was stimulated quite

i
effectively by cyclic UMP and cyclic CMP on a comg@rative basis) at 5 uM
concentration of the nucleotides followed the general pattern: cyclic AMP>
cyclic GMP>cyclic UMP>cyclic CMP>cyclic dTMP {(306). These findings were
further substagtiated by similaf“EBBErvatioﬂ of the effects of'these analogs
on protein kinase éctivitiés from rat mammary gland (301), frog bladder (297),
and bovine adrenal cortex (350). However, it is of interest that a cyclic
nucleotide-dependent protein kinase, activated to the same extent by cyelic
BMP and cyclic IMP has recently been partially‘purified from human poly-

morphonuclear leucocytes (305). Moreover, apart from a cyclic AMP-activated

. L
protein kinase, a cyclic AMP-inhibitable enzyme has also been reported to be
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present in the acellular slime mold, Physarum polycaphalum The rate of
casein phosphorylatlon catalyzed by the 1atter enzyme was completely inhibited

‘at a concentration of cyclic AMP above 1 x 10 9M (327). Furthermore, it has

been shown that many arthropod tissues wé;e rich in cyclic GMP-depquent
protein kinases aﬂd that-the action of cyclic GMP in these tissues may be
medigted through :egulation of cyclié GMP-dépendenp proteih kinases (299,328).
The effect of various nucléotide derivatives on the activity of protein
kinases also has been studied. Adenosine 5'-monophosphate, a degradation
product of cyclic AMP, was shown to inhibit protein kinases from rat and
1ob;ter muscle both in the presence and absence of cyclic AMP (306). Species
differences in the sensitivity of protein kinases to various nucleotides have
been repgrééd. Whereas protein kinase activity from rat skeletal muscle was
inhibited by 90% in the présence of 5 UM AMP, activity of bovine muscle protein
)

klnaséwﬁas only slightly decreaseq;(lS%) while GDP was alsc found to be o

» —

the enzyme_ from bovine brain, rat adipose (ells and lﬁbster muscle,

’Eemﬁgands such as adénine, adenosine, 2'-deoxyadenosine, ADP, guanosine, GMP,
riboflavin, FMN and FAD have been shown to elicit varying degrees of inhibition
of protein kinases from various sources (306,298,328}.

(iii) Effects of various substrates on protein kinase activity

Py

In addition to the regulation of protein kinases by cyclic nucleotides,
evidence for the activation of these enzymes by various substrates has also
been reported (329,330). Reimann et al. (302) found that preincubation of
skeletal muscle protein kinase (peak I} with casein at pH 6.0 or lower,
increased the activity of the enzyme measured in the absence of cyclic AMP.
Preincubation with histone resulteé in a complete loss of the requirement for
the cyclic nucleotide at all pH values. Miyamoto 55&5%%’ {329) reported that °*
prékncubation of brain piotein‘kinh;e with histone, protamine or poly(L-lysine)

-

L)
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partially activatnd the enzyme (2-foid as compared to 8-fold by cyclic AMP) .
Sucrose gradienn centrifugation studies revealed that whereas brain cyciic
AMP-dependent protein kinases (I and II) normally sedimented in positions
corresponding to moiecular weights of 140,000 and'B0,00d; respectively,
preincubation of these enzymes with histones resulted in the formation of a
cyclic AMP-lndependent peak with molecular wemght around 40,000. Interestlngly,
cyclic AMP also caused the protein kinase activity to sédiment in a position
_corresponding to molecular weight 40,000. These resuiﬁs suggest that histone
can activate protein kinase by causing dissociation of the regulatory spbunits
from the nolcenzymes in the absende of cyclic AMP. The requlatory subunits

- _—
of protein kinases are somewhat acidic (324,30), favoring interaction with the
highly basic histones. The interaction of bnain protein kinase_with histones
however, was;éqnp}icated by the fact that histones also caused a shift of the
140,000 molecular f;rm of the enzyme to 80,000 without a?eﬂggge in cyclic

AMP dependency, thereby ;mplicaﬁing a structure for brain protein kinase

consisting of a tetramer which, in the presence of histone or cyclic AMP,

splits into dimers (molecular weight 80,000), each of which contained one
catalynic and one regulatory nonomeric subunit of 40,000 molecular weight
(329):. Subsequently, Tao (330) showed that preincubation of reticulocyte
prote;n kinase with protamine resulted in a complete conversion of this enzyme
to a. slower sedimenting, cyclic AMP-independent form corresponding to that
produced by incubation with cyclic AMP.

In general, the ;usceptibility of protein kinases to this type of activ-
ation-seemed to vnry considerably from one ti;sue to another. This may be
attributed to variations infcharge and in the affini&y of the regulatory
suﬁunits for the catalytic components. Activation by this mechanism may

-

contribute to variations in the degree of,cyclié AMP stimulation with different

substrates as has been observed in many laboratories. It remains, however,
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to be shown as to how important is the substrate activation of protein kinase

in vivo. Complexing of histones to DNA might prevent their interaction with
k3

the regulatory subunit of protein kinases. The phosphorylgtio; of,liver histone
in vivo is hlghly dependent on cycllc AMP or glucagcn adm;nlstratlon (331 332).
Ho;éver, it is of interest that cyclic AMP‘also stimulated phosphorylatlog of
rat liver nuclear acidic protein in vivo and in vitre (333), and that the rate
of phosphorylation of these spe01f1c nonhlstone proteins is modified by the

addition of exogenous hlstone’Eractlons (334,335). The interaction between

histones and acid&g chromosomal proteins may be evident in two ways. Phosphory-
- ’

lation studies indicated that different histones may also modify the'sfrucpure

and metabolic activity of individual nuclear phosphoproteins. Conversely,

L

it is known that an acidic protein fraction whiéh binds‘selectively to
histones Fpa1 and F3 functions as a hisﬁoné deacetylase (336). This mutual
intgrdependence of enzyme regulating the modification of nuclear
proteins may represent an important aspect of interlocking éontrols in the
regulation of génetic activity. ‘

Haddox et a1.~/}§$7-355erved that exposure of skeletal muscle proteln
klnase (peak I) to micromolar ATP in the presence of Mg * 'pefore 1n1tlat1ng
the cyclic AMP binding reaction or cyclic AMP activation of histone phosphory;
lation, increased the requirement of thg cyclic nuclectide about 10-fold.
Whereas the dissociation constant of cyclic AMP in the binding reaction was’
changed from 2 X 1078 te 2 x 1077 M and the Xy of cyclic AMP for kinase
activation also increased from 3 X 10-9 to 5 x 10”8 M, 50% inhibition of
cyclic AMP (10_8 M) binding was observed at approximately 2 x 10-7 M ATP.
Furthermore, it was also noted tha? the binding of (3H%-ATP was associated
with the holoenzyme and could be exchanged with unlabeled ATP (but not cyclic
AMP). These findingé not only implied the existence of separate binding sites

-

for the cyclic nucleotide and the triphosphate, but also suggested that the
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bindlng gite 1nvolved in the Mg -induced inhibition of cyclic ‘AMP reactivity'

may be ‘different from that for bindlng substrate {ATP) since the Km\of the

enzyme for ATP was in the range of 10~ M (302)., These observations were

consistent with the report by Brostrom et al. (315) that the addition of HQ

by

ATPApromotea the dissociation of cyclic ( H?-AMP from the regulatory subunit
. of the kinase in the presence of catal&tic subunit. While the importance of

", these effects on the sensitivity of protein kinaga to requlation by cyclic -
- " - ‘ .

. AMP iﬁ vivo remains unclear, evidence 4s available indicating that a facil- |
o . - ) N
itation or suppression of protein kinase activity in vitro may be brought
- | N . !
about by a mechanism not necessarily involving an alteration in intracellular

cyclic AMP concentration of the tlesue. \1 : A .

{iv) Nuclear proteins in relation- to substrate specificity of protein kinases . °
) N . e » )
The presence of phosphoproteins and protein phosphokinases in various

tissuesdipd their localization at various sites in the cell has stimulated

exten51 e 1nvestlgatlons into their biochemical functions (4,5,306,312,338-

l345). ‘The discovery of active metabollsm of phosphog;otelns in the nucleus

by Langan and Lipmann (as(cited in Ref. 346) has prompted the hyﬁothesis that

' these molecules might play a role in the struotural organization of the

chromosome and in the control of RNA transcfiption in vivo {346-348). The * b

two aspects{of transcr&pticnal control {suppression of template activity
. . ) ) , . ‘
‘of most of the DNA-and the activation of RNA synthesis at particular genetic
. .
loci} require the participation of proteins with different properties, DNA

binding affinities and contrasting effects on tranégription; The proteins
concerned include the'hlstones; the basic suppressive components of chromatln,
as well as more ac1d1c.prote1ns which also demonstrated strong 1nd1catlon

for involvement in the control of RNA synthesis ‘at speglflc sites on the
genome. It‘as thus apparent that enqzmatlc modificatlon of amino acid
re51dues of these nuclear protelns, by phosphoryla?;enu acetylation and

methylatlon, may modify the charge and conformation of the respective polye "
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rpeptlde chains. These.changes, which ultimately alter the nature and - strength

»

-

of the interactions between the nuclear proteins and DNA, may provide clues

to the molecular events underlyéng-the sélecttve activation and repression of - f
particular cistrens in eifterent cell types at diffe;:nt times. The role of

these nuclear phosphoproteins'and thein(modificatiqn during gene activation

has re®ently been reviewed (4,5,339,340,349). . ;

ie likelihood that a large number of hormonal responses are mediated e
by cyclmc AMP—dependent proteln klnases suggests that the search for sub- .
strates of these enzymes should be highly fru1tfu1 in elucidating pathways
of hormone action. However, this appnoach haspnet‘nlth dlfflcultles, due
in part to the apparent low specificity of the kinases for p}otein substrates.
- It has been shown that cyclic AMP-dependent protein kinases ;;yvarlous marmalian
tissues catalyze the lnco:;oratlon of the terminal phosphate of ATP into the .

.saﬁe'specific proteins, such as glycogen phosphorylase b klnase, glycogen

synthetase, lipase, histones and ribosomal proteins (350). Since only a

v * .

1inited number of specific substrates have been demonstrated to be phdsphory-
lated in vivo by these enzymes, arbitrary protein substrates have been used
in moé;:ln Vitro studies ef protein kinases in many tissues. Histones are good
s rates for cycllc AMP-dependent protein kinases and have been’used .
eiiiisiggly for thls purpose.. Wlth skeletal muscle protein k1nase, the rate
‘of phosphorylation of calﬁ thymus total,histones was approximately one-thatd
of that with phosphorylase kinase (313}, but when histone’subfractions were %
used, "the rate of phosphorylataon was comparable to-that obtalned with

- phosphorylaSe kinase and glycogen synthetase (30) Phosphorylatlon of all

histone fractions has been demonstrated 1n v1tro. In general, while hlstones

* Fgp and Fy have been shown to be phbsphorylated more rapidly than Fuy and

(296 308,351, 352), isolated catalytlc subunit from hepatic cyclxc AMP-

 dependent protein kinase phosphoryléged h;stones Fl' Fog and F, at aboﬁ//KZS

: L
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‘half the rate observéﬁ with Fob histone'(32). Kuo and Greengard (353)
however, observed that prPtgin kinases from a wide variety Qf organisms were
more active with histope IV (subfraction of histone F,,) when compared to
histone fiB'(sz) and Ib iFl). Neverfheless, as pointed out by Krebs (30),
since thé relative rates of phosphorylation of various protein substrates are
highly dependenﬁ §n assé& conditions;.caution must be exercised in evaiuating
tﬁé significance of moderate differencés in the rate of phosphorylation of
various substrates in vitro.

The éhosphorylation of rat liver lysine-rich histone by cyclic AMP-
dependen; protein kinase has been demonstrated in vivo by Langan (312).

Characterization of the site of pho

ory ation and distribution of phosphate

: \\\T;E,tryptlc phosphopeptides of the phosphorylated 1y51ne—r1ch histone revealed

one major radiocac pept1 having one. of the seryl residues phosphorylated.
o .
«It was also observed that the same site on the histone molecule was phosphory-

latéd in the'preéence and.abéence of cyclic AMP. Fifteen min after .the admin-
istration of glycogen gr dibutf}yl cyclic AMP, histone phosphorylation in rat
liver waz increased by 8-20 fold. The incorporation of 32? into lysine-rich
histone was nct blocked by actinomycin D or cycloheximide, indicating that

phosphorylatlon took place in intact histone molecules and that the observed

response was not dependent on 1ncreased synthesis of histone. kinase or other

‘ eﬁiymes (331,332). The iﬁcreased phosphorylation folloWLng 1nsu11n admin-

istration observed in intact ;ats {331) coﬁld not be demonstrated in isolated
perfused liver (3545, suggesting that the effect of insulin in the whole
énimal might B& an indiéectlone, and probably due to glucagon or catecholamines
released in response to insgiin-induced hypoglycemia. By contrast, hydro-
cortisone and ACTH, two hormoﬁeé which do not alter theslevels of hepatic
cyqiic AMP, had no‘effect on histone phosphorylation. Whereas glucagon, in

doses corresponding to those which stimulated histone phosphorylation has

been shown to induce actinomycin;sensitive de novo synthesis of liver tyrosine

-
.-

<
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. amino transféra§e {355), and seriné dehydra?ase (356), these effecés were

_also mimicked by cyclic AMP (357,358). It has also been QEmonstrated that
m;dification of histones by phosphorylation influenced DNA-histone interactions
and qaused‘derepression of template activity (359,360). In'their studies |
on the effect of phosphorylation on the ability of lysine-richrhistongs t;

' blpck‘R§§ synthesis on reconstituted chromatin templates, Wwatson and Langan
téélf obéer%éd that chromatin reconstituted with lysine-rich histone phos-
phorylated by cyclic AMP-dependent protein'kinase was 25 to 80% more active -
as template for RMA synthesis than chromatin ieconstitﬁted with coﬁtrog histone.
It was proposgd that the induction ofIRNA synthesis, following bormonal stim- ’
ulation, might be the result of a change ip DNA—pistone interaction brought
about by cyclie AMP-dependent Mistone phosphorylﬁfion, involving a confor-
mational change in histong molecules with subsequent derepression qf.DNA

" template (312).

In recent years, interest has been renewed in studies of the nonhistone

proteins of cell nucieus, particu%atly in relation to mecﬁanisms of genetic
control. Elegant studies by Kleinsmith et al. (346-349) have established
that both histone and nonhistPne proteins contained phosphoseryl residues,
and that most of the phosphateﬁincorporated into nuclear proteins by non-
dividing cell nuclei was recovered as phosphoserine in the acidic protein
fraction. It was also shown-that phosphorylation and aephosphoiglation of
T . 2 -
these acidic nuclear proteins could take place on qheir intact polypéptide
chains iﬁ the-cell nucleus (346,3@8), and that the abélity of these proteins
to stimulate transcription in vitro was enhanced with .increasing phesphory-
lation and was decreased upon enzymatic removal of their phosphate groups
(349, 362). H.gh the synthesis and phoéphorylation of individual ﬁuclear
acidic proteiﬁs have been shown to be subject to hormonal control. Whereas i

cortisol as well as glucagon have been demonstrated to selectively stimulate
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the synthesis of various noﬁhist‘:one nuclear proteins in 1iver:'; the synthetic
response to these hormonai stimuli was slow (363). Much more ragid responses
were evident in the'phosphorylation of these acid proteins. While enhanced .
phosphorylation of hepatlc nuclear phosphoproteins was within 5 min of cortxsol
administration, kinetic analysis of 32P 1ncorporat10n into these proteins
showed a hlghly complex time course of phosphate uptake and release (339,349).
Moreover, administration of dibutyryl cyclic AMP to adrenalectomized rats has
been shown to alter'the pattern of phosphorylation of these proteins in liver j

tissue (333}. Within 15 min after the administration of the dibutyryl cyclic

nucleotide, significant increases in the rate of phosphorylation (>200%) were

observed in specific protein fractions (molecular wéight ranges 15,000-40,000 .
and 60,000—85,000); Selectivity in the effects of cyclic AMP was evident in
that many protein bands, particularly a peak at molecular weight.57,000,
showed the same activity in control and treated animals.

Effects of cyclic AMP on the pﬁosphorylation of nuclear acidic proteins

also were demonstrated in isolated rat liver nuclei. While the magnitude of

stimulation observed in isolated nuclei.was considerably lower than that
observed when dibutyryl cyclic AMP was administered EE.XEEE} the in vitro
stimulation of phosphorylation by cyclic AMP was also selective for_gpecific
acidic proteins. Moreover, when isolated acidic proteins were incubated with
(Y-BZP) ATP, a significant amount of endogenous protein kinase activity was
detected, which could be stimulated (2-fold) in the presence of exogenous
cyclic AMP. This' is of interest in the light of recent findings by Rikans
and Ruddon (364) that four peaks of protein kinase activity and two peaks of
cyclic AMP binding activity,could be separated by phosphocellulose chromato-
graphy from acidic nuclear proteins of rat 1ive£ nuclei. The activity of
the major kinase peak'(KIV} was inhibited in the presence of these cyclic

2

AMP binding fractions, but could also be partially ;eversed by the addition
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of 5 uM cyclic AMP to the -.incubation mixture (3641.’ It was demonstrated that
the soluble cyclic AMP-dependent protein kinases were fully capable of phos-
phorylating nuclear aciaic proteins aﬁd'that cyclic AMP stimulated this phos-
phorylation about 2-fold (333). These findings are consistent with the
hypothes;s that nuclear kinases m;ght be catalytic subunits of the cyclic
AMP-dependent holoenzymes and are separated from their inhibitory or regulatory
subunits either as a result of dissociation and concomitant activation by
nucleohistones (329,334,335), or merely during the process of purification and
preparation of the enzymes.

The phosphorylation of E. coli RNA polymerase (365) and polyﬁucleotide
phosphorylase (366) by mammalian cyclic AMP-dependent protein kinase has also
been reported. In both cases, an 1;crease in enzyme acthlty was associated
. with phosphorylation. E.‘coli RNA polymerase phésphorylation occurred on the
sigma factor. Recently, a cyclic AMP-stimulated protein kinase from rat liver
nuclei waé found to stimulate hepatic RNA synthesis (367). The stimulatory
effect was seen primarily with nucleolar RNA pdlymerase and only when rat
;iver DNA was used as the template. Jungmann et al. (311) also reported that
a cyclic AMP-dependent protein kinase from calf ovary cytosol stimulated the
incorporation of 32P from (7-32P)—AIP into fractions containing nuclear RNA
polymerases Ia, ‘Ib and II. Chromatography on DEAE—cellulose indicated a

coincidence of phosphorylated proteins with three polymerase activities,

although/Jio evidence for phosphorylation of the RNA polymerases themselves

L-3
was prévided. The fraction containing RNA polymerase II activity was the

P. The cyclic AMP-dependent phosphorylation of RNA polymerase preparations
was associated with an increase of the RNA-synthesizing capacity of all three
enzyme preparations examined. Whereas the activity of the polymerase II was

increased 9-fold after phosphorylation, only 2 to‘old stimulation of RNA
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synthesis was seen by the phosphorylated polymerases Ia and Ib. These

results suggest that cyclic' AMP and protein kinases may play an important

role in RNA synthesis through regulation and perhaps phosphorylation of nuclear
ﬁNA polymerases.

E. Protein Modulators of Cyclic Nucleotide-Dependent Protein Kinases

Although it seems clear that activation by cyclic AMP constitutes a
major mechanism for regulation of cyclic AMErdependent‘protein kinase, infor-
mation is now available concerning various protein modulators that may also-
have a potential role in the regulation of the activity of this enzyme. Heat-

‘

stable protein from various sources that alter the activity of cyclic
nucleotide—dependeﬁt protein kinases from ;everal tissues has been reported
(368-373,323,326,328). Although the physiological role of these proteins
in the regulation of protein kinases is yet to be elucidated, their potential
importance in the adenylate cyclase-cyclic AMP system justifies further
studies of these proteins.

crude skeletal muscle extracts have been found to contain a trypsin-
labile inhibitor of the phosphorylase kinase activation reactions (274,275).
The inhibitor was demonstrated to affect only the coﬁponent of the activation
that required cyclic AMP, later found to be phospharylase kinase. The
inhibitor has also been shown to inhibit the conversion of glycogen synthetase
from the I to the D form, a Pprocess inveolving phosphorylat;on of glycogen
synthetase I in the presence of the cyclic nucleotiée (276). Subsequeng
studies on the effects of this protein on the inhibition of gaycogen synthetase
and the activation of phosphorylase kinase confirmed that phosphérylase kinase
and glycogen synthetase kinase were in fact a single enzyme (313,314,296,298).
ACyclic aMP-dependent protein k;'Lnases from a wide variety of tissues have
bheen shown to he sepsitive to inactivation by the rabbit skeletgl muscle

protein inhibitor (369). Similar inhibitory factors have also been found

during the course of purification of the cyclic AMP-dependent enzyme from

:
3
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\hg;ain, E. coli and v;rious other tissues and species of arthropoda (323,326, -

328). Moreover, in a survey of the amount‘of protein inhibitog present in
several tissues of the rabbit, highest levels were detected ;n gkeletal muscle,
brain, diaphragm and heart (377).

A heat-stable inhibitor of cyclic AMP-dependent protein kinase {from rabbit
skeletal muscle has recently been characterized by.Walsh et gl; (369 Although
the iﬁhibitor had a molecular weight of 26,000 and a partial specific volume .

of 0.74, sucrose density studies demonstrated a sedimentation coefficient of

1.5 (369). Kinetic analysis of casein phosphorylation by RC in the presence

|
i:
i:
!

of the inhibitor showed that the latter interacted noncompetitively with the
two enzyme substrates, ATP and casein and with the enzyme activator, cyclic
AMP (369). The same phenomenon was observed wiil respect to these substrates
when C was used (377). The degree of inhi?} 10on of protein phosphorylation
catalyzed by either C or RC in presence of cyclic AMP was identical when

casein, histone £,, histone f2a or .histone f3 was used as the protein substrate,

but was hower for protamine (377,378). The inhibitor had no effect on the
activity of the cyclicr AMP-dependent protein kinase in the absence of the
nucleotide.
Elucidatian"of the mechanism by which the protein inhibitor exerted its
effects has éhown Lhat it did not inhibit protein phosphorylation by acting
F |

as adenosine triphosphatase (377), nor did it function as a phosphoprotein

phosphatase by reversal of phosphorylation reaction (369). Whereas the

¥
'

inhibitor has been demonstrated to possess no affinity for cyclic AMP, kingtic
studies have shown that it enhanced the binding ;ffinity of RC to cyclic AMP
(369,3&9). It appears to be §pecific for cyclic AMP-dependent protein kinases,
having no effect on phosphorylase kinase, phosphofructokinase, hexokinase,

pyruvate kinase and a number of other enzymes examined (376).
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It has been demonstrateththat addition of C to cyclic (3H)~AMP-receptor
complex enhanced the release of cy lie (3H)-AMP, resulting in a decrease in
'the protein-bound nucleotide i315). étudies on the effect of tgé inhibitor on
cyclic (BH)jAMP'release from the protein complex have shown that prigr
addiﬁion of the inhibitor to' C preventedi catalytic subunit-stimulated
release of cyclic (3H)—AMP‘from R. Moreover, reconstitution of R and C
generated RC with simultaneous inhibition of the agtivity of the.enzyme, a
process reversible by cyclic AMP (302). Inhibition ®f C by the protein inhiﬁito:, i
however, was not overcome by the cyélic nucleotide (3%9). Studies on the E
intéraction of the inhibitor with C and RC by Ashby and Walsh (378) suggested 2
that dissociation of th: latter.enzyme was a necessary prerequisite for
inhibitor activity. In the presence of cyclic AMP, interaction of inhibitor
with RC mimicked that obtained with C, and a greater'amount of inhibitor was
required to titrate C and RC together than was needed to titrate the enzyﬁes

individually. A mechanism of action of the protein inhibitor involving direct

interaction of this protein with C was later proposed by Ashby and Walsh

(378). 'This mechanism agrees well with the effect of the inhibitor on protein
phosphorylation catalyzed by C ox RC in the presence of cyclic AMP. It also
accounts for the iﬁcrease in the association constant of cyclic AMP to RC
.without any change in the number of binding sites in the presence of the
inhibitor. It has been degonstrated that for a given ratio of inhibitor to
catalytic subunit, the inhibitor was less effective at low concentration of
the enzyme, implying reversibility of the catalytic subunit-inhibitor inter-
action (378). Furthermore, the mechanism also conformed with the observation
that the inhibitor prevented tﬁe catalytic subunit-mediated release of cyclic
AMP from the cyclic AMP-receptor complex. Although both the inhibitor and
the R demonstrated similar inhibitory activity on C and RC in the presence

of cyclic nucleotide, comparison of their properties suggested. two nonidentical

i

species (302,321,369,379,380).
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Recently,‘a heat—st;ble, trypsin-labile protein haying stimulatory and
inhibitory effects on protein phosphorylation by cyclic AMP-dependent and
cyclic GMP-dependent protein kinases ﬁas been isolated from lobster tail musple
{370). This moduéiti% had a molecular‘ﬁeight of 34,000 and was found to be
a highly chafged, acidic protein. It is of interest that this modulator
altered the substrate specificity of cyclic AMP- and cyclic GMP-dependent
protein kinases. Whereés the protein inhibited phospho;ylation of lysine-rich
histone and histone mixture catalyzed by both the cyclic AMP-dependent and
cyclic GMf—dependent protein kinases, it had opposite effects on the two K
enzymes when arginine-rich histone was used as the protein substrate. Moreover,
the activities of both enzymes in protémine phosphorylagion were stimulated
in the presence 6f the modulator (370). While kinetic analysis of the phos-
phorylation of arginine-ri¢h histone in presence of the modulator revealed an
increase in thg_apparent Ky of both cyclic AMP-dependent and cyclic GMP-
dependent protein kinases for the protein substrate, the effect of the modulator,

on the activity of these enzymes from bovine heart muscle and lobster tail

muscle was not associated with any change in the apparent K, of these enzymes

for ATP. These effects of the modulator were also observed when isolated

catalytic subunits were studied from the respective holoenzymes (37%).
Recently, a heat-stable, trypsin-labile inhibitory factor of cyclic AMP-

dependent protein kinase was isolated and partially purified from bovine

uterine tissues (372). Whereas subcellular distribution studies of the

myometrial inhibitor indicated that this protein was located exclusively in

the s;;uble fraction, a small amount of inhibitory activity Qés also found

to be associated with th; 650 x g pellet. Sucrose gradient ultracentrifugation

of the uterine inhibitor demonstrated an Sjpq of approximately 1.5 while

the Stokes radius of this protein, as determined by filtration, was 23A.

By Scatchard plot analysis and in the presence of a concentration of inhibitor
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sufficient to comp}etely iﬁhibit the activity of RC, the association’ constant
of the engyme to cyclic AMP at pH 4.0, 0°c was increased by 2-fold with no
significant change in the number of binding sites. This characteristic of
the uterine 1nh1b1tor proteln, however, was not demonstrated at pH 5.0, a
condition at which RC exhibited maximal cyclic AMP hlndlng {381). In agreement
with the data on the protein inhibitor from rabbit skeletal muscle {369), the
uterine protein inhibitea'both endometrial as well as myometrial cyclic AMP-
dependent protein kinases in the presence of cyclic AM£ in a dose—dependent
manner. Moreover, the uterine protein.inhibitdr was equaliy effective in
blocking the activity of the catalytic subunit of the enzyme assayed in the
absence~of cyclic AMP. However, contrary to the finding of the skeletal
muscle protein inhibitor by Ashby and Walsh (377), the uterine pr;tein
activated histone phosphorylation catalyzed by RC in the absence of cyclic
AMP.

More recently, two heat-stable ﬁroteins (modulators I and II) which
altered the substrate specificity for cyclic aMP-dependent protein kinase

from rat mammary.glands were partially purified by Majumdexr (373); Modulator

I stimulated specifically the rate of phosphorylation of Fj and F, histones

catalyzed by cyclic AMP-dependent proteiﬁ kinase and had no significant effect

on that of F2b and F4 histones. Whereas maximal stimulatoryseffect was

e1101ted with modulator I when F, histone was used as the protein substrate,

little stimulation of the enzyme was seen with phosphorylation of total

histone?; In contrast, modulatorlII exhibited an inhibitory effect on mammary

protein kinase activity when total histones gf histone subfractions were

used as sﬁbstrates. It has been postulated that the process of cell differ- :
entiation may confer upon the cells tissue-specific distribution pattern of

protein kinase modulator, and that these proteins may interact with protein

kinases to achieve a high degree of specificity in the phosphorylation of
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various sites in the chromosomal proteins during cellular differentiation

(373). -
Protein kinase inhibitor and modulato¥ act;vitieé have now been demon-
strated in various animal tissues (369,370,372,373). ‘Although direct evidence
for the physiological role of these proteins is still lacking, Walsh and
Ashby (382) demonstrated that the tissue concentration of these proteiné was
.sensitive to alterations in the physiological state of the animal as-well as .

in the hormonal environment of the specific tissue. Whereas prolenged starv-

ation decreased the 1evél of the inhibitor"in fat heart by 30%, refeeding for

]
72 hr restored inhibitor activity to a value approximately 40% above normal.

It was also reported that while treatment w1th alloxan also resulted in a

- ‘:_

decrease in the level of this grotg}n,.the effect was antagonized within 1 hr

T he ) ¢

following insulin adminlstratxon (382).

3. CYCLIC AMP INVOLVEMENT IN SEX STEROID ACTION s 32

) N
A

A. Criteria for Establishing Cyclic AMP Involvement in Hormone Action

Bs a result of ﬁ;ny elegént studies, Sutherland and Robison (212) -

provided a set of criteria which must be fulfilled before the role of cyeclic

AMP as an intracelluiar mediator in the action of a given hormone or drug can

be fifmly established. Although some of these have been saﬁisfi?d for a score

of hormones, cnly a few seem ;o have achieved all of the criteria suggested.

These criteria, most of which are self-evident, can be briefly summarized as

follows: first, the effects of the hormone should be reproduced by exogenous -

cyclic AMP. This is generally considered to be the most difficult criterion

~ '

to meet sigge cyclic AMP penetrates cells very poorly, and in some cases,
probably not at all. Nevertheless, cycllq AMP has been shown to mimic
hormonal actions in a variety of body tissues 1nclud1ng the adrenal cortex,
liver, testis, prostate and uterus (12,383-386). The acylated derivé%ive

)
such as the N6,02 -dibutyryl analog of cyclic AMP has been found to be more "

.
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potent than the parent compound and therefore, when tissues treated with
dibutyryl cyclic AMP shoi.the same responee as seen with the eormone, this is
taken as strong evidence that-the hormone in questidh works through the
cycllc AMP system. Secondly, the lnhlbltors of phosphodiesterase such as the
methyl xanthines should be able to potentiate the effects. produced by a sub—
maxlmal dose of the hormone. Indeed, the lipolysis in fat cells caused by -
ACTH, catecholamines and glucagon (22&,38?-389), the effects of vasopressin

on the toad bladder (390), the cardiac inotropic responses to norepinephrine

(391), ovarian steroidogenesis by luteinizing hormone (392), melanocyte

dispersion on frog skin by melanocyte stimulating hormone (393) and the effects

!

of isoproterenol on DNA synthesis in parotid glands (394) have all been shown

to be potentiated by methyl'xenthines. Thirdly, the first messenger (i.e. the
hormone) should induce a measurable change in the concentratlon of tissue
cyclic AMP. The endogenous levels of target tissue cyclic AMP should decrease

A ‘ .
upon hormonal deprivation such as should be the case following castration in
. " :

male ana female rats. Administration of the hoer:e should restore the érop-
in tiséue cyclic AQP levels observed after castration. Ideally, the changes
in cyclic AMP concentration should preceed the metabolic respohsee that are
presumed to be mediated by cyclic AMP. This change in the concentration of
cyclic AMP should be tissue- and hormone-specific and correlate temporally
and quantitatively with the pﬁysioiogical effects of the hbrmone. Finally,
administration of the hormone should eithef enhance the activity of tissue
adenylate cyclase or inhibit phosphodiesterase or do both. The hormone should
also stimulate the conversion of ATP (or adenosine) to cyclic AMP when added
to broken cell breparations or slices of the target organ. It is not
essential however: that the full meeabolie response that occurs in intact

_ ~ .

cells be evoked in broken cells as this may be dependent upoh total cellular

integrity. Physiological concentrations of the hormone should be effective

t
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in such preparations and where a series of compounds have similar physiological

effects on the intact tissue, their order of potency should correspond to

the order of potency on in vitro cyclic AMP synthesis.

- B. Estrogenic Action on the Uterus ‘

(i) Estrogenicomimetic effects of cyclic AMP

Estrogens are. known to stimulate uterine glycolytic and hexose monophosphate
;hunt enzyme 7n immature and ovariectomized animals. The question whether
cyclic AMP could also elicit similar enzymatic responses in the uterus was -
©  examined (383} . Administration of exogenbus- cyclic AMP to immature or- castrate rats o
resulted in significant increases in uterine weights, glycogen content and in
the activities of hexckinase, phosphofi!ctokinase, pyruvate kinaee, éiucose 6- ‘ !
phosphate dehydrogenase and 6-phosphogIDconate dehydrogenase. These responses
were further enhanced when cyclic AMP and an inhibitor of phosphodiesterase,
theophylline, were injected together. Administration of dibutyiyl cyclic
AMP and theophylline produced greeter increases in uterine weights,vglycogen
content and various en£§5;\ectivities examined (383,395-397). The time

course of the cyclic AMP—inuced uterotropic, glycogenic and end{matic

responses was similar to that observed previously for estradiol-178. AfEer
treatment with cyclic AMP and theophylline, uterine weights increased
T~

progressively in -a time-dependent manner reaching a maximal response (200%
of control values) by the 16th hr. Glycogen content of the uterus increased
significantly to 159% by the 2nd hr and to a maximum of 558% also by the
16th hr. Similarly, whereas activities of various key g";;zltic and hexose
monophosphate shunt enzymes were increased significantly at the 2nd hr,
maximal increases were obse;ved 16 hr after the adminiétration of the cyclic
nucleotide. Increasee in various uterine parameters were related to the

dose of cyclic AMP and 1 mg of the cyclic nucleotide was sufficient to elevate

the activities of most enzymes inyestigated.(383). Uterine glycogen, on the

L . r

other hand, was increased significantly by as little as 0.2 mg of cyclic AMP. I
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”%% The possibility of adrenal involvement in’ ‘any of these uterine responses _j

1nduoed by cyclic AMP was,ruled out since similar results were observed in s?;
adrenalectomized—ovariectomized animals (383). Moreover, tréatment of ovariectomized ‘
-5~as welss a.drenalectomized—ovariectomfzed rats with eit.her a!t:tmomycin D or
- cycloheximide blocked the cyclic AMP and theophylline—stimulated in&uction .

'of uterine hexokinase, phosphofructokinase, pyruvate kinase and the- two hexose
monophosphate shunt dehydrogenases. These results‘indicate that like estrogens,

the cyblic AMP—induced enzymatic increases in the uterus might be the result

w

SRT PPN A

of new RNA and protein synthesrsvc383 397). Two uterlne enzymes, isocitrate

dehydrogenase.and u—glycerophosphate dehydregenase, whxth did not respond to

e s b bt

estradiol\ also failed to drzilay any apprec1able response to this cyclic

nucleotide, indicating that Je uterine response to cyclic AMP was specific - .

v. . [E A
- and not just due to an ovegall stimulatlon of protein synthesis. Also, the
r . v
Qbseryed uterotropic, glybogenlc and enzymatlc responses were specific to

-

cyglic AMP since neither adehosine nor 2',3'—cyclic awp, ’ T

a
o '

2'-AMP, 3'—AHP,AS'-AMP, 5'-aAD -end 5¢-ATP produced any measurable effects.

LI

ﬁ“?"i'he obgerved cyclic AMP-sti atéd uterine responses also weie-tissue-specific_

~

e ¥ .
since lung and thymus, two ssues_known to be unrespoleve to estrogens, »
S : ~ . .
failed_toarespond-tGchclic gnd theophylline (383)
.‘~ W 1 ‘. Al A
An early indication .th cycricuAMP might be_involved.in sex*steroid-.
- ir - ;

: Mediated responses.came in 1968 when Griffin and SZego (398% reported that

o <
' *
cycllc AMP, like gstzogens, enhancéd the 1ncorporatlon of labeléﬂ amlno ac1ds

Jinto proteln of “uterin® segments of ovariectomized ‘rats. Uterine accumulatlon .
) e .

of L-.leuCine—l4 ;__ v1tro was enhanced as early as 3 min in presence of ‘,‘
‘ E— . ¢
5 o mM cyclic YAMP. Lower concentrations of the dibutyryl1aerivative of S
@ Ao

cyclic ANP were, shown to augment the uptéke of trace afmunts of botH L- S ;

) 1euc;ne—14' Fnd Lclys ne- ?ﬁrdurlng,S min incubations. Slnce 5'-AMP affected ]

! L * * )
Aonly modestly the ute Lne uptake of 1sotop1c Leleucxne without éXerting any ) I
i

A . 1 1Y an' . - -:‘ * : B - .
H T e U - e e
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g effeet'on the accumulation of L-lysine—14c, these authors concluded
that cyclig compound is the "more .significant metabolic modulator.® Evidence .
tnat cycl%r_hﬁ@ can stimulate the synthesiitsf RNA in vivo was presented by

Mohla and Prasad (399}. These investigators had earlier shown that estrogen

activates the synthesis of RNA, DNA and‘protein in the blastocyst and uterus .

~ during delayed implantation and'postulated that activation of the delayed

blastocyst might be due to the direct’ actlon of ‘estrogens (400). Itfwas noted

R

that within 5 min of treatment w1th an estrogen, there was a marked increase :’
* <D n’

in the incorporation of H3—ur1d1ne into RNA in the blastocyst‘and the uterus.

' L
It was later shown autorad1ograph1cally that cyclmc AMP could mEmlc this | A

early actlon of .estrogens 1n stlmulatang RNA synthesis in the uterus and in

the delayed blastocyst. In the uterus, cyclic AMP caused a 3-fold increase

Il

"in the percentage of  labeled epithelia ; and a 4-fold increasegin‘the

lnumber of grains pér cell; the grairs being 1oc;ted_in the nucleiaof uterine
epitheiial cells (399). = ’ '." - .-T; "

" sharma and Talyrar (401) studied the action of cyclic AMP in vitro on
the uptake dqiiéncorporation of utidtﬁe into RNA of.castrafe ;at uterus. ‘

Cycllc AMP (and dibutyryl cyclic AMP in very low concentrations] was found

to be effective in stlmulatlng the uptake by the tlssue of ur1d1ne—5-H3 and

-
)

. &
,L-leuclne—4,5-H3 as well as their lncorporatlon 1nto RNA and protelns in uteri’
. F

L
!
1
|

of ovariectomized rats. This effect of cycllc AMP was rapid and had some

1] .
degree of spec1f1cxty 51nce other nucleotides such as AMP and GMP did*not .o
L] ‘7 it

produce any stlmulatlon at least in the first 15 mln of" 1ncubation. Oon
ﬁol&mged exposure however, AMP apd GMP also caused egects similar to those
.'of cyclic Amp although the magnxtude was con51derab1y smaller. It was also

shown that actznomyc;n D in very 1ow concentratlons could inhibit almost -
completely the synthe31s of RNA in the terus stimulated by cyclic AMP.

& / * : L] . ’
In contragt, cyclohexlmade 1n concentratlons higher than those sufficient

. -
. * * 1

- & [ \ . v ' . Ir

—
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to inhibit leucine incorporatlon by 94% did not block thé- stimulation of

~ RNA synthesis brought about by cyclic AMP. Hechter—et al. (402} also demon-

-

»

~ -

stratéd.that exogenous &yclic AMP could”induce estrogen—like stimulation in
the blosynthe51s of uterine RNA, proteins, lipids and glycogen, These, anabolic
¥
effects of cyclic AMP were inhibited by actrnomyc1n D, suggestlng ‘that the
% r

actions of the nucleotide depend, at least in part, upon new RNA synthesis

at the gene locus. - ' .

{ii) Theophylline-induced potentiation of estrogen action on the uterus

The methyl xanthine, theophylline, is a potent inhibitor of phospho- .

diesterase. As a result, the cyclic AMP formed by adenylate cyclase in response

=3

”to_hormonal stimulation is not metabolized to S'-AMP quite as rapidly and

v

therefore tends to accumulate in the treated cells. 1f cyclic AMP is indeed <

acting as a medlator between the hormone and the response belng measured,
O -

treatment with theophylline would be expected to enhance the 1nfkuence of a
small dose of the hormone. Results obtained by Lafrenlere and Singhal (4Q3)

have demonstrated that theophylline and estradiol both produced significant

increases in uterine weights as well as in the activitiéshof the three key
glycolytic enzymes. Administration of theophylline increased uterine weights

to 150%, hexokinase to 182%, phosphofructokinase-to 176% and pyruvate kinase

to 155% of the control values. Likewise, estradiol (0.1 pg/rat) produced small

s s . s A L i s X
yet statistically significant increases 1in the activities of these uterine

enzymes. However, when the same dose of estradiol was injected{concurrentﬂy
- . - * ‘

with theophylllne, the 1ncreases observed in the act1v1ties-of uterine
glycolytic enzymes were of a much greater magnltude and were comparable to

those observed with the high dose of estradlol (5.0 ug{ The results indicate
that theophyiilne is capable of potentlatlng the stlmulatory effects of a
submaximal dose of estradiol-l?B on the activity of uterlne hexokrnase*)

phosphofructokjpese and pyruvate kinase.

[ : ~
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Since estrogen treatment is known to enhance the activity of uterine

L]

"qlucose 6-phospﬁate and 6-phosphogluconate dehydrogenase, the queétion

whether theophylline could also potentiate the action of the hormone on the

two hexose monophosphate shunt dehydrogenases also was investigated. Whereas

theophylline stimulated glucose 6-phosphate and 6-phosphogluconate dehydrogenase

to 194% and 191%, 0.10 ug dose of estradiol elevated the two hexose mono- ~ '

phosphate shunt enzymes to 169% and Eiggzrespectlvely, when compared to the

* values ofpcontrol rats. Concurrent administration of cophylline potentiated
the observed action of estradiol and increaded glucose 6-phosphate dehydrogenase
to 291% and 6—-phosphogluconate dehyd;;§enase to 409% of controls. The data

-+

indicate that'whgn a submaximal dose of estradiol (0.10 ug) is administered

. L . \ L
along with theophylline, the increases produced in all uterine enzymes studied

.are of the magnitude'similar»to that observed with the 5.0 ug dose of the
hqrmone (403). It is of interest that adninistration of tneophylline also was

. capable of potentlatlngithe effects exerted by a smeil dose of estiadiol-l?ﬁ
on glycogen formation in uteyl of 1mmature rats (6).

o (iii) Effect of estrogens on uterlne cyclic AMP levels and on'in v1tro

- biotransformation ot (°H)~adenosine into (H)~cyclic AMP
4

Direct evidence indicatinq the involvement of adenylate cyclase-cyclic

&

. o .
AMP system in the action of estrogenic hormone was first reported by Szego

and her colleagues. In 1967, Szego and Davis (404) demonstrated that uterine

~levels of cyclic RRP were strikingly depleted after ovariectomy. By the third
: . ~

week following ovariectomy, total uterine cyglic AMP was approximately one

A

seventh of the intact control value. It was 2lso demonstrated that 15 sec
. . ’
after an intravenous fhjection of estradiol-17B to ovariectomized rats, uterine

cyclic AMP was almost doubled. This acute elevation of uterine cyclic AMP
was maintained for at least 5 min before gradually returning to breinjection

L
l

levels by the 60th min. A. typical S-shaped dose~-response ‘curve. was}pbtalned

&
/
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with minimal response being observed with the 0.06 pg and maximal response
with 0.5 ug/100 g dose éf the hormone. Diethglstilbestrol'also had a potent
‘stimulatory effect on the intracellular level of eyclic aMP, whereas the
-lTa—ePimer of estradiol was ineffective. The f-adrenergic blocking agent,
propranclol, prevented éhe estrogen effect on uterine cyclic AMP content in
castrate rats (28). In addition, this increase in uterine cyclic AMP was
tissue specific since estradiol-178 did not produce any significant change
in cﬁclic AMP levels in the diaphragm and the mesometrial fat pad, two tissues
which do not respond to estrogens (404)f Szego's group (404) thus iinked
cyclic AMP +o the chain of metabolic events resulting from estrogen admin-
istration in vivo and demonstrated the ultraﬂaCutelonset, organ selecti%ityl‘
sen;itivity to doses of a physiological order and to estrogenic compounds in
accordance with their established degree of estrogenicity. These findings
wéke recently confirmed by Dupont—Mairessé et al. (23) who demonstrated’ that
whereas uterine cyclic AMP levels in spayed rats were increased by 2-fold

% min after the injection of 1fé;éstradiol, pretreatment with propranclol
effectively blocked this biochemical response to estrogen. Chew and Rinard
(405) also observed small but significant increases in pter%ne cyclic nucleo-
tide levels 6 and 48 hr after the administration of estradiol-178, although

a more acute response (30 sec and 15 min) was not evident. Contrary to these
findings, Sanborn et al. (303,381) and Zor et al. (406)7have recently found
that estradiol treatment failed to proguce an alteration in cyclic AMP lgvels
of the uterus. lUsing a suspended Sterine preparation in vitro, estradiol

‘was found to be ineffectivé under conditions in which isoproterenol produced

4 .
a-markgd increase in the concentration of cyclic AMP (303,381).
An additional approach in studying the regulation of cyclic AMP metabolism

in accessory reproductive tissue by gonadal sex steroids was used by

Thomas and his colleagues (407,408). The sex accessofy glands of mouse,

v

1
]
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guinea pig and dog were all capable of biotransforming (3H)— adenosine into
eyclic (3H)=AMP. The ability of rat uteri to biotransform (3H)—adenosine to
(3H)=cyclic AMP in vitro was recently examined Ey Thomas et al. (26) and the
effect of pretreatment with propranoclol on estradiol-stimulated k3H);cyclic

AMP formation was investiéated in uteri of immature rats injected with estradiol,
propranolol or both. It is of interest that thelcapacity of the uterus é;-~ '
synthesize cyclic AMP—H3 was increased, to 49% éf the congfol values in estradiol-
treated rats. In contrast, propranolol alone decreased uterine cyclic AMP !
férmation by 30%.‘ when estradiol-injected rats were pretreated with prop-

- LI

ranolol, the_ﬂ—blocking agent failed to inhibit the stimulation of cyclic

AMP formation seen with the estrogen alone (26).

(iv) Stimulation of uterine adenylate iyclase by estrogenic compounds

The mechanism underlying the elevation of uterine cyclic AMP levels
following estrogen tieatment appears primarily to be the hormonal stimulation
of the adenylate cyclase activityiggg_gg. Szego (409) using an isotépic
precursor method for detérmininé the actiyity of adenylate cycyggé found a

significant impairment in its activity following ovariectomy. It was also

found that adenylate cyclase activity could be restored by an‘estrogen. The
intravenous injection of estrogen upto 5 min preceding organ removal led to

a non-significant increase in adenylate cyclase activity. Statistical
significance was precluded due to the 15% to 200% variability of the response
to estrogen. However, studies carried out in Singhal's laboratory (6) showed
that oophorectomy produced a marked decrease in fluoride-stimulated adenylate
cyclase activity of rat uterine homogenates. Enzyme activity fell from 1.99
in normal intact rats to 1.49, 0.90 and 0.69 (picomoles of cyclic AMP formed
per milligram protein per hr) after 3, 14 and 21 days of castration, respectively.
Tt was also shown that when ovariectomized rats were injected intraperitoneally

with the 10 ug dose, of estradicl-178 , uterine adenylate cyclase significantly

AL
’ a
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increased in 5 min by more than 2-foid of the control v#iues. Moreover,
whereas a single intraperitoneal injgction of estradiol-178 to immature réts
also produced a significant stimulation of uterine adenylate cyclase in 5 min,
estradiol-17a , a relatively inactivé epimer, when given in the same dose

(10 ug/rat) failed to produce apprec1ab1e change in the uterine enzyme. The
stlmulatory action of estradiol-178 on uterine enzyme activity seemed spec1f1c
to this tissue since hepatic adenylate cyclase remained completely unaffected
in animals treated with this potent estrogen (6). Rosenfeld and O'Malley (27)
cshowed that diethylstilbestrol (DES) acutely activated adenylate cyclasé in
.uteri of ovariectomized animals. Intravenous administration of this

estrogen (5 pg/100 g) gonsistently elevated adenylate cyclase activity

at 5 min, but by 2 hr after estrogen administration, the activity of the
enzyme had returned'to control levels. Recently, Sim and

Chantharaksri (410) reported that the activity of uterine adenylate cyclase
was low at proesérus but ;ncreased to peak wvalues at metestrus and then
gradually declined until the following proestrus. Firm evidence therefore
exists that estrogens are not only capable of elevating endogenous levels of
uterine cyclic AMP but can actually stimulate the in vivo activity of uterine
adenylate cyclase both in ovariectomized and immature rats (6).

Although numerous studies implicate cyclic AMP in estradiol action on
uterine éissue,‘the question has been raised as to whether cyclic‘AMP acts
dlrectly as a "second messenger" or indirectly subsequent to the release and
action of catecholamines. Estrogens have been shown to alter the concentration
of epinephrine in the uterus- (411) and epinephrine is known to enhance tpe
activity of uterine adenylate cyclase (260). Szego and Davis (28) reporFed
that the rapid elevation of uterine cyclic AMP after estradicl was blocked by
a B-adrenergic bloc#ing agent, propranolol.. Ro;enfeld and 0'Malley (27) |

-,

found that the acute activation of. uterina.adenylate cyclase by diethyl-

stilbestrol also was propranoclol inhibitable. fect of proprancleol on
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estradicl-stimulated uterine cyclic AMP-H3 formation f£rom tritiated aci;:nosine
was investigated by-Thomas et al. {26). When ovariectomized rats injected
with estradiol for 4 hr were pretreated with propranclol, thg R-blocking agent
failed to inhibit the stimulation of uterine éyclic AMP-H3 synths;sis seen
'with the estrogen alone.¢ Robison (24,35) also found that an intr;peritoneal
injéction of estradiol;lTB in - immature éats produced a slow and sustained rise
in uterine cyélic AMP levels which could not be prevented by propra;nolol. A
similar lack of effect of propr;nolol and of dichloroisoproterenol was observed
on estrogen-induced uterotropic, glycogenic and various enzymatic responses
seen at 4 and 16 hr (6). Moreover, Dupont-Mairesse et al. (23) have recently
;eported.tha£ whereas the early increase in uterine cyclic AMP followiné
estradiol was abolished by propranolol, pretreatment or repeated treatmént-
with propranclol did not modify several sustained responses of the uterus to
estradiol (e.g. hypertrophy of luminal epithelium, increaseshin RNA and protein
content) in immature or in spayed rats. "gince the B-adrenergic blocking drugs
did not intexrfere with estradiol-induced metabolic responses as well as with
the synthesis'of uterine cyclic AMP-HB, it has been suggested that the more

sustained biochemical changes in uterine metabolism induced by estrogens may

be independent of catecholamine release (6). The data on ﬁhé ability of N
exogenoﬁs cYélic AMP to imitate effects of estrogens and of a methyl xanthine §
. >
to potentiate thé‘action of a submaximal dose of the hormone, together with
the finding that B-adrenergic antagonists do not prevent the later effects
of estradiol on cyclic AMP—H3 synthesis, lend support t6 the concept that
this nucleotide is involved in estrogenic stimulation of at least some of

the uterine anabolic responses (6).

2

(v) Estrogenic regulation of uterine cyclic AMP-dependent protein kinases ’

Y

. .
Convincing evidence has accumulated to support the hypothesis (298,306,

328,412) that in many systems, cyclic AMP-dependent protein kinase mediates
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the intracellular effects of the cyclic nucleotide. Whereas the regulation

of protein kinases is becoming a focal point in the elucidation of the mech-
anism of action of various hormones, conclusive data concerning the role of
this enzyme ié estrogenic responses in the uterus are still incomplete. In
this context, Reddi et al. (413) failed to observe any change in the activities
of utérine cytosol protein kinases in the presence'pr absence of cyclic AMP
;ver the first 24 hr after the injection of 1 ug of estradiol to immature rats:
Ichii et al. {414} however, observed‘that whereas uteri obtained from adult
rats exhibited higher é?otein kinase activity assayed in the absence of

cyclic AMP than that of the immature rats, adminis;ration of 5 ug ?f estradiql
to immature'animals resulted in aigignificant decrease in the;gctivity of

the cyclic AMP-dependent enzyme without any change in the independent enzyme.,
while kinase from immature uteri also exhibited higher cyclic AMP binding
éapacity compared with that of the  adult animals, estrogen admi;;;;ration to

- N . N
immature rats caused a significant decrease in the observed biochemical parameter.

v :
Arnaud et al. (415) have "also reported that ‘a specific estradiol-receptor in-

the endometrium was phosphorylated iq cyclic AMP-dependent ﬁanner by a cytosol :
myometrial kinase, resulting in increased nuclear RNA polymerase activity §
when the steroid-phosphorylated receptor complex reached Fhe nucleus. Rao ‘i
and Talwar (416) studied the %Pcorporation of 32? EE.!EEEE.in total phos-— g

]

phoproteins of the uterine tissue and observed that the labeling of the
nﬁcleoproteins increasedrin ovariectomized animéls treated with estradiolr

in vive. In addition, it has also been reported by King and Gordon (417) 5
that rat uterine nuclear ph&sphokinase activity, being éiétinctly different
from that of the cytosol enzyme {i.e. active towarxd dephosphorylated
phosvitin but not-exogenous histone as the substrate) was significantly

diminished following cophorectomy but markedly increased in spayed animals )

injected intraperitoneally with an estrogen. v -
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C. Androgenic Action on the Prostate and Seminal Vesicles

‘ Although the relationship between estrogens and cyclic AMP metaboliém is
more convinc1ng, ev1dence has emerged during the past 5 years in support of
" the concept that androgens also may be capable of affectlng the adenylate
'cyclase—cyclic AMP system iA’the cells of their Farget organs {11-14,408,418-422) .
Although no clear-cut relationship between the mechanism of action of androgens
and cyclic AMP has yet been estéblished, both adenylate cyclase and cyclic
BMP are present not oniy in male accessory sex glands, but also in testis,
sperm énd seminal §lasma. Tﬂe seminal secretions of dogs, monkeys and humans .
have been shown to ;ontain significant amounts (10“5—1OG4M) of cyclic AMP 5
(407,423—425}. It has been reported that cyclic AMP in-ejaculates of humans
or dogs is largely of the vesicular origin and is not deri;ed from the prostate
(423). Dog prostates however, can egﬁggtively biotransform tritiated
adenosine ints cyclic AMP-H3 (407)?\/;oth adenylate cyclase and cyclic AMP

are present in monkey spermatozoa and can be increased by testostercne or

dihydrotestosterone in presence of trllodothyronlne (424). Cyclic AMP has

been shown to be a potent activator of certain enzymes involved in ﬁpermatozoal
metabolism (426). In analogy to estrogens, a number of recent observations
also suggest that cy;lic AMP might also play an important role in testosterone-
stimulated responses of andfogen—dependent tissues.. Administration of exogenous
cyclic AMP or its dibutyryl analog to castrate or immature rats was found to
*mimic several anabolic actions of androgens such as increase in seminal

vesiqylar and prostatic weights, glycogen synthesis and glucose metabolism ::)

’

(7,11,103). Whereas Smith (421) descrlbed significant increases in mouse

prostatic cyclic AMP—H3 formatlon in vitre by testosterone, studies by

&

Mawhinney et al. (407} indicated that prostatic tissue obtained from dogs
‘afflicted with benign brostatic hyperplasia (BPH) biosynthesized considerably
[ 3

less tritiated cyclic nucleotide than did the prostate glands of normal dogs.

The work of Golder et al. {206) suggested that pituitary hHormones may® also

e
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influence the interaction of testosterone and .cyclic AMP in the prostate

gland. .

(i) In vivo effects of cyclic AMP on male accessory SeX organs

To investigate whether c}clic'AMP plays any role in the trigge;ing of
biochemical responses- induced by androgens; Singhal and coworkers (12)
focussed their attention on examining the ability of exogénously administered
cyclic AMP to produce testostéroneulike stimulation of certain prostatic enzymes
involved in glucose metabolism. Animals were castrated bilaterally vié the .
scrqtal route and 2 weeks later, injected either with testosterone propionate : '
{5 mg/100 g, i.m.) or cyciic AMP and theophylline (10 mg/rat of each i.p.,
in 2 equally divided doses) and killed 24 hr later. Administration of cyclic
AMP and theophylline produced 83% increase in prostate weight compared to the _ ?
47% incréase seen wiéh testosterone. Similarly, cyclic AMP treatment resulted’
in marked enhancement of prostatic hexokinase, phosphofructokinase, pyruvate

kinase, glucose 6-phosphate dehydrogenase and glyceraldehyde 3-phosphate

dehydrogenase which in each case was comparable to the inéreases seen with

the androgen. Cyclic AMP administration was also able to mimic the stimulatory
action of testostercne on glycogen synthesis of both the prostate'glands ané
seminal vesicles. When the NG,Ozl—dibutyryl analog of cyclic AMP was injected
with theophylline, i£ produced increases in prostate weights as well as
various enzyme activities greater than those observed with the parent nucleo-
tide. There was specificity for the action of cyclic BMP on prostatic
metabolism since adenosine as we;l as several related adenine nucleotides
(5'-amMp, 2',3'-DMP, 2'-AMP, 3'-aMP, 5'-ADP and 5'~ATP) failed to producé any
appreciable change in any of the parémeters examined. A certain degree of
tissue specificity was also present since two tissues (lung and thymus),

which do not respond to androgens, also‘failed to demg;s;rate any significant

%

response to cyclic AMP.
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Treatment of immature rats with cyclic AMP over a dose range of 2.5-20
mg/rat alsé resulted in a dose-dependent increase in various prostatic and
seminal vesicular enzymes tested. Time-course studies showed detectable
increaées in organ weights and eﬁzyme activities after 4 hr, thch rose to
peak levels for hexokinase, glucose B-Phosphate dehydrogenase'and 6—ph;spho-
glu;onate dehydrogenase after 16 hr, whereas pyruvate kinase and a=-glycero- : ’
phosphate dehydrogenase'reached maximal activity after 24 hr. The rise in
prostatic and vesicular weights and enzyme activities induced by cyclic AMP iE
or testosterone was prevented by treatment with actinomycin D or cycloheximide o
fll—l4). Adrenalectomized-orchidectomized rats yielded results similar to E
those obtained for castrate rats indicating that the observed anabolic reéponses. .
to cyclic AMP are independent of the presence of adrenal glands (12).
Interestingly endugh, actinomycin D was also shown to interfere with the
induction of rat liver serine dehydratase observed after the administratioé
of the dibutyryl analeg of cyclic RMP (358); Indeed, it is now known that
cyclic AMP can induce the synthesis of tyrosine amino transferase (427,428)

and phosphoenolpyruvate carboxykinase (428,429) in hepatic tissue which can

also be blocked by actinomycin D. Although the mechanism by which cyclic

AMP induces hepatic enzyme synthesis has not yet been fully clarified, recent
work suggests that cyclic AMP may do so, at least in part, by an indirect
effect upon transcription by way of phosphoryfation of nuclear histones .and
perhaps by controlling a post—transcriptional process (309,351).

) Although exogenous cyclic AMP was capable of inqreasing accessory
reproductive organ weights similar to that seen with éndrogen treatment (12},
Mangan et al. (246) observed‘no change in the height and structure of the
secretory epitheliuonf the‘prostate taken from castrate rats treated with
cyclic AMP. However, they-.were able to confirm the similarity of the effect

of cyclic AMP and testosterone on the activity of glucose 6-phosphate

dehydrogenase in castrate rats. They also showed that the)activity of

i
'
i
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prosté&ic glyceraldehyde 3-phosphate dehydrogeﬂﬁse was enhanced equally by
-
the injection of either cyclic AMP or testosterone. Their finding that these

enzymatic chaﬁges éfter cyclic AMP can be blocked by cycloheximide and
actinomycin D weré also in completé accord with the earlier data of Sinéhal
and coworkers (12). Recent studies by'Braﬂdes (48) nevertheless have shown
that cyclic AMP can aiso mimic the action of t?stosterdne in the restitution
or stimulation of the structural components ogu;he;seminal vesicular cells.
Administration of dibutyryl cyélic AMF or testdsterone produced'éimilar stim-

. N .
ulatory effects on the epithelium of the seminal vesicles of immature animals.

While the rough endbplasmic.reticulum was stimulated and the cisternae became

_more numerous and dilated follqwing the nucleotide administration, the lumen

of the vesicular gland also appeared to be dilated and filled with secretbry
. . e

material (48). Mangan et al. (246} also showed that castration produced

marked decreases in the activity of RNA polymerase, ornithine decarboxylase

and S—adenosylmethionine decarboxylase in the Yat prostate which were reversed

by testosterone but not by cyclic aMP. These ocbservations led Mangan et al.
{(246) to conclude that cyclic Aﬂﬁ{proﬁabiy does not mimic all the known effects
of testosterone on prostatic metabolism. whether or not the prostatic
responses to cyclic‘AMP are limited only to carbohydrate-ﬁetabolizing enzymes
is, of course, a subject of additional experimentation. However, it is
interesting to note that iﬁ other ste£oid-sensitive organs, such as the uterus,
cyclic AMP has been shown to be as effective as estradiol not only in stim-
ulating carbohydrate—metabolizinq e£zymes, but also in inducing RNA; protein

and phospholipid synthesis (401, 402,416).

(ii) potentiation of androgen action by methyl xanthines - - ‘!

The ability of a methyl xanthine to potentiate the action of a submaximal

dose of testosterbne on prostatiiizyd vesicular carbohydrate metabolism was

investigated by Singhal and coworkers (12). It was demonstrated that whereas
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theophylline (10 mg/100 g)..and testosterone (1 hg/lOO-g) produced small

increases in both prostatic and vesicular weights as well as the activities.

>
-

of hexodkinase, phosphofructgkinase, pyrg&hte kinase, glucose 6-phospha£é.dehyd;
rogenase, glyceraldehyde 3-phosphate'Hehydtogeﬁése and a-glycerophdsphgte
dehydrogenase :?en administered separately, increases of a mqph greater mag-
nitude were obs;rved when thé hoxmone was given in éonjunctiaﬁ withithé methyl
xanthine. Moreover, it was shown that while treatment of orchidectomized
rats with theophylline or a small dose of testosterone p;opionate ¢l mg/100 g)
increased prostatic glycogen levels by 27 and 45% of control values respectively, v
glycogen content in the prostate.was elevated over 200% of the control values
when‘the 1ow dose of the hormone was given together with theophylline (7,12):
The ability of theophylline to mimic and to potentiate the influence of sug—
R ‘C._\\
maximal doses of androggens on accessory Sex organ responses lends suppqrti?e
evidence to the concept that cyclic AMP' is involved in the sequence of e&ents

which result following the stimulation of the target tissue by the steroid

hormone. Christiansen and Clemens (430) recently reported that the effects

of the doses of test;sterone that were ineffective in maintaining or inducing
male sexual behaviour in laboratory animals, were patentiated by concurrent
administration of.theophylline and concluded that cyclic AMP may play a

.
mediating role in the regulation of masculine sexual pehaviour by androgenﬁ.
These data are in accord with'p:evious findings showing that methyl xanthines X

potentiate responses in other tissues which are now known to involve mediation

L]

by cyclic AMP (387,388,390,391,394). ~ o . -

{iii) Effects of androgens on cyclic AMP levels and on"in vitro bio-
conversion of (°H)=~adenosine into (3H) -Cyclic BMP

Among the various criteria which must be fglfilled before accepting the
role of cyclic AMP in the actfon of a given hormone, it is important to show

that the hormone can jnduce a detectable change in the concentration of target

»
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tissue cyeclic AMP. ilso, the endogenigg_levels of the cyclic nucleotide should
deérease upon hormon&l deprivation as should be the case after castration.
studies by Singhal and coworkers (6;12) indicated that 14 days after castration,
?otal cycMc AMP levels decreased to 24% in the prostate and 9% in_seminal
vesicles f#en compared with the values .of normal rats of correspog;ihéxagé and
bedy weig?}. It was also founq that a single intramuscular injection of
testosterone proprionate {5 mg/100 é) partially reversed the effects of orch-
idect;;y, as'cyclic AMP concentr?tion increased at 8 ahd 24 hr to 140% and
145% in the prostate and to 143% and 210% respectively, of contfols in semirfal
vesicles (12,14). These results indicate that whereas castration resulted in
a marked drop in the endogenous 1e;el; of targef tissue cyclic AMP, testosterone
treatment of castrate rats produced statiétibally significant increases- in
cyclic AMP concentrétion of the prostate glaﬁd and seminal vesicles (11,12,14).
Moreoﬁer, preliminary ‘findings (9) alsd demonstrated that following an intra-
venous injection of dihgdrotestosterone (5 mg/100 g) to 120 hr castrate rats,
the endodenous levels of prostatic cyclic AMP incré%sed hy 27% over castrgte
controls as early.as 1 hr. However, a complete time-course study over thé first
60 min after an intravenous injection of the hormone would therefore seem to
be necessary in order to know whether a more rapid response similar to that
noted by Szedo and Davis (404) for the uterus can be obtained in prostate
glands and seminal vesicles of castrate animals.

The sex accessory glands of mouse, guinea-pig and dog all were capable ‘
of biotransforming adenoéine—H3 into cyclic AMP—H3 (407,408,420,422,431).. The -
mouse prostate gland and seminal vesicles exhibited greater ab;lity to
synt.hesize cyclic AMP—H3 from gdenosine than the accessoyfy organs from the
dog or the guinea;pig. Castration was found to producé a marked decrease
in the formation of cyclic AMP—H3 by mouse anteriox prostate and éemina£

e .
vesicles. The tissue levels of cyclic AMP—H3 in 24 hr castrate mice were

£y

5 o

\

~
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lowered by 30% whereas the amount detected in the incubation medium decreased
by B5% when compared to normal controls. A similar decrease in the formation
of éyclic AMP—H3 was seen in the ventral prostate and seminal vesicles of o
castrate rats. ;E_giggg_addition of an androgen resulted_in significant
increases in the levels of cyclic AMP—H3 formed from adenosine-H3 in prostate
glands and seminal vesicles as well as in the jncubation medium. ‘while cyclic
AMP—H3 levels in the anterior prostate were significantly enhanced by dihydro-
testosterone (lOulOM - lO-BM), khe response of this tissue to testosterone was
not as pronounced. The levels of cyclic AMP-H3 in the incubation medium were -
elevated at each testosterone concentration although the tissue levels were ;'
increased only by 10_9M testosterone. On the contrary, although the seminal
vesicle response to dihydrotestosterone was significant between 10—10 to 10-8M,
“this hormcne did not produce the marked increase in cyclic AMP—H3 levels in
t+he incubation medium which was seen with restosterone. It is of interest
that the guinea-pig seminal vesicles also responded to in yitro testosterone
by an elevation in the levelslofcyclicAMP-H3 synthesized from adenosine—H3.
studies on guinea-pig geminal vesicle preparations further  indicated that
epithelium was the most probable source of cyclic AMP which appears in sex

accessory gland secretions. The epithelium was shown to be capable of

converting more adenosine—H3 into cyclic AMP-H3 than the muscle layer (421).
Regardless:of the sex accessory organ used, testosterone caused a greater

degree of'éxtrusion of cyclic AMP-H3 into the incubation medium than that seen’

with dihydrotestosterone. On the other ﬁand, dihydrotestosterone proved to

be more éfféctive in elevating tissue levels of cyclic AMP—H3 in both prostate

glands and seminal vesicles. The important question as to whether cyclic

AMP—H3 actively extrudes into the incubation medium or simply leaks out of \g/’f?,

the tissue thereby escaping the, action of phosphodiesterase, has not- yet

peen resolved. Both avian erythrocytes and E. coli appear to be able to

pump cyclic AMP out against a concentration gradient (219,432) . since seminal
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plasma contains cyclic AMP (425), itlis quite possibie.that prostatic
secretions could derive their cyc;ic AMP through such a pump-like mechanism.
In experiments using the seminalfvesicle‘ ac preparation,'cyclic AMP—H3
formed in seminal vesicles appéared to bg accumulated on the mucosal.side of
the sac {422). Androgens are known to stimulate citric acid synthesis and
like cyclic AMP, this compound is also extruéed into the incubation medium

by ventral prostate (130). Both citric acid and cyélic AMP are found not onl

within the sex accessory organs but in seminal plasma as well. The effects !

. “ o

of castratiop and/or androgen stimulation on the levels of cyclic AMP—H3 in :
seminal plasma have not been examined just as the physiological role of

cyclic aMP-adenylate cyclase systenfg; accessory gland secretions has not yet

been established. Nonetheless, results obtained by Smith {421) and Thomas

and Singhal (419) demonstrate that both prostape glands and seminal vesicles

of several species are capable of synthesizing significant amounts of cyclic

AMP—H3 from adenosine—l-l3 in vitro. Furthermore, several factors including

”gastsation and addition of a small amount of an androgen can significantly

affect the accessory sex gland's ability to synthesizé‘cyclic AMP—H3. It

is of interest that prostatic tissue obtained from dogs afflicted with benign

prostatic hyperplasia formed considerably less eyclic AMP—H3 from adenosine
than prostate glands of noxmal dogs. Although the precise pathological sig-
nificance of the observed reductionAin the ability of hyperplastic prostate
to synthesize normal amounts of cyclic AMP is currently unknown/ the effect

seemed specific since several other biochemical parametex remained completely .

unaltered in this organ (407,431).

(iv) Influence of androgens_on adenylate cyclase and protein kinases in
male accessory sex glands )

If androgens indeed exert their metabolic effegts orimccessory sex

organs with cyclic AMP as an intracellular mediator, there is clearly a

need to establish that the activity of adenylate cyclase Iq these steroid-
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dependent cells does respond to androgenic deprivation and repletion. Even’
though there is a relationship between androgens and the cyclic aMP-adenylate
cyclase system of male reproductive organs, thgre still exists some disparity
with regard to the direct action of androgens on adenylate cyclase activity
of the male sex-steroid dependent tisstes. Rosenfeld and O'Malley (27) were
unable to demonstrate any in vivo or in Eitgg_stlmulatlon of adenylate cyclase
L
in the ventra} prostate by testosterone. Studies by Liao et al. (245) on
nuclear adenylate cyclase revealed a 10-20% (in 4 out of 12 experiments) non-
" significant increase in enzyme activity following treatment with dihydrotest-
osterone. Hechter and Soifer (58) once raised the possibility that distinctive
adenylate cyclase is present in the nucleus, and that steroid hormones might
“influence the activity of this nuclear cyclase. .Cyclic AMP so generated and
utilized locally in the nucleus may’influence gene transcription by an
alternate mechanism which may not involve the cyclic=AMP—dependent histone
phosphorylation in the nucleus. Indeed, Liao et al. (245) and Hechter and
Soifer (58) were able to demonstrate the existence of adenyiate cyclase in

igsolated nuclei from both the ventral prostate and llver. More recently,

Mangan et al. (246) were able to show that prostatic nuclear adenylate cyclase

was markedly decreased (68%) 72 hr after castration and was restored within
1 hr by testosterone administration. -

With regard to the hormonal control of protein kinases from male
accessory sexual tissues, 1ittle information is available concerning the
regulation of their activities by androgenic hormones, particularly with
reference to mediation through cyclic RAMP. Reddi gt_gl, {413) were able to
demonstrate the phegﬁhorylation of certain histones of the rat ventral prostate
in response to cyclic AMP although neither androgenic deprivation nor stim-
ulation exerted any'significant influence on the rates of these protein

phosphokinase reactions. However., Ichii et al. (414) recently demonstrated
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that whereas castratlon caused significant elevation in the activity of both

-

prostatic cyclic AMP-dependent and-lndependent proteln kinase, administration.'

of testostefone to androgen—deprived rats was capable of reversing these effects.u

ahmed and his coworkers (99) demonstrated that purified nuclei from rat
yentral‘brostéte were able to incorporate 32? ipto fheir phosphoproteins'in
the presence of(y¥3zfrﬂmP. The non-histone phosphopioteins were about 4 times
more active than the histone phosphoproteins. The ability of the nuclei teo
incorporate 32? from(y- P}ATP in vitro was greatly reduced as a result of
androgen deprival of the animals by.orchidectomy;'this was reversed by in vivo
androgen replacement. These changes were target tissue specifi¢, as no such
changes were observed in the metabolism of nuclear phosphoproteins of liver
from animals of varying androgenie status. However, addition of cyclhc AMP
testosterone and Su—dlhydrotestosterone in vitro did not increase the phos-—
phorylation of nuclear proteins under their experimental conditions (4,99)-
Moreover, Wilson and Ahmed (433) were able to demonstrate the presence of
distinct androgen—sensitivé:protein kinases  from nuclei of rat ventral prostate.
The activity of the nucleolar protein kinase, being different from that of

!ae extranucleolar enzyme, was optimal at pH 6.8 but decreased rapidly with
increased pH. The extranucleolar.protein kinase had a broad pH'curve with
optimal activity between pH 7.0-7.7. Although both ﬁhe nucleolar and chromatin
enzymes phosphorylated histones, chromatin kinase.activity assayed with lysine-
rich and argihine-rich histones was 3% and 0.3%, respectively of that in
presence of phosvitin. Furthermore, this chromatin-associated protein kinase
was sensitive to the androgen status of the animal. Whereas orchidectomy
resulted in a rapid decline in the enzyme activity (approxlmately 50% within

24 hr and over B0% within 48 hr), testosterone replacement 1in in vivo prevented

this androgen-induced enzymatic alteration (434).
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IIT. MATERIALS AND METHODS

1. ANTMAL PREPARATION

Adult male rats (325-350 g) of the‘Sprague-Dawley strain, housed in pairs
and maintained on Master Laboratory Chow and water gg_libitum were used>in j//
the present study . The animals were obtained from Canadian Breeding Farm énd
Laboratories Limited, Montreal, Quebec and maintained under constant environ;
mental conditioﬁs (2406 temperature, 60% relative humidity and reqular alternate
cycles of 12 hr light and darkness). Bilateral orchidectomy wasS performed
iig the trans-scrotal route under pentobarbital anaesthesia as described
previously (133); Sham-operxated animals were useé as controls. Rats were
sacrificed by cervical dislocation, the ventéal prostate glands rapidly excised,
freed of extraneous tissue, weighed and immediately frozen in liquid nitrogen.
The prostatic tissug was stored at -40° and enzymatic assays were performed
within 1 week of sacrificing the animals. For the partial purification and
biocheffical characterization of caninehprostatic cyclic AMP-dependent protein
kxinase, dogs (15-20 kg) obtained from the Ottawa Humane Society were used

and sacrificed with an overdose of sodium pentobarbital.

2. PREPARATION OF SAMPLES FOR ASSAYING ADENYLATE CYCLASE AND CYCLIC AMP PHOS-
PHODIESTERASE

prostatic tissue was finely minced with scissors and a 10% (w/v) homo— °
genate prepared in a homégenizing buf%er containing 20 mM NacCl, 1 mM MgSO,
and 2 mM glycyl glycine (pH 7.6). Homogenization (15 strokes in 60 sec) was
carried out at o® with a potter—-Elvehjem homogenizer (Fisher Scientific
Co., Fairlawn, N.J.) fitted with a plastic Teflon pestle spinning at about
700 rpm. An appropriate aliquot of the homogenate was then used for the assay
of adenylate cyclase and cyclic AMP phosphodiesteiase activity.

A. Measurement of adenylate Cyclase Activity

Adenylate cyclase activity was measured by using a slight modification

of the method described b§ Sutherland et al. (220) . The assay was based on

\




85

~

the biotransformation of adenosine triphbsphate into cyclic AMP which was
determined by an established protein—binding method. In order to prévént the”
metabolism of cyclic AMP thus formed, a potent inhibitor-of phosphodiesterase,
theophylline, was also added to fhe incubation mixture. 0.2 ml of 10% homo-
genate was added to 0.8 ml of assay medium in order that the finél concentration
of each ;eactant was as follows: Tris, 50 M - (pH 7.5);lMgC12, 5 mM; ATP, 4 mi;
theophylline, 20 mM; phosphoenolpyfuvate, 10 mM; pyruvate kinase, 2.0 ﬁg protein.
. )
Incubation was carried qut‘at 37° in a Dubnoff metabolic shaker for 15 min.
The reaction was termipated by heating the sample forn5 min in a boiling water
bath. The boiled mixture was then diluted with double distilled water to a
volume of 5 ml and centrifuged at 3,000 x g for 20 min. A 20l aliquot df
the supernatant was used for assaying cyclic 3‘ﬁ5'—AMP content by the protein
binding method of Gilman (379}, as described later in part 4 of this section.
adenylate cyclase activity was calculated as picomoies of cyclic AMP fofmed

-

per min per mg of tissue Or per prostate.

. 1
B. Assay of Cyclic AMP Phosphodiesterase Activity

The activity of cyclic AMP phosphodiesterase was assayed according to
the method of Weiss (435) based on the conversion of cyclic AMP to 5'-AMP
which was then metabolized to inorganic phosphate by the action of alkaline

phosphatase. Fifty microliters of 10% homogenate was added to 0.95 ml of

assay medium in order that the final concentration of each reactant was as
follows: 50 mM Tris buffer (pH 8.0); 1 mM cyclic AMP; 3 mM MgSO,: 0.1 mg of
protein of alkaline phosphatase. Incubation was carried out at 37° for 10
min and the reaction was stopped by the addition of 0.2 ml of 55% trichloro-
acetic acid. The precipitate was removed by centrifugation (3,000 x g for
20 min) and inorganic phosphate was measured in the supernatant according to
the method of Fiske and Subbarow (436) using a Klett-Summerson Photoelectric

Colorimeter (Klett Manufacturing Co.. N.Y.). The activity of cyclic AMP
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phosphodiesterasé was expressed as micromoles of cyclic AMP metabolized per

hr per milligram of tissue or per prostate.

3. PREPARATION OF SAMPLES FOR ASSAYING CYCLIC AMP-DEPENDENT AND -INDEPENDENT
PROTEIN KINASES AND CYCLIC AMP BINDING CAPACITY

5% homogenates of rat ventral prostate were érepared in a homogenizing
buffer containing 0.05 M Tris-HCl, PH 7.4, 0.25 M sucrose, 0.05 M XCl and
5 mM Mgclz. Homogenization was'Earried out at 0° with a Potter—-Elvehjem
homogenizer (Fisher_Scientific Co., Fairlawn, N.J.) fitted with a plastic
Teflon pestle spinning at about 700 rpm (15 strokes in 60 sec). The homogenate
was then filtered through 3 layers of cheese cloth and centrifuged at 650 x g
at 0° for 20 min in a Sorvqll RC2B refrigerated centrifuge (Ivan Sorvall Inc..
Norwalk, Conn.). The supernatant was centrifuged at 100,000 x g at o° for
1 hr in an International Preparative model B-60 Ultracentrifuge (International
ﬁquipment Co., Needham Heights, Mass.). Fifty microliters of cytosol
(100,000 x g supernatant) was used for assaying protein kinase activity and
cyclic AMP—bihdiné capacity. The 650 x g pellet was washed 3 times with the
homogenizing puffer and later resuspended in the same buffer containing 0.1%
Priton X-100. Fifty microliter aliquots of +he suspension were used to

assay particulate protein kinase activity and cyclic AMP binding capacity.

Protein was determined by the method of Lowry et al. (437) using bovine serum

alpumin as the standard.
]
A. Measurement of cyclic aMp-Dependent and =Independent protein Kinase Activities

soluble protein kinase activity (100,000 x 9 supernatant) was determined

by measuring the incorporation of 32? into histone mixture (Type IIA, Sigma)
by a slight mpdification of the method of Sanborn et al. (303) as described

by Tsang and Ssinghal (438). ?he assay medium (final volume of 0.13 ﬁl, pH 6.0)
contained 46 mM sodium acetate, 1.5 mM NaF, 3.1 mM theophylline, 0.24 mg
histone, 17 mM MgClz, 85 uM ATP, 5 WM cyclic AMP {when measuring the activity

of cyclic aMp-dependent enzyme) and 50 ul Bf cytosolic extract (approximately
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150 ug protein}. The reaction was initiated by addition of (1-329)- TP-MgCl,
(2 = 105 cpm) followed by incubation at 30° for 7 m;n and terminated by the
additioﬁ_of 5 ml of 20% trichloroaéetié acid. The protein precipitate was then
¢iliered through 25 mM cellulose ester Millipore filters (HAWP, 0.45 uM,
gllllpore Ltd., Mississauga, Ont.), washed thrice with 5% TCA and counted for
rad19act1v1ty. The filter was counted using-a sc1nt111at10n‘cocktail containing
7 parts omnifluor solution (4 g Omnifluor per liter of scintanalyzed toluene)
to 3 éarts ethy;gne glycol monoethyl ether. Appropriate blanks without histone
and enzyme preparation were run and subtracted from the experimental valﬁes.
Protein kinase activity wasrexpressed in nancmoles 32? incorporated into
his;qne mixture,per 7 min per mg protein or per prostate. Kinase activity of
the crude nuclear preparation (650 x g pelliet, washed 3 times and resuspendeé
in 0.1% Triton X-100) was assayed by measuring the incorporation of 32P from
(szﬁ)-ATP into endogenous nuclear substrates as described for the soluble
enzyme and also expressed as nmoles 32? incorporated per 7 min per mg protein
or per prostate. The kinase activity ratio was defined as the ratio of

protein kinase activity assayed in absence of cyclic AMP to that in the
Vpresence‘of the nucleotide.

B. Estimation of Cyclic AMP Binding Capacity

The in vitro (3H)-cyclic AMP binding studies were performed with slight

modification of the method of Sankorn et al. {303) as reported previcusly

by Tsang and singhal (439). Fifty microliters of the cytosolic or crude nuclear
preparation was added to a mixture (final volume 0.3 ml, pH 5.0) cont;ining

0.05 M sodium acetate, 1 mM EDTA, 10 mM theophylline and 1.5 x 10-7 M (3H%-
cyclic AMP {saturating concentration). The reaction mixture was then incubated
at 0° for 3 hr and passed through 25 mM cellulose ester Millipore filters

(#awWp, 0.45 uM, Millipore Ltd., MlSSlssauga, ont.) to separate the bound from

the free |( H)—cyclic aMp. The filters were dried at 90 and dissolved in
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scintillation cocktail containing -7 parts omnifluor solution (4 g of Omnifluor

per liter of scinti}lation grade'toluéne) to 3 parts of ethylene glycol mono—.
ethyl ether for radioactivity counting. Cyclic AMP binding capacity was
expressed in pmoles (3H)-cyclic AMP bound per mg proteinror per prostate.

4. PREPARATION OF TISSUE SAMPLES, PROTEIN KINASE INHIBITOR AND PROTEIN KINASE
FOR ASSAYING ENDOGENOUS 1EVELS OF. CYCLIC AMP

Approximately 100 mg of prostatic tissue was homogenized in 3 ml of ice
cold 5% (w/v) trichloroacetic acid wi?h a Potter-Elvehjem homogenigp; (Fisher
scientific Co., Fairlawn, Nlj.), fitted with a plastic Teflon pestle spinning
at 700 rpm (15 strokes in 60 sec). Thé_homogenate was then centrifuged for
'15 min at 1,000 x g in a clinical-centrifuge (International Equipment Co.,
Needham Heights, Mass.). 0.2 ml of 1 N HCl was then added to 2 ml of the
supernatant and the resulting solﬁtion was extracted 5 times with 3 volumes of
anhydrous ethyl ether in order to remove trichloroacetic acid. The agueous
phase was then lyophilized with a freeze-drying lyophilizer (virtis Co..,
GArdiner, N.Y.), and resuspended in 2 ml of distilled water. Fifty microliters
of this solution was uced for assaying cyclic RAMP ;oncentration by the protein-
binding method of Gilman (379). To monitor recovery of cyclic AMP, a known

qﬁantity of (3H%-cyclic AMP was homogenized in TCA with a prostatic sample.

The supernatant obtained was processed as mentioned above. A 50 ul aliquot

. .
of the final solution was dried on Millipore filters and counted,using the

scintillation cocktail used for the assay of cyclic AMP.

A. Preparation of Prote;n Kinase Inhibitor
Protein kinase inhibitor was prepared according to the method of Appleman
et al. (376) . Fresh sovine skeletal muscle obtained from a near-by slaughter
house wWas minced and homogenized in 3 volumes of 10 mM Tris puffer (pH 7.5).
Homogenization was carried out at maximum speed in a Sorvall Omni-mixer

Homogenizer {(Ivan Sorvall Inc., Norwalk, ann.) for 3 one min periods at 00.



89

The homogenatedwaé then boiled for 10 min, filtered on 3 layers of cheese cl‘oth
and ceﬁtrifuged at 10,000 x g for 15 min in a Sorvall RC2B refrigerated .
centrifuge (Ivan sorvall Inc., Norwalk, Conn.) . Aftef_removal of the part-
jculate material, the activity in the supernatant was precipitated with 1/9
volume of 50% trichloroace;ic acid. The precipitate was collected at 15,000
xqg {International pregarative mogel p-60 ultracdentrifuge, International
Equipment Co., Needham Heights, Mass.), dissolﬁed in distilled water (1/10
volume of homogenizing puffer) and the pH adjusted.to 7.0 Qith 1 N NaOH.

The resulting solution was dialyzed against distilled water at room temperakure
for 16 hr. The suspension was then spun for 30 min at 15,000 x g in an
International preparative'model B-60 ultracentrifuge and the remaining super—
natant diluted with distilled water to attain a fihal conceptration of 3 mg
protein per ml. . | .

B. Preparation of Cyélic AMP Binding Protein

To prepare the binding protain for cyclic AMP {(cyclic AMP-dependent protein
kinase), the method of Miyamoto et al. (323) was adopted. Fresh bovine muscle
was minced and homogenized in 3 volumes of 4 mM EDTA (pH ;.0). Homogenization
was carried out at 0° in a Sorva&l Omni-mixer Homogenizer {Ivan Sorvall Inc.,
Norwalk, Conn.) for 3 oné—min periods. The homogenate was centrifuged for
30 min at 27,000 x g at o° in a refrigerated International preparative model
B-60 ultracentrifuge {International Equipment Co.. Needham Heights, Mass.).
The supernatant-solution was adjusted to pH 4.8 by adding‘l M-acetic acid'
with constant stirring. After 15 min, the precipitate was removed by cent-
rifugation at 27,000 'x g for 30 min in an International preparative model
B-60 ultracentrifuge. The pH of the clear supernatént was then readjusted
té 6.5 with 1 M potassium phosphate buffer (pH 7.2). Protein kinase activity
was then precipitated with solid aﬁmonium sulfate (32.5 g/100 ml). After

stirring for 30 min, the precipitate was collected by centrifuging at 27,000 x g

for 20 min and dissolved in 5 mM potassium phosphate puffer containing 2 mM
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EPTA (pH 7.0).‘ All potassium phosphate buffers subsequeﬁtly used contained T
2 mM EDTA. The resulting solution was dialyzed overnight at 0° and its

.27 000 b4 g supernatant was applied to a column of DEAE-cellulose (whatman DE11l)

32 x 2.6 cm) previously equilibrated with a buffer containing 5 mM potassium

phosphate and 2 mM EDTA, pH 7.0. Following the elution with 100 mM potassium

 phosphate (pH 7!0), the cyclic AMP binding protein ‘'was eluted off the column

with 300 mM potassiuﬁ phosphate (pH 7.032 The activé tractions were pooled

and dielyzed overnight at 0° against 3 x 20 volumes of 5 mM potassium phosphate

puffer (pH 7.0) and used for cyclic AMP determination.

Cc. Cyclic AMP Determination @

Cyclic AMP levels were measured according to the proteln-binding method
of Gilman (379). Cyclic AMP was allowed to combete With_a_satureting amcunt
of tritiated cyclic AMP for binding sites on a cyclic aMP-dependent protein
kinase in the presence of a protein kinase inhibitor. The following compcnents
at the desigﬁated final concentrations, were added to the reaction mixture
(final volume, 110 pl) in the given sequence: 50 mM Na acetate (pH 4.6); 30 ug
of protein kinase inhibitor preparation; 2 picomolesicf rritiated cyclic AMP; .
cyclic AMP stendards {1-10 pmoles) or 50 pl of extracténfrom unknown sample.

K ‘ A
The reacticon was initiated by the addition of binding protein {sufficient to

H
i

bind 30% of the added (3H)—cyclic AMP and allowed to proceed for 90 min at

0°. At equilibrium, the mixture was diluted to approximately 1.0 ml with

cold 20 mM potassium phosphate, pH 6.0, and passed through a 25 mM cellulose

ester Mlllipore frlter (HAWP 0.45 um; Millipore Ltd.. Mississauga, Ont.) to
separate the free from the bound cyclic AMP. The rilter was immediately

© yashed with 10 ml of the same buffer, dried at 900 and dissolved in a scint- -
. illation cocktail containing 7 parts omnifluor solutlon (4 g of Omnifluor

per litexr of scintillation grade toluene) to 3 parts of ethylene glycol

monoethyl ether for radioact1v1ty counting. Counts pound to the filter
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were independent of both the filtration sﬁEed and the volume of riqse i
(5 to 20 ml). In the absence of binding protein; blank values of approx-

imately 30 cpm were detected on the filter. The concentration of cyclic AMP

in the unknown sample wae'calculatediﬁrom the binding of the set of -standards

and expressed as picomoies of cyclic per mg wet weight of tissue oY per

prostate.

5. ISOLATION AND PARTIAL PURIFICATION OF A CYCLIC AMP-DEPENDENT PROTEIN KINASE
FROM CANINE PROSTATE ' '

-
Cyclic AMP-dependent protein kinase was partlally purified by modification
4

L

|
of reported procedures (302,303,440). & dog (15-20 kg pody weight) was . ‘ -{
| kllled by an intravenous 1n3ectlon of sodium pentobarbital and the prostate L\\\
gland was qulckly removed and trimmed of all eﬁtreneous tissue. The gland was

then homogenized in 3 volumes of buffer (0.05 M Tris-HCl, pH 7.4 - 0.25 M £
sucrose — 0.05 M KC1 - 5 mM MgClz) and the homogenate was centrifuged at

650 x g for 30 min. The supernatant was decanted and centrifuged at 130,000 x ¢

\

for 90 min. The supernatant containing the soluble cyclic aMp-dependent protein

kinase was then subjected ‘'to precipiiation at.pH 5.5, and the resulting super-

.
]

natant was. readjusted to pH 7.4 and subjected to T(NH4) 250, prec1p1tation'

(0.32 g/ml). The protein precipitate was then dissolved in a volume of buffer
(0.01 M Trs-HCl, 1 mﬁ Z-Qercaptoethanol, pH 7.4}, equivaleet to approximately
1/5 of that used for homogenization of the tissue, and dialyzed overnighp'
against 3 changes (6 litres each) of the same buffer. The solution was then

centrifuged at 10,000 x g for 10 min to remove any precipitate-and was applied

to a DEAE-cellulose column prev1ously equilibrated with the .same puffer just
before loading. The column, after it has been washed with the same buffer

again (10 x bed wolume of column) was subsequently eluted with a linear
]

gradient of 0.05 - 0.35 M NaCl containing 0.01 M Tris-HCl, 1 mM 2-mercapto-

r

ethanol, pH 7.4. Fractions comprising both peaks containing cyclic AMP
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binding and cyclic AMP—dependent kinase activities were pooled, dialyzéd ‘ ™~
against the column bufferAwithout NaCl and stored in small portions in liquid
nitrogen. |
6. CHEMICALS . ’
All rgagents were of the purest grade available and were dissolved in
glassldistilled water unless ssated otherwise. Histone (Type I1IA), a-casein,
protamine, pyruvate kinase, phosphoenolpyruvate, theophylline, actinomycin D,

- -

DEAE-cellulose, DL-isoproterencl, testgsterone, Su-dihydrotestosterone,
estradicl-178 and all unlabelled nucleotides were purchased from Sigma Chemical
Co. (St. Louis, Mo.). While cycloheximide and methyl prednisolone sodipm
succinate were products of Upjohn Co. of Canada (Don Mills, Ontario), prop—
ranolol was obFained from Ayerst r,aboratories (Montreal, Quebec) . Cyproterone
acetate and phentolamine {(Regitime Mesylate) were gifts from Schering AG,
Berlin and CIBA Pharmaceutipals respectively, whereas progesterone was
puréhased from Nuktritional Biochemicals Co. {Cleveland, ohio). (3H)-Cyclic

AMP i28 Ci/mmole) was obtained fyom Schwarz-Mann {Orangeburg, New vork) and
(Y3?P)"ATP {25.5 Ci/mmole) was purchased fyom New England Nuclear (Dorval,

Quebec). All histone-subfractions were products of Worthington Biochemical

Corp. {Freehold, New Jersey) .

7. STATISTICAL ANALYSIS .

.

Results were expressed as means + standard error of the mean (S.E.M.)})

in experiments where more than three values,WB{S measured for a single point.
The significance of difference between the mean values of various experimental
groups was calculated by using the Student's t distribution (441). No ‘

statistical,significance was indicated when the p value was >0.05.
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IV. RESULTS

1. ANDROGENIC REGULATION OF PROSTATIC ADENYLATE CYCLASE AND PHOSPHODIESTERASE
ACTIVITIES OF THE RAT PROSTATE GLAND :

A. Effects of Castration on prostatic Adenylate Cyclase Activity

The question whether androgen deprivation foilowing orchidectomy produces
any effect on the activity of prostatic adenylate cyclase was investigated.
The data presented in Table 1 show that adenylate cyclase activity in the rat
ventral prostate decfeased progressively after érchidectomy.b Although the
enzyme activity, when expresséd per mg tissue, was oﬁly 37% of the controls
144 hr after castration, a more pronounced change was observed when calculated
on total organ weight basis.

B. Effects of castration and Testosterone Replacement on Prostatic ﬁdenylate
Cyclase

Table 2 depicts the influence of testosterone administration on prostatic
adenylate cyclase activity in 120 hr castrate rats. While activity of the
enzyme was markedly decreased from 4.4110.40 to 2.03:0.20 pmeles cyclic AMP ‘
formed per min per mg of tissue, a single intramuscular d%se of testosterone
{5 mg/100 g) effectively stimulated prostatic adenylate cyclase activity in
4 hr. Values seen in the testosterone-treated group were statistically non-— i
significantly different from those of the normal, intact controls. Similar

findings were also attained when the activity of the enzyme was expiessed on

total organ weight basis (Table 2).

c. Influence of Intravenously administered Testosterone on Prostatic Adenylate

——

Cyclase = i

In order to establish the earliest possible time when an increase in
adenylate cyclase activity could be measured under ig_gigg_conditions, the effects
of intravenously administered testosterone were examined. Figure 2 shows the
time—-course response following a single injection of free testosterone (5 mg/

100 g body weight) given via the external jugular vein to 120 hr castrate rats.
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TABLE 1
EFFECTS OF CASTRATION ON PROSTATIC ADENYLATE CYCLASE ACTIVITY

values represent the means * S.E.M. of 6 animals in each
group. Animals were castrated under light pentobarbital
anesthesia and sacrificed after 96, 120 and 144 hr. Adenylate
cyclase activity was calculated as pmoles of cyclic AMP formed
per min and expressed as per Mg of tissue and per prostate.
Data are also given in percentages (in parentheses) taking the
values of the control group as 100%.

Adenylate Cyclase Activity
(pmoles cyclic AMP formed/min)

Treatment -
per mg tissue per prostate
Control 4.41+0.40 9921141
(100) {(100)
Ccastrate
96 hr ’ 3.69+0.21 572443 .
(83) * (58} * '
120 hr 2.03%0.20 352+34 -
(45)* (35)*
144 hr 1.6210.24 198+10
(37)* {(20}*

*Statistically significant difference when compared with the
values of control rats (p <0.05).
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TABLE 2 :

EFFECTS OF CASTRATION AND TESTOSTERONE REPLACEMENT
ON PROSTATIC ADENYLATE CYCLASE

Values represent the means + S.E.M. of 6 animals
in each group. Animals were castrated and sacrificed
after 120 hr. Free testosterone (5 ng/100 g) was
adninistered intramuscularly to castrate rats with
the control animals receiving an equal'voiume of the
vehicldé. Adenylate cyclase activity was calculated
as pmoles of cyclic AMP formed per min and expressed as
per mg of rissue and per prostate. Data are also given
in percentages {(in parentheses) taking the values of
the normal, intact control group as 100%.

.

N

aAdenylate Cyclase Activity
(pmoles cyclic AMP formed/min}

Treatment -
per mg tissue per prostate

Normal . 4.4140.40 9921141

{(100) (100)
Castrate ) 2.03t0.20 35234

(45) * (35)*
castrate + Testostercne 3.B85+0.51 797134

(a7 t g0yt

*gtatistically significant difference whern compared
with the values of normal intact rats (p <0.05).

tstatistically significant difference when compared
with the values of rats castrated for 120 hr (p <0.05).
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FIG. 2

Effect of intravenous testosterone on prostatic adenylate cyclase
activity of 120 hr castrate rats. Eacho point represents the mean + S.E.M.
of 6-10 separate determinations of adenylate cyclase activity in prostate
glands. Free testosterone (5 mg/l00 g) was dissolved in 0.1 ml of 95%
ethanol, injected into the external jugular vein of castrate rats
anesthetized with pentobarbital and sacrificed after 0.25, 2, 4 and 8 hr.
another group of rats was injected with an equal volume of 95% ethanol
and sacrificed 4 hr later. Adenylate cyclase activity was calculated as
pmoles of cyclic AMP formed per min and expressed as per mg of tissue
and per prostate. The difference in enayme activity between-ethanol-
and testostercne-treated rats at 4 hr was statistically highly significant
(p <0.01}.
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A slight increase in eniyme activity was noted 2 hr after hormone injection
and by the 4th and 8th hr, statistically significant (p <0.01) increases could
be recorded regardless of whether the activity was expressed on a per mg tissue
::Br per prostate basis. In contrast, administration of ethanol, the vehicle
used for dissolving the aﬁdrogen, failed to produce any statistically sig-
nificant change in enzyme activity of the rat prostate at 4 hr. The observed
increase in adenylate cyclase activity 4 hr after androgen administration was
statistically highiy sigpificéni (p <0.01) when compared with the values seen
in castrate controls injected with ethanol.

D. Effect of Two Different Intravenoub poses of Free Testosterone on Prostatic

Adenylate Cyclase activity of 120 hr Castrate Rats

The effect of two different doses 6f:£ree testosterone qdministerea by
thé jntravenous route on prostatic adenylate cyélas% activity is shown in
Figure 3. & 2.5 mg/l00 g dose of the hormone pfédulea:15% and 37% increasé
in enzyme activity at 4 hr when expressed per mg of tissue or per prostate:
respectively. However, greater increases in adenylate cyclase activity were
obtained (35% and 55%) with the 5 mg/100 g dose of free testosterone regardless

of the basis of expression used (Fig. 3). -

g. Effect of Intravenously Administered Dihydrotestosterone on Prostatic
Adenylate Cyclase

since dihydrotestosterone is pelieved to be the active metabolite of
testosterone (19}, the question whether dihydrotestosterone could produce a
more rapid-change in enzyme activity than testosterone was next examined. Data
presented in Figure 4 show that within 1 hr of an intravenous injection of
dihydrotestosterone (5 mg/100 g), prostatic adenylate cyclase activity expressed
as per mg of tissue increased by 50%. The stimulatory effect of dihydro-
testosterone was maintained up to 4 hr following hormone_treatment. When
data were expressed as total activity per organ rather than per mg of tissue,

dihydrotestosterone produced similar responses ‘in adenylate cyclase of the
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FIG. 3

Effect of two different intravenous doses of free testostercne on
prostatic adenylate cyclase activity of 120 hr castrate rats. Each bar
represents the mean * S.E.M. of 6 separate determinations of enzyme
activity in prostate glands pocled from 2-3 rats. Free testosterone
{2.5 or 5.0 mg/100 g) was dissolved in 0.1 ml of 95% ethanol, injected
into the extermal jubular vein of rats anesthetized with pentobarbital
and killed 4 hr later. Another groub of castrate rats was injected
with an eqgual volume of 95% ethanol and also killed 4 hr later.
Adenylate cyclase activity was calculated as pmoles of cyclic BRMP formed
per min and expressed as per md of tissue and per prostate.

*statistically significant difference when compared with the
values of castrate controls (E_<0.05).
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FIG. 4

gffect of intravenous dihydrotestosterone on prostatic adenylate
cyclase activity of 120 hr castrate rats. Each point represents the
mean t S.E.M. of 6-10 separate determinations of adenylate cyclase
activity in prostate glands. Dihydrotestosterone.(s mg/100 g) was
dissolved in 0.1 ml of 95% ethanol, injected into the external jugular'
vein of 120 hr castrate rats anesthetized with pentobarbital and
sacrificed at 1, 2 and 4 hr. Groups of rats were also injected with
an egual volume of 95% ethanol and sacrificed 1 and 4 hr later.
adenylate cyclase activity was calculated as pmoles cyclic AMP formed
per min and expressed as per mg of tissue and per prostate. The
difference in enzyme activity between ethanol- and dihydrotestosterone=
treated rats at 1 and 4 hr was statistically highly significant (g_<0.01).




101

_ the prostate gland. Treatment with ethanol alone failed to exert any.sig- .
nificant effect on the prostatic enzyme {(Fig. 4 ).

¥. Specificity of Androgenic Response of Prostatic Adenylate Cyclase

pata presented in Table 3 compare the influence of testosterone on
prostatic adenylate cyclase with that obtained after the injection of certain
related sterocidal compounds. In contrast tg significant stimulation produced
by the androgen, intravenous injection of estradiol-178, progesterone Or methyl
prednisolone fajiled to exert any measurable effect-on the enzyme activity.

G. Tissue-specific stimulation_of Prostatic Adenylaté Cyclése by Dihydro-
testosterone \

The guestion whether the observed effects of androgen on adenylate -
cyclase activity were specific to the prostate was examined by studying the
influence of dihydrotestos;erone on tﬁe activity of the enzyme in the thymus,
a tissue known to be unresponsive to androgenic hormones {Table 4 ). While
a single administration of dihydrotestosterone {5 mg/100 g, i.v.) markedly
increased (75%) prostatic adenylate cyclase activity from 2.03%0.21 to
3.51+0.12 pmoles cycliclAMP_formed per min per mg of tissue, the activity of
the enzyme in the thymus wasxnot significantly altered by androgen treatment.

4. Effect of Cyproterone Acetate on Testosterone—lnduced Elevation in
Prostatic Adenylate Cyclase Activity

gince the anti-androgen, cyprotexeone acetate, is presumed to compete

with testosterone for binding sites on specific "receptors” or alternatively

with S5a-dihydrotestosterone binding {(31,32), attention was directed to investigate
the influence of this steroidal anti-androgen on the testosterone—stimulated
increase in prostatic adenylate cyclase. Table 5 demonstrates that when
cyproterone acetate was administered alone, a marked decrease (60~70%) in the
prostatic enzyme was produced. Furthermore, pretreatment of testosterone-
injected rats with this anti-androgen completely inhibited the androgen—induced

increase in adenylate cyclase activity and the enzyme values were even lower
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TABLE -3

EFFECT OF INTRAVENOUS STEROID HORMONES ON PROSTATIC
ADENYLATE CYCLASE ACTIVITY

Each value représents the mean + S.E.M. of 6
animals per group. All steroids were dissolved in
0.1 ml of 95% ethanol and injected via the external
jugular vein of 120 hr castrate rats anesthetized with
pentobarbital and killed 4 hr later. Control animals
received an equal volume of the vehicle. Adenylate
cyclase activity was calculated as pmoles of cyclic
AMP formed per min and expressed as per mg-of tissue
or per prostate.

adenylate Cyclase Activity
(pmoles cyclic AMP formed/min)

Treatment
per mg tissue  per prostate
Ccontrol (castrate) 2.0310.21 352134
Testosterone (5 mg/100 g) 2.90t0,23% 572+35%
Estradiol-178 (10 ug/100 g) 2.20%0.11 419+25
Progesterone (5‘mg/100 g) 2.34+0.32 384+44
Methyl prednisolone {5 mg/100 g) 1.74%0.20 308430

*gtatistically significant difference when compared with the
values of control rats (p <0.05)p-
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TABLE 4

TISSUE SPECIFIC STIMULATION OF PROSTATIC ADENYLATE CYCLASE ‘ )
BY DIHYDROTESTOSTERONE ) . .

Each value represents the mean % S.E.M. of 6 animals . ;
per group. Dihydrotestosterone‘(s mg/100 g) was dissolved |
in 0.1 ml of 95% ethanol and injected via the external jugular ‘ '
vein of 120 hr castrate rats anesthetized with pentoharbital oo
and killed 1 hr later. Control animals received an equal ;
volume of the vehicle. Adenylate cyclase activity was
calculated as pmoles of cyclic AMP formed per min per mg of
tissue. Data are also given in percentages (in parentheses)
taking the values of control group as 100%.

Adenylate Cyclase activity
(pmoles cyclic AMP formed/min/mg tissue}

Tissue
Control (castrate) pihydrotestosterone
ngstate 2.0310.21 3.5110.12
(100) (175)*
Thymus 1.0630.12 1.2310.11

(100 (120)

*Statistically significant difference when compared with the
values of control rats (E.<0‘05)'

|
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TABLE 5

EFFECT OF CYPROTERONE ACETATE ON THE TESTOSTERONE~STIMULATED
INCREASE IN PROSTATIC ADENYLATE CYCLASE ACTIVITY
OF CASTRATE RATS .

Each value is the mean ¥ S.E.M. of 6 rats. Cyproterone:
acetate (5 mg/l00 g) was given intraperitoneally 30 min prior
to the intravenous injection of free testosterone (5 mg/100 g)
and rats were sacrificed 4 hr later. Data are also given in
percentages {in parenthesesi taking the control (X20 hr
. gastrate) values as 100%.

adenylate Cyclase Activity
(pmoles of cyclic RMP formed/min)

Treatment
per mg tissue per prostate
——

Control (castrate) 2.3240.21 425+30

{100} {100)
Testosterone 3.50%0.15 - 698149
. (152)* (164)*
. Cyproterone Acetate 0.85%0.10 133%21

(37)* (31)*
Testosterone + 0.96%0.12 173+36
Cyproterone Acetate (41)*t (40) >t

*

*Statistically significant difference when compared with the
values of control rats (E.<0'°5)' :

+statistically significant difference when compared with the
values of rats given testosterone alone (E_<0.05).
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than those seen in castrate controls. s

1. Influence of Actinomycin D and Cycloheximide on Testosterone-Stimulated
Increases: in Prostatic Adenylate Cyclase activity

Experiments were carried out to study the sensitivity of the testosterone-
stimulated changes in adenylate cyclase activity to actiﬁomycin D and cyclo-
heximide, compounds known.to iphibit RNA and protein biosynthesis. The results ’ .
presenteq in Table 6 show thaF when freé testosterone (5 mg/100 q) Qas admin-
.istered to castrate rats, significant increases in prostatié adenylate cyclase
were observed at 4 hr. Whereas actinomycin D alone elicited little or ne
effect on the activity o? the prostaée enzyme, céncurrent adminis%fétion of
;his antibiotic with the andrégen produced an almost complete inhibition of
the steroid-sensitive enzyme response. Likewise, cycloﬁeximide.also blocked
the testésterone-stimulated rise in prostatic adenylate'cyclaée activity
when administeredlsimultaneously with the anérpgen. These results indicate

f . ) .
that the rise in adenylaé; cyclase seen after testosterone treatment might he

contingent upon'continuous synthesis of RNA and protiiﬁjin androgen-dependent

tissues. '

J. Effect of Propranolol on Testosterone—Stimulated Increase in Prostatic
adenylate Cyclase Activity

The influence of a g-adrenexrgic blocking agent, propranolol, on the androgen-
stimulated increase in prostatic adenylate cyclase‘was also investigated.

pata presented in Figure 5 show that whereas intravenous injection of free

testosterone (5 mg/100 g) to 120. hr castrate rats resulted in approximately

35% increase in adenylate cyclase within 4 hr, propranolol, by itself, produced
a slight inhibition of enzyme activity. However, when propranolol was given
- 30 min prior to the hormone, the stimulation in prostatic adenylate cyclase

cbtained in response to testosterone was effectively blocked.

¥. Influence of Propranolol on Dihydrotestosterone—stimulated Increasc in
Prostatic Adenylate Cyclase Activity

-

The influence of a g-adrenergic blocking ggent, propranolol, on dihydro-

.
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TABLE 6

INFLUENCE OF ACTINOMYCIN D AND CYCLOHEXIMIDE ON THE TESTOSTERONE-
TNDUCED INCREASE IN PROSTATIC ADENYLATE CYCLASE ACTIVITY AT 4 HR

Each value represents the mean t S.E.M. of 5-6 rats. Free
testosterone (5 mg/l00 g) was dissolved in 0.1 ml of 95% ethanol
and injected via the external jugular vein of 120 hrx castrate
rats anesthetized with pentobarbital. Actinomycin D (25 uyg/100 g)
or cycloheximide (70 ug/100 g) was given intraperitoneally at the
same time as the androgen and all rats were sacrificed 4 hx later.
pata are also given in percentages (in parentheses) taking the
control values as 100%.

' adenylate Cyclase Activity
(pmoles of cyclic AMP formed/min)

Treatment
per mg tissue per prostate
control (castrate) 2.03x0.21 352+34
' {100) (100)
Tegtosterone .. 2.72%0.20 472135
{(135)* {134)*
Actinomycin D 2.09+0.14 40341
(105) (114}
TesEosterone + Actinomycin D 1.94%0.19 345137
(951t (9t
cycloheximide ' 2.01%0.17 301430
(100) {86}
Testosterone + Cycloheximide 2.08%0.18 292%20
{(105) T (st

*Statistically significant difference when compared with the
values of control rats (E_<0.05).

"+8tatistically significant difference when compared with the

values of rats rreated with testosterone alone (E_<0.05).
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FIG. 5

Effect of propranolol on testosterone—stimulated increase in
prostatic adenylate cyclase activity at 4 hr. Each bar represents the
mean t S.E.M. of 8 separate determinations of adenylate cyclase activity
in prostate glands pooled from 2-3 rats. Testosterone {5 mg/100 g) was
dissolved in 0.1 ml of 95% ethanol, injected into the external jugular
vein of 120 hr castrate rats anesthetized with pentobarbital and '
sacrificed after 4 hr. propranolol (0.2 mg/100 g) was given eithex
alone or concurrently with testosterone by the same route. Enzyme
activity was calculated as pmoles of cyclic AMP formed per min and
expressed as per mg of tissue and per prostate. Data are also given
in percentages taking the values of control rats as 100%. -

*gtatistically significant difference when compared with the
values of control animals (E_<0.05).

tstatistically significant difference when compared with the
values of rats treated with testosterone (E_<0.05). !

/
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_testosterone;stimulation of_prostate-adenylateIcyclase was also investigated
and the data are shown in Figure 6. Whereas androgen treatment {5 mg/1l00 g,
i.v.) produced a significant stimulation of the prostatic enzyme at 1 hr
regardless of the basis of expression'used, propranolol alqne {0.2 mg}loo g,
i.v.) produced little or no effect on the enzyme activity. However, when
propranolol waé'given concurrently with dihydrotestosterone, the stimulation'
of prostatic adenylate cyclase in response to the hormone was blocked.

L. Effect of Intravenously Administered Androgens on Prostatic Cyclic AMP ) -
_Phosphodiesterase Activity o

In order to examine whether androgens may affecg'prostatic cyclic AMP E
levels through catabolism of the nucleotide, the influence of testosterone
or dihydrotestostérone on the activity of eyclic AMP phosphodiestérase in the
rat ventral prostate was examined. Results presented in pable 7 show that
intravenous administration of a single dose of free testosterone (5 mg/100 q)
to castrate rats failed to noticeably affect.the activity of prostatic cyclic
AMP phosbhodieste#ase examined 4 and 8 ﬁr after the androgen treatment.
Although enzyme activity was slightly depressed when{compared with the castrate
controls, the differences observed were statistically non-significant (p >0.03).

In contrast, intravenous administration of the active metabolite of test-

osterong, dihydrotestosterone (5 mg/100 g) produced a slight but significant b

decrease in the activity of the enzyme %t 1 hr {Table 8). Whereaq&gyclic

AMP phosphodiesterase activity remained\depressed py 2 and 4 hr when expréssed
per mg tissue, normal values were obtained when activity of the enzyme was
calcula%ed on total org;h weight basis.

’ '

M. The‘&n Vitro“Effects of Androgens_on Prostatic Adenylate Cyclase From
Intact Adult Rats . .

The finding that addition of an androgen could significantly enhance\?

the synthesis of cyclic AMP—H3 from tritiated adenosine by prostatic slices

(421) promp;ed studies on the influence of testosterone and dihydkotestosterone
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Effect of propranolol on dihydrotestosterone—stimulated increase
in prostatic adenylate cyclase activity at 1 hr. Each bar represents
the mean * S.E.M. of 6-7 separate determinations of adenylate cyclase
activity in prostate glands pooled from 2-3 rats. Dihydrote rosterone

' {5 mg/1l00 g) was dissolved in 0.1 ml of 95% ethanol, injected into the
external jugular vein of castrate rats anesthetized with pentobarbital
and sacrificed after 1 hr. Propranclol (0.2 mg/100 g) was given either
alone or concurrently with dihydrotestosterone by the same route. Enzyme

activity was calculated as pmoles of cyclic AMP formed per min and
expressed as per mg of tissue and per prostate. . Data are also given in
percentages taking the values of control rats as 100%.

*Statistically significant difference when compared with the
values of control animals {p <0.05). ‘

+statistically significant difference when compared with the
values of rats treated with dihydrotestosterone (p <0.05).
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TABLE 7

EFFECTS CF A SINGLE INTRAVENOUS INJECTION OF TESTOSTERONE
ON PROSTATIC CYCLIC AMP PHOSPHODIESTERASE ACTIVITY

values represent means + §.E.M. of 6-8 separate det-
erminations of enzyme activity in prostate glands. Free
testosterone (5 mg/100 g) was dissolved in 0.1 ml of 95%
ethanol, injected into the external jugular vein of 120 hr
castrate rats anesthetized with pentobarbital and sacrificed
at 4 and 8 hr. Cyclic AMP phosphodiesterase activity was
expressed as umoles of substrate metabolized per hr per mg
of tissue and per prostate. Data are also given in percent—
ages {in parentheses) taking the control values as 100%.

Enzyme Activity
{pmoles of cAMP metabolized/hr)

Groups
per mg tissue per prostate

Control {castrate) 0.48+0.01 3015
(100) {100)

Testosterone
4 hr 0.4510.01 B615
(94) (96)
8 hr 0.46$0.01 g89+1
(96) (99)

all values were not statistically different from control
group (E_<0;05). :

~
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TABLE 8

CHANGES IN PROSTATIC PHOSPHODIESTERASE ACTIVITY FOLLOWING
A SINGLE INTRAVENCUS INIECTIONSOF DIHYDROTESTOSTERONE

values represent means + S.E.M. of 6-B separate det-
erminations of enzyme activity in prostate glands.
pihydrotestosterone (5 mg/100 g} was dissolved in 0.1 ml
of 95% ethanol, injected into the external jugular vein of
120 hr castrate rats anesthetized with pentobarbital and
sacrificed at 1, 2 and 4 hr. Phosphodiesterase activity
wasexpressed as pmoles of substrate metabolized per hr per
mg of tissue or per prostate. Data are also given in percent-
ages (in parentheses) taking the control values as 100%.

Enzyme Activity
{(umoles of CAMP metabolized/hr)

Time
per mg tissue per prostate
Control {castrate) : 0.48%0.01 9015
(100} (100)
pDihydrotestosterone
"1 hr 0.3920.01 73+2
(s8L)Y* (81)*
2 hr 0.40%0.04 8912
(83)* (99)
4 hr 0.4240.01 89t4

(BB)* (99

*statistically significant difference when compared with
the values of control rats (E.<0‘05)-

.
4
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og adenylate cyclase activity of prostatic‘homogenates ig_giggg_(Table 9).
when the integrity of this accessory Sex organ was disrupted by 10 strokes

on a Teflon homogenizer and enzymg'activity measured in the homogenate, the
responsiveness of the enzyme to either androgen was completely lost. The
direct addition of dihydrotestosterone, testosterone propionate or free test-
osterone {(up to 10-4M) to homogenates produced no significant increase in
adenylate cyclase activity over the values seen in ethanol blanks. It is of
interest that ethanol, the vehicle used for dissolving the hormone, exerted a
slight stimulatory effect of its own (Table 9). Even the prior incubation of
prostate hohogenates for periods up to 30 min at 37°C with androgens did not
result in any significant stimulation of enzyme activity. additionally, when
ventral prostates were used from 48 hr castrate rats, addition of the hormoﬁe
ig_giggg_failed to produce any sigﬁificant response;

» L
N. The In Vitro Effects of L-Epinephrine, FSH, ICsH and NaF on prrostatic
Adenylate Cyclase Activity From Intact Adult Rats

In order to determine whether adenylate cyclase was at all responsive to
stimulation under ig_!iggg_conditions, the influence of epinephrine, follicle
stimulating hormone, interstitial cell stimulating hormone and sodium fluoride
was investigated and the results are shown in Table 10. whereas addition of
sodium fluoride or L-epinephrine to the incubation medium produced significant
stimulation {(2-4 fold) of prostatic adenylate cyclase activity, follicle
stimulating hormone and interstitial cell stimulating hormone elicited a
slight but significant jnhibition of the activity of the prostatic enzyme.

2. PAR'I;IAL PURIFICATION AND CHARACTERIZATION OF CANINE PROSTATIC CYCLIC AMP-
DEPENDENT PROTEIN KINASE

A. Subcellular Localization of Ccanine Prostatic protein Kinase and cyclic
AMP Binding Activities

of the four subcellular fractions examined, the cytosol showed the
highest amount of total activity-as well as the highest specific enzyme

activity (Tablell ). Maximum enzyme stimulation by cyclic AMP was also
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TABLE 9

THE IN VITRO EFFECTS OF ANDROGENS ON PROSTATIC ADENYLATE CYCLASE

S

Each value represents the mean & S.E.M. of 4-5 rats. Both
dihydrotestosterone and testostercne were dissolved in 95% ethanol
and added to the incubation medium just prior to assay- Adenylate
cyclase activity is expressed as pmoles of cyclic AMP formed per
min per mg of tissue.

r

adenylate Cyclase activity
Treatment Final Conc. {pmoles of cAMP formed/min/
mg tissue)

Normal Control 4.41x0.70
Ethanol Blank 5% 5.3210.71
Free Testosterone 1 x 1074 n 4.6110.32
Testosterone Propionate 1l x 10_5 M 6.09+0.40
pihydrotestosterone 1 x 10-5 M 5.43+0.41
1 x10 M 5.41%0.45
-9
1 x 10 M 5.4010.32

all values obtained in the presence of the hormone were not
statistically different from ethanol blanks (E_>0.05).
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TABLE 10

EFFECTS OF L~EPINEPHRINE, FOLLICLE STIMULATING HORMONE, INTERSTITIAL CELL
STIMULATING HORMONE AND SODIUM FLUORIDE ON PROSTATIC
ADENYLATE CYCLASE ACTIVITY EE'VITRO

values represent means + S.E.M. of at least 4 values. Various compounds '
{in final concentrations as shown) were added to the incubation medium just '
prior to the assay of adenylate cyclase activity. Enzyme activity is

expressed as pmoles of cyclic AMP formed per min per mg of tissue.

Enzyme Activity
Treatment Final Conc. (pmoles of cAME formed/
min/mg tissue)

Normal Control . 3.8120.40
L-Epinephrine 10" % 9.00%1.31*
FSH | 4 ng/ml 3.33%0.32

400 ug/ml 3.09+0.21* .
ICSH ' 4 ug/ml 3.3410.33

400 ug/ml 2.92+0.22%
NaF - 15 mM ' 15.08%1.02*

*Statistically significant difference when compared with the values of
control animals (p <0.05).

]
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detectable with this high-speed supernatant as ﬁell as the nuclear pelleé.

These results agree with the finding that cyclic AMP binding activity was

found predominantly in the cytésol with significant activity also associated with
the 650 x g pellet (Table 12). In view of the ﬁossibility that'the enzyme
activities in these particulate fractions might be present in an occluded

form, the effect of iriton X-100 on boéh kinase and cyclic AMP binding activities
of the.subcelluiar fractions was investigated. A comparison of the enzyme
activities in the untreated fractions with those in fractions treated with
Triton X-100 revealed that there were latent activities in all three untreated
particulate fractions that could be unmasked by addition of the detergent.

Iﬁ is noteworthy that Triton %-100 (0.1%) not only failed to eﬁhqnce enzyme
activities in the high-speed supernatant, but rather caused a slight decrease

in specific, as well as total, catalytic and cyclic AMP binding activities
(Tables 11 and 12).

B. Partial purification of Soluble Prostatic Cyclic AMP-Dependent Protein Kinase :

cyclic AMP-dependent protein Kinases wWere isolated and partially purified
from Fhe high speed supernatant of dog prostate glands (Table 13). Two peaks
(fractions I and 1I), both containing the kinase and the cyclic AMP binding
activities, wére;bbtained during purification with DEAE-cellulose ion-exchange
chromatography (Fig. 7 ). The major activity peak (fraction II}, eluted

at 0.17 M NaCl, was stimulated 4-fold by 5 x 10-6M concentration of cyclic AMP.

In contrast, the minor activity peak (fraction 1), which was eluted at a :
lower salt concentration, was stimulated 2-3 fold by the cyclic nucleotide.
Occasionally, a cyclic aMp~independent protein kinase was also observed.

Although both kinase and cyclic AMP bin@ing activities were stable during

storage for © months in ligquid nitrogen, over 50% of its cyclic AMP binding

o
capacity was ljost after 4 months when the samples were stored at -20°C.
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TABLE 12

SUBCELLULAR LOCALIZATION OF CYCLIC AMP BINDING ACTIVITY FROM
CANINE PROSTATE

Experimental conditions were the same as described in the
legend to Table ll. The cyclic AMP binding capacity was agsayed
in presence of 1.5 x 10" ™M 3g-cyclic AMP, 5 mM theophylline and =
100 to 150 ug of protein from each fraction. In fractions
treated with Triton-X100, the detergent was added in orxder to -
attain a final concentration of 0.1%. specific activity for \)
cyclic AMP-binding‘uasexpressed as pmoles cyclic AMP bound per [
mg protein whereas the total activity was given in te of pmoles
cyclic AMP pound per 5 g wet weight of the canine prostiate.
yalues represent means of 3 separate determinations of gyclic
AMP binding activity.

J
cyclic AMP Binding Activity\

. Non-Treated Tyiton-X100 Treated
Fractions
Sp. Total Sp. Total
Activity Activity Activity Activity
650 X g Pellet .41 20.1 .66 32.7
20,200 X g Pellet .15 8.0 .28 14.8
100,000 X g rellet .3l 7.4 .62 14.9

100,000 X ¢ Supernatant 1.93 416.4 1.86 407.1
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chromatographic pehaviour of canine prostatic protein kinase and

cyclic AMP ‘binding activities. The enzyme (0.3 g of protein) was applied

to a DEAE-cellulose column (16x30 cm) and eluted with a linear gradient
“pf 0.05 - 0.35 M NaCl solution (200 ml of each) after extensive washing
™.ith 0.05 M NaCl. The puffer contained 0.01 M Pris-HCl and 1 mM 8-
me,rcapto'etha.nol, pH..7.4. Units were expressed as counts/min/aliquot.

( o——s) ,32P incorporated into histone mixture in the presence of cyclic
AMP {4.6 X 10-6M) without correction for sample blank; {o—e) (3u)-
cyclic AMP bound; (| — ) molarity.of NaCl in elution buffer.

—
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c. Effects of Various Incubation Conditions on pProstatic Protein Kinase
Activity

The time-coursé of the phosphorylation of histone (Type IIA) by soluble
éréstaﬁii;prdiein kinase in the presence angd aﬁsegce of cyclic AMP is illustrated
in Figure 8. 1In the presence of 5 x 10_6M concentration of cyclic AMP,
maximum stimulation was seen at 7 min during which the enzyme activity was
found to be linear ﬁith time. In contrast, when assayed without the addition
of cyélic AMP, protein kinase activity was linear with time up to 20‘miﬁ
(Fig. 8 ). In studying the effect of various amounts of enzyme on prostatic
protein kinase activity, the incorporation of 2P into thé histone mixture was
11near up to approxlmately 60 ug of prétELH of the enzyme preparation both

in the presence and absence of CyCllC aMP (Fig. 9 ).

D. Effect of varying Amounts of Cyclic AMP on Prostatic Protein Kinase Activity
The effec£ ;f various cyclic AMP concentrations on histone phosphorylatlon
catalyzed by prostate proteln kinase was also studied and the data are presented
in Figure 0. Although the enzyme was half maximally activated by 5 x 10 BM
cyclic AMP, maximum stimulation was noted with 5 x 10 6M‘concentration of the

cyclic nucleotide. Higher concentrations ‘of cyclic AMP appeared to-exert a

*n

somewhat smaller effect on the ehzyme.

E. Nucleotide specificity of Prostatic protein Kinase .
b N
The effect of several 3',5'-cyclic mononucleotides on the activity of -

proséatic proteiﬁ kinase is shown in Figuxe 11, At low concentrationé, cyqlic
AﬁP was far more effective than any of the other nucleotides in activating

the enzyme.. Althéugh kinase activity was at i?s maximum with 1 uM cyclic

AMP, cyclic IMP, the ﬁost potent activator among the analogues tested, produced
_bnly 30% 6£ the kinase activity elicited by cyclic RAMP at equimolar concentration.
Nevertheless, various ecyclic mononucleotides including those-of guanosine,

i ' ' 2 ) ) .
inosine, cytosine, uridine as well as the NG,O2 - dibutyryl derivative of
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gffect of incubation time on histeone phosphdrylation catalyzed by
soluble prostatic cyeclic AMP-dependent protein kinase. Assays were \
carried out under standard conditions as déscribed in the text with the '
exception of the varying incubation times. Kinase activity was expressed
as nmoles 32p jincorporated into histone mixture ({(Type IIA) per mg protein
in the absence {o—20) and presence {o—a) of 4.6 x 107° M cyclic AMP.
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FIG. © ¢

Effect of varying enzyme concentrations on cyclic AMP-depeahent
protein kinase activity. Assay conditions were identical to those
described in the text with the exception of the concentration of enzyme
preparation after DEAE-cellulose chromatographg. Kinase activity in
the absence (o——0) and presence of 4.6 x 107° M cyclic RMP { o—e)
_wasexpressed as nmoles 32p incorporated into histone mixture.
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phosphorylation catalyzed by soluble cytlic AMP-depender(t protein kinase
from dog prostate.
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The effect of various cyclic 37 ,5‘—mononucleotides on prostatic
protein kinase activities. Datawere expressed as percentages of kinase
activity observed in presence of micromolar concentration of cyclic AMP.
Assays were carried out under standard conditions as described in the
text, except for the variation in the concentration of the indicated
cyclic nucleotide. The various cyclic 3' ,5'-moncnucleotides tested were
cyclic AMP (&——e, cAMP), cyclic ™MP (O—%1 . oTMP), cyclic CMP (A—-—&
cCMB), cyclic IMP (0——0, cIMP), cyclic GMP (@~-—~—W. cGMP), dibutyryl
cyclic AMP (Queee O, db-cAMP) and cyclic UMP {6——a., cUMP).
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cyclic AMP, at the highest concentration examined, were also capable of

stimulating enzyme activity to near maximal values. In contrast, the effect

of cyclic TMP on kinase activity was-only slightly stimulatory.

F. Ability of various Proteins to Serve as Substrate for prostatic Cyclic
AMP-Dependent Protein Kinase )

‘several proteins, including higtone mixture, arginine- and lysine-rich
histones, protamine énd casein wefe'tested for their ability to serve as the
substrate for protein kinase. Data éresented in Figuée 12 demonstrate that
histones were much superior sﬁbstrates %or poth the basal and the cyclic AMP=
‘stimulated forms of enzyme activity. Cyélic AMP (S.pM) markedly enhanced
32é rransfer to calf thymus histones, especially fractions Fjy and F3, as
classified by the terminology of Johns (442). Although both basal and cyclic
AMP—stimuléted activities of the enzyme waé highest with Fap histones, the
cyclic AMP stimulation oflthe enzyme in this fraction was cohsiderably lower.
Although basal enzyme activity was measurable with both protamine and a-casein,

1ittle or no stimulation could be dempnstrated with cyclic AMP (Fig. 12).

G. Equilibrium Studies on Cyclic AMP pinding

To understand further the molecular interaction of cyclic AMP with its
dependent protein kinase, association of the nucleotide with the enzyme was
studied at equilibrium. Scatéhard—plot aﬁalysis of the binding data (443)
demonstrated non-cooperativity and one order of cyclic AMP-binding sites

[‘ .
(Fig. 13). The association constant (Kassoc ) at o°c and pH 5.0 was about

7.8 x 107 H—l. and the concentration of binding sites was 18 pmol/mg of
protein of the enzyme preparation.

H. Apparent Km of Prostatic protein Kinase for Histones and ATFE

The effects of various histone ahd ATP concentrations on protein kinase
activity were axamined by Lineweaver—-Burk plots (Figs. 14 and 15}). although

cyclic AMP did not significantly change the apparent Ky for histone (0.5 mg/ml),
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FIG. 12

Substrate specificity of soluble prostatic cyclic AMP+dependent
protein kinase. Standard assay conditions were employed except for the
addition of other protein substrates (240 ug). o-Casein was dissolved
py the method of Reimann et al. (302). Vvalues in parentheses represent
percent stimulation in kinase activity in the presence of 4.6 x 10~6M
cyclic AME, taking the control as 100 percent.
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FIG. 13

scatchard Plot describing the interaction at equilibrium between
prostatic cyclic aMP-dependent protein kinase and cyclic AMP. Cyclic
AMP-binding activity was assayed in an jncubation medium (final volumé
0.25 ml, pH 5.0) containing 2.4 nM (Jg)-cyclic AMP, O to 72 nM
unlabeled cyclic AMF, 0.05 M sodium acetate, 1 mM EDTA and 100 pg
protein of fraction II enzyme preparation after DEAE-cellulose chromato-
graphy- Incubation was carried out at 0°c for 10 hr and protein bound
cyclic AMP was separated by Millipore filtration as described in the

text.
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Lineweaver-Burk plots illustrating the effect of histone concentration
on prostatic protein kinase activity. The enzyme activity was assayed in
the absence {(0——0) and presence ( o—=) Of 4.6 X 10~6M ecyclic AMP and
expressed over a period of 7 min. Assay conditions were the same as
described in the text except for the variation in histone concentration.
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Lineweaver—-Burk plots i{llustrating the effect of ATP concentration
on prostatic protein kinase activity. The enzyme activity was assayed
in the absence (=0 and presence {e—e) of 4.6 X 107 °M cyclic AMP
and expressed over a period of 7 min. MgCl, concentration was held
constant at 17 mM. Assay conditions were the same as described in the
text except for the variation in ATP concentration. .
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the maximum velocity was increased approximately 5-fold by the nucleotide.
values of 1.1 and 5.0 nmol of 32? incorporated/7 min per mg of'protein were
obtained in the absence and presence of cyclic AMP, respectively (Fig. i) .
As seen in the case of histonés, the concentration of ATP needed for half-
maximal activity was not affected signifigantiy by the addition of cyclic AMP,
whereas maximal activity was greatly increased. The apparenp K, for ATP

was 1.2 X lO_SM in the presence and absence of the nucleotide. Addition of
cyclic AMP, however, again increased maximal velocity from 0.57 to 1.5 nmol
32 incorporated/?7 min per mg of protein (Fig. 15).

1. Influence of Certain Divalent Metal Ions on prostatic Protein Kinase

Activity

studies on the effect of certain bivalent metal jons on protein kinase
activity demonstrated an absolute reguirement of the enzyme for a bivalent
metal (Table 14}. Although minimal basal activity was observed in the absence
of any bivalent catiens, little or no gtimulation by cyclic AMP could be
detected. However, in the presence of 1.7 mM Mg2+, kinase activity was
markedly increased and could be further enhanced 3.5-fold in the presence of
the cyclic nucleotide. Although increasing the Mg2+ concentration to 17 mM
further augmented basal and cyclic AMP-stimulated kinase activity, the per-
centage stimulation remained relatively unaltered. When equimolar concentrations
of an+ were tested instead of Mg2+, enzyme activities were sémewhat decreased.

Though cyclic AMP caused a slight increase in the activity of the enzyme in

the presence of 1.7 mM Ca.2+, higher concentration of the metal (17 mM) ‘
inhibited both the pasal and the cyclic AMP-stimulated prostatic protein
kinase activities (Table 14).

3. ANDROGENIC EFFECTS ON PROSTATIC PROTEIN KIENASES

A. Influence of Castration and Testosterdne Treatment on Soluble prostatic
Protein Kinases

Data presented in Table 15 illustrate the effects of castration and
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TABLE 14

EFFECT OF CERTAIN DIVALENT METAL IONS ON CYCLIC AMP-DEPENDENT
PROTEIN KINASE ACTIVITY OF THE CANINE PROSTATE

Protein kinase activity was assayed under standard cond-
jtions as described in the text both in the presence and absence
of 4.6 x 10~5M cyclic AMP. Enzyme activitywasexpressed as
nmoles 32P incorporated into histone (Type IIA} per g protein
of the enzyme preparation following DEAEwcellulose purification.

Protéin Kinase Activity

Cation
-Cyclic AMP +Cyclic AMP
None 0.19 . 0.20
Mgt 1.69 mi ) 0.61 2.18
16.9 mM 1.46 5.43
o't 1.69 mM 0.32. 0.97
16.9 mM 0.18 0.56
catt  LeomM 0.17 0.33

16.9 mM 0.06 0.04
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TABLE 15

EFFECT OF CASTRATION AND TESTOSTERONE TREATMENT ON SOLUBLE PROSTATIC
PROTEIN KINASES

values represent the mean £ S.E.M. of 7-8 rats per group. - Rats
were sham—operated or castrated for 7 days and daily testosterone
administration (5 mg/100 g/day, i.m.) for 3 and 5 days was initiated
on the 7th day after castration. Protein kinase activity was expressed
as nmoles 32p jincorporated into histone mixture (Type IIA)} per mg
protein and per prostate in the .absence or presence of exogenous
cyclic aMP (5 x 10-6M). Kinase activity ratio was defined as the
ratio of protein kinase activity assayed in the absence of cyclic AMP
+o that in the presence of the nucleotide. Rqéults are also expressed
in percentages (in parentheses) taking the control values as 100%.

Protein_Kinase Activity
{(nmoles ~ P incorporated) Kinase
Groups . Activity
Per mg proteln Per prostate Ratio
—-CcRAMP +CcAMP -cAMP +CAMP
Control 0.530.03 1.09+0.09 16.00+1.57 35.00%£2.58 0.4910.04
(100} {100} (100) (100) {100}
Castrate . 0.78%0.04 1.88+0.12 1.4440.20 4.6410.67 0.39%0.0
(145)* (173)* (9)* (13)* (80)
Castrate
+ Testosterone
3 days 0.7740.03  1.98#0.11  5.1230.34 13.81#0.89  0.37%0.01 ;
(145)* (183)* (32} * (39)*t (76) ' :
5 days 0.63%0.04 1.8620.06 . 7.2740.43 21.63t1.i3ﬂ 0.3610.02
(119 ¥ (171)* L (45)*F {(62)*t (73)

*gtatistically significant difference when compared with the values of control
rats (E_<0.05). - .

Tstatisticaliy significant difference when cogpared with the values of castrate
rats (B_<0.05).' i
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androgen replacement on soluble prostatic protein kinase. When expressed

_ona per mg protein/;;;}s, protein kinase activity was signifidantly increased

. L3 {

both in the absence {45%) and the presence (73%) of ‘cyclic RMP 7 days\following

castration. Although admlnistratlon of testosterone appeared to reverse

this effect on the cyclic AMP—independent enzyme (-CAMP) ., the total enzyme

-

. activity (+cAMP) remained relatlvelg_unaffected by androgenic repletion. in

contrast, protein ‘kinase activity, when expressed on per total prostate ‘basis,

»

was markedly depressed in the absence (91%) and the presence (87%) of the

cyclrc nucleotide. Moreover, testosterone admlnlstratlon for 3 days partially

[ ]
reversed the effect of castratlon. Although administration of testosterone

for 5 days further enhanced protern kinase act1v1ty ‘in both the absence and

the presence of ogenous cyclic AMP, complete restoration to normal enzyme
levels was not ac e:edl Castratlon also resulted in a slight decrease, (20%)
F

in the kinase activity ratio of soluble proteim kinase which remained

unaffected in rats treated with testosterone. -

B. Effect-of Castration and Testosterone Treatment on Cytosolic Cyclic AMP
Binding Capacity of Rat Ventral Prostate :

Androgenic deprivation and repletion elicited marked effects on the .o
cyclic AMP biriding Capacity of soluble prostatic protein kinase, a parameter
indlcatlve of the numbexr of unsaturated receptor sites being present (Table 16).

‘.When expressed Qn a per mg protein ba51s, the cyclic AMP binding capacity
of the soluble enzyme in castrate rats was 3 times as high as that of the

;sham—operated controls, and was affected only slightly by the administration

of testosterone. However, when cyclic AMP binding capacity of the enzyme
‘was expressed on.per prostate basis, castration was found to produce a marked
depressing effect (77%). In addition, while admlnlstratlon of testosterone
- for . 3 days reversed this effect only partlally, the ability of the enzyme to
tind ( H)-cycllc AHP in vitro wag completely restored after 5 days of

androgenic stimulation.

!
{

.f_,'l

"
LA r
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TABLE 16

EFFECT OF CASTRATION AND TESTOSTERONE TREATMENT ON CYTOSOLIC
CYCLIC AMP BINDING CAPACITY OF RAT VENTRAL PROSTATE

values represent the means + S§.E.M. of 7-8 rats per group-.
Rats were sham-operated or castrated for 7 days and daily
testosterone administration (5 mg/100 g/day. i.m.) for 3 and
5 days was initiated on the 7th day after castration. Ccyclic
AMP binding capaEity was expressed as pmoles (3H)=cyclic AMP
bound per mg protein and per prostate. Results are also
expressed in percentages (in parentheses) taking the control
values as 100%.

cAMP Binding capacity
(pmoles (3H)-cAMP bound)

Groups -
per mg protein per prostate
Py ) :
Contxol - ' : 6.4310.61 204.61+15.04
(100) (100)
Castrate . 19.06%1.55 46.85+6.65
. : . \ (296) * : (23)*
Castrate + ) ' \\\v
Testosterone
3 days 14.23+0.86 95.04t7.76
* e *
P (221) *t (4 *t
5 days 15.4310.81 177.75%7.31
(240) * (8Nt

*Statistically significant difference when compared with the
values of control rats (P <0Q.05) -

+Statistically significant difference when compared with the
values of castrate rats (E_<0.05). ' N

L]
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¢. Influence of Castration anE'Testosterone Treatment on Particulate
Prostatic Protein Kinase Activity

.There is increasing evidence to suggest that nuclear protein phosphory-

" lation plgys an important rqle in gene activation in eukaryotic cells
(4,349). Since ;he cellular growth anq‘differeﬁtiation of the prostate is
;onstantly unéer the control of testicular androgens, the influence of
c;stration and'ﬁestosterone t:eatmént also was examined'on the phosphorylation
of endogenous substrates in crude nuclear preparations of this tissue. AS
shown in Table 17, androgenic deprivation resplted in marked decr;;ses in
protein kinase activity of the particulate fraction in the rat ventral ﬁrostate.
While enzyme activity was significantly lowered from 1.1010.03 to 0.4910.03
nmoles 32P incoréorated per mg ﬁrotein, the amount of labellea phosphate
incorporated per prostate was markedly decreased by 95% of the control values

*7 days after castration. Moreover, although full recovéry of specific enzyme
activity apé;ared to have been achieved as éarly as 3 days following the
initiation of testosteroﬁe tfeatment, total activity per prostate was not
normalized until after 5 days of androgen administration. Studies on the
kinase activity r;tio revealed a lack of dependence of 'the enzyme on cyclic
AMP (activity ratio being close to unity) as well as the insensitiyity;of
this pafameter to androgenic deprivatioh and repletion {Table 17).

1

pD. Influence of Castration and Testosterone Treatment on Cyclic AMEP Binding
Capacity in Crude Prostatic Nuclear Preparation

Results in Table 18 demonstrate the ability of crude nuclear prep-
aration from.rat ventral prostate to bind (BH)—cfélic AMP in vitro. whereas
castratibn led to significant decreases in both the specific (30%) and the

..total (éO%) cyclic AMP binding activity of the particulate fraction, replace-=
ment- therapy with testosterone completely abolished the effects of castraﬁion

on the cyclic AMP binding capacity of the ventral prostéte (??ble 18).
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TABLE 17

INFLUENCE OF~TESTOSTERQNE TREATHEQT'ON PARTICULATE PROTEIN KINASE ACTIVITY
) OF RAT VENTRAL PROSTATE

values represent the means + S.E.M. of 7-8 rats per group. Rats
were sham—-operated or castrated for 7 days and daily testosterone admin-—
istration (5 mg/100 g/day, i.m.) for 3 and 5 days was initiated on the
7th day after castration. Protein kinase activity of the crude nuclear
preparation (650 x g pellet, washed 3 times and resuspended in 0.1%
Triton X-100) was assayed by measuring the incorporation of ~“P from
(32P) ATP into endogenous ﬁuclear’substrates_and was. expressed as nmoles
32p jncorporated per mg protein qu per prostate. Kinase activity ratio
was defined as the ratio of protein kinase activitE assayed in the absence
of cyclic AMP to that in the presence of 5.6 x 10°°M of the nucleotide.
Results are also expressed in percentages (in parentheses) taking the
control values as 100%. - '

Protein Kinase Activity

3 . Kinase
{nmoles p incorporated) Activity
Groups - Ratio

Per mg protein per prostate
Control 1.19+0.03 7.7010590 1.01+0.02
(100) (100} {100}
Castrate 6.49£0.03 \._  0.37#0.02 0.930.06
(A1) * (5)* {94)
Castrate
+ Testosterone
3 days 1.46103{; . 3.87#0.44 1.02x0.02
‘ (122) (50) *t (101)
5 days 1.32120.09 - 5,770.47 0.9810.02

aint o s (96)

*Statistically significant-differgnce when compared with the values of
control rats (p <0.05). ‘ )

tstatistically significant difference when compared with the values of
castrate rats (p <0.05). '
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TABLE 18
INFLUENCE OF TESTOSTERONE TREATMENT ON CYCLIC AMP BINDING CAPACITY IN )
CRUDE NUCLEAR FRACTIONS OF RAT VENTRAL PROSTATE

values represent the means + S.E.M., of 7-8 rats per group. Rats
were sham-operated or castrated for 7 days and daily testosterone admin-
istration (5 mg/100 g/day, i.m.) for 3 and 5 days was initiated on the
7th da ter castration. Cyclic  AMP binding capacity of the crude
nuaclea paration (650 x g pellet, washed 3 times and resuspended
in 0.1% Triton X-100) was expressed as pmoles (3H)-cyclic AMP bound
per mg protein and per prostate. Results are also expressed in per-
centages {(in parentheses) taking the control values as 100%.

cAMP -Binding .Capacity
{pmoles (3H)~cAMP bound)

Groups

per mg protein per prostate
Contr 6.58+0.58 44.418.61
(100) . (100) N
Castrate 4.63%0.36 4.58%0.58
(700 (10)*
Castrate +
Testosterone
3 days 9.4940.89 24.51+1.69
{144)*t (55)*F
5 days , T 6.6410.45 31.11+1.47
T (Lont (70) T

*Statistically significant difference when compared with the values
of control rats (B_<0.05).

t+statistically significant difference when compared with the values
of castrate rats (E_<0.05).

.
i
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4. BETA-ADRENERGIC STIHUEATION OF PROSTATIC ADENYLATE CYCLASE-CYCLIC AMP SYSTEM

A. Stimulation of prostatic Adenylate Cyclase Activity and Cyclic AMP
—— Wy
Tevels in vivo by Isoproterenol

The effect of isoproterenol (1 mg/kg, i.p-) on prostatic cyclic AMP
metabolism waé examined at yarious time intervals following the administration
of a B-adrenergic agonist. Administration of isoproterenol resulted in a
rapid increase in the activity of adenylate cyclase in rat ventral prostate
(Fig. 16}. Whereas enzyme activity was significantly increased from
5. 600.60 to 7.89£0.72 pmoles cyclic AMP formed/min/mg tissue by 3 min, maximal |
activation of the enzyme (116%) was observed 5 min following the injection
of isoproterenol. By 10 min, the activity of the proétatic enzyme was almost
back to normal levels. As shown in Figure 16, the sequential changes in
the endogenous cyclic AMP levels following isoproterenol were similar to
those seen in the synthesizing enzyme. Although the cyelic nucleotide levels
at 3 min following isoproéerenol treatment were increased by 58%, this
augmentation was statispically non-signific;nt. Cyclic AMP lévels at 5 min
were maximally elevated to approximately 7-fold of those found in the saline-
injected controls and normal values were attained in 10 min foilowing the
administration of the agonist. . It is of interest that by 15 min, both

adenylate cyclase activity as well as the cyclic nucleotide levels were non=

significantly decreased to 73% and 87%, reépectively below those of the zero-
time contrels. ~

g. Effect of Various Doses of Isoproterenol on Prostatic Adenylate Cyclase
and Cyclic AMP '

Figure 17 shows the influence of various doses of isoproterencl on
adenylate cyclase activity and cyclic AMP levels in the rat ventral prostate
5 min following the admihistration of the B-adrenergic agonist. Whereas
injection of a 0.5 mg/kg dose increased endogenous cyclic AMP from 2.29+0.32

to 10.6510.41 pmoles/mg tissue, maximal elevation (up to 7-fold) of the
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FIG. 16
]

Beta-adrenergic stim mulation of prostatic adenylate cyclase activity
and CYCllC AMP levels. Each point represents the mean + S.E.M. of 7
animals in each group. pL-isoproterenol (1 mg/kg) was administered
intraperitoneally and animals were sacrificed at the indicated time
interval. Wwhereas adenylate cyclase activity (e—=e) was expressed in
pmoles cyclic AMP formed per min per mg of tissue, endogenous cyeclic
BMP levels (Q===-0) were calculated as pmoles cyclic AMP per Mg tissue.
pData are also expressed in percentages {(in parentheses) taking the
control values as 100%.

sgtatistically significant difference when compared with the
control values (p <0.05).
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FIG. 17

. pffect of various doses of isoproterenol on prostatic adenylate
cyclase and cyclic AMP. Each podnt represents the mean * S.E.M. of
7 animals in each group. Rats were injected intraperitoneally with
different doses of DL-isoproterenol and sacrificed 5 min after the
administration of the agonist. Whereas adenylate cyclase activity
{o—e) was calculated as pmoles cyclic AMP formed per mg of tissue,
endogenous cyclic AMP levels (o=-—0) were éxpressed as pmoles ecyclic
AMP per mg tissue. Data are also expressed in percentages (in : N
parentheses) taking the values of control rats as 100%.

*Statistically significant difference when;compared withgthe
values of control animals (p <0,05) .

m
-
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¢

cyclic nucleotide wa; observed with 1 mg/kg'dose of isoproterenol. Admin-
istration of higher dosages-of the agonist was found to be less stimulatory.
The responsiveness of the prostatic adenylate cyclase to Eggmufation by
isoproterenol was, in some respect, similar to the pattern of the elevation

of the cyclic nucleotide. levels. while maximal stimdlation of adenylate

cyclase activity {95;)-was statistic&lly obtained with 0.5 mg/kg isoproterenol,

increasing the dose of the agonist to 1.0, 2.5 and 5.0 mg/kg produced little

or no further increase }n the act}vity of the enzyme...Although the prostatic ‘ i
adenylate cyclase activity was significantly elevated at all dose levels :
examined, the percent stimulation was lower than that observed for the cyclic

nucleotide.

C. Effects of Propranclol and Phentolamine on Isoproterenol—stimulated
Prostatic Adenylate Cyclase and Cyclic AMP

The inf;uence of propranolol on isoproterenol-stimulated adenylate cyclase
activity and endogenous cyclic AMP levels in the rat ventral prostate is
shown in Figure 18. Five min folléwinglfpe administration of isoproterenol
{1 mg/kg)., prostatic adenylate cyclase activity was significantly increased to
219% of the saline~injected controls. Whereas proéranolol (3 mg/kg) alone
had little or no effect on the activify of the prostatic enzyme, treatment with this
antagonist 30 min prior té jsoproterenpl significantly reduced enzyme ac;ivity
when compared to that seen with the é—adrenergic effector alone. Similarly. )
{

although propranclol caused only a slight reduction in the endogenous cyclic ‘
]

—
AMP levels of the prostate gland, stimulation by isoproterenol was signifi-

cantly‘inhibited when the animals were pretreated with this g-adrenergic
antagonist (Fig. 18). In contrast, administration of phentolamine, even at
a dose of 5 mg/kg, failed to bléck the effect of isoproterencl on the activity

of the prostatic enzyme (Table 19).

T
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ADENYLATE CYC:LASE ACTIVITY
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12 — (219)* -'lsoprolerenol {img/Kg}
; [Z) Propranclol (3mg/Kg)
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FIG. 18

Effects of isoproterenol and propranolol on prostatic cyclic AMP
metabolism. Each bar represents the mean + S.E.M. of 7 animals in
each group. Di-isoproterenol was administered intraperitoneally at a
dose of 1 mg/kg and the animals killed 5 min later. Propranolol (3 mg/
kq, i.p.) was administered 30 min prior to sacrifice. Whereas adenylate
cyclase activity was expressed as pmoles cyclic AMP formed per min per
mg tissue, endogenocus cyclic AMP levels were calculated as pmoles cyclic
AMP per mg tissue. pata are also given in percentages (in_parentheses)
taking the values of control animals as 100%.

*xgtatistically significant difference when compared with the values
of control animals (p <0.05).

fstatistically significant difference when compared with the values
of isoproterenol-treated rats (p <0.05). '
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values represent means t S.E. of 7 animals per
group. DL-Isoproterxenol {1 mg/kg) was injected intra-

peritoneally and animals were killed 5 min later. Phentol~

amine {5 mg/kg, i.p.) was administered 30 min prior to
sacrifice. Data are also given in percentages taking
control values as 100%. )

the

Adenylate Cyclase Activity

. . % of

(pmoles‘cycllc.AMP formed/ control
min/mg tissue).

Control {saline) 4.91%0.46 100

- Isoproterenol (1 mg/kg) 10.77+0.61 219*

phentolamine (5 mg/Kg) 4.2410.29 86
Isoprot®renol (1 mg/kg) 12.57%1.36 256%,

+ Phentolamine (5 mg/kg)
*statistically significant difference when compared with the

control values (p <0.05).
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p. Effects of Isoproterenol and Propranolol on Soluble Protein Kinase
Activity in Rat Ventral Progtate

'In view of the evidence suggestlng that protein kinases play an important

role 1n mediating the act;on of cycllc AMP, the lnfluence of isoproteranol

(1 mg/kg) and propranolol (3 mg/kg) wWas investigated on the activities &t

soluble prostatic cyélic AHP—dependent and -~independent protein kinases 5 min

’following the adminlstratxon of the agonist. As shown in Table 20, stimulation -

of the prostatlc protein kinase by 1soproterenol was associated with a

decrease (33%) in the activity of the cyclic AMP-dependent protein kinase and

a concomitant increase {(25%) in that of the cyclic nucleotide~independent ;nzymel L
" The kinase activity ratio, obtained by dividing protein kinase activity in

the absence of cyclic AMP by that in the presence of the nucleotide, was

slgnlflcantly 1ncreased from 0.5110.05 to 0.95%0.08. wWhereas wpropranolol alone

{given 30 min prior to sacrifice) had little or no effect on cyclic AMP-

‘égpendent and ~independent protein kinase activity and on the kinase activity

&

raﬁ‘bt 1t“not only partlally “inhibited the isoproterenol—induced alterations
m .

it cycllc amMp-dependent protein kinase, but completely plocked the increases

in the kinase activity ratio as well as in the activity of cyclic AMP-

independent enzyme seen with isoproterenol {Table 20).

g. Influence of Isoproterencl and Propranclol on Cyclic AMP pinding Capacity
of Prostatic Soluble Protein Kinase’

Results presented in Figure l9illustrate the effects of 1scproterqul and
propranolol on the cyclic AMP binding capacity of soluble prostatic protein
kinase, a parametef that could be interpreted to indicate the number of non-
saturated cyclic AMP binding sites present. Five min following the injectiop
of isoproterenol {1 mg/kg), thé ability of the enzyme to bind (3H)=cyclic AMP
.iE.EiEES was significantly decreased (54%) from 4.88%0.35 to 2.2310.13 pmoles
cyclic AMP bound/mg protein. Whereas proprandlol alone exerted little or

no effect on the number of cyclxc AMP blndlng sites, the effects of isoproterenol

d
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TABLE 20

EFFECTS OF ISOPROTERENOL AND PROPRAB{OLOL ON SOLUBLE PROTEIN KINASE
ACTIVITY IN RAT VENTRAL PROSTATE )

values represent means % S.E.M. of 7 animals per group. Protein
kinase activity was expressed in pmoles 32p ‘incorporated into histone
(Type IIA, Sigma) per mg protein in the presence-or absence of cyclic ‘
AMP (5x107°M). Kinase activity ratio was calculated by dividing
protein kinase activity in the ‘absence of cyclic AMP by that in the
presence of the nucleotide. _ Data are also given in percentages (in Co
parentheses) taking the control values as 100%. See legend to Fig. 18
for experimental details.

. . s i Kin Activi
' protein Kinase Activity ase Activity

co l}atio
‘ _ C i | -Cyclic AMP -
) cyclic AMP +¢¥CI§QTAMP Toyclic AMP
Control (saline) 54.96+5.80 108.4247.62 0.51%0.05
{100) (100} ) (100)
Isoproterenol (1 mg/kg) 68.68+3.74 72.36%2.22 0.95+0.08
{125)* (67} * (186)*
propranolol (3 mg/kg) 48.72%4.70 99,.82+1,88 0.4920.05~
(89) (92) (96)
Tsoproterenol (1 mg/kg) 58.81%5.80 88.09+3.39 0.67+0.08
+ Propranolol (3 mg/kg) (107 (81)* (131)

*Statistically significant difference when compared with the values
of control animals (p <0.05).

tstatistically significant difference when compared with the values
of isoproterenol-treated-rats (E.<°'°5)-

~



CYCLIC AMP BINDING CAPACITY ‘
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-~ (100} * (98)
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s _,.\il}oproterenoi (Img/Kg)
& 20l L
0 .
f;G. 19

Influence of isoproterenol and propranolol on cyclic AMP binding
capacity of prostatic soluble protein kinase. Fach bar represents the
mean * S.E.M. of 7 animals in each group. Data are given in percentages

. taking the walues of control rats as 100%. See legend to Fig. 18

for experimental details.

*Stﬁtistically significant difference when compared with the values
of control animals (E_<0.05).

tStatistically significant difference when compared with the values
of isoproterenol—treated rats (g_<0.05).

Ll
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were- significantly blocked when the animals were pretreated with this_antag- ‘ B
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F. Beta-Adrenergic Sstimulation of Prostatic Adenylate Cyclase Following
* Castration and Testosterone Replacement
Data presented in Table 21 111ustrate the in vivo effects of isoproterenol

'

prostatlc adenylate oyclase act;v;ty during androgenic deprlvatlon and

! oa

repletion. Intraperxtoneal admlnrstratlon of isoproterenol (1 mg/kqgl markedly
stlmulated prostatlc adenylate cyclase in intact controls, castrates as well

as in castrates glven testosterone, regardless of whether enzyme activ1ty was

[~

expressed on a per unit tlssue_welght or.a per organ weight basis. While the :

- percent stlmulatlon of prostatic enzyme in the castrate group appeared to be -
only inghtly lower than that’ of contro}s, the enzyme activity in the sallne-

-t

as well as " the Lsoproterenol—treated, androgen—deprived animals was consider—
ably lower than'intact controls. Testosterone replacement not only restored
the responsiveness of prostatlc adenylate cyclase to ﬁ—adrenerglc stlmulatlon,
bq‘151gn1f1cantly enhanced the act1v1ty of this enzyme both in the presence

and absence of 1soproterenol treatment (Table 21).
G. Effect of Isoprotérenol on Prostatic CYCllC AMP Levels in Androgen-—
Deprived Rats . ‘ S ' ‘

—
To further exam;ne the influence of g-adrenergic stimulation on prostatic

cyclic AMP metabolism, the effects of isoproterenol {1 mg/kg, i-p.} on the.

endoggnous cycli AMP levels of lntact controls, castrates and castrates
] . ’ ! . .
" treated with testostercone (5 mg/100 g/day, i.m.) were investigated. As shown i

in Table 22 , administration of isoproterenol markedly elevated prbstatic

N

cyelic AMP levels in all three groups studied, regardless of the basis of
expréssion used. Although the degree of stlmulation elicited by the f-adrenergil -
agonlst in the castrate group was only slightly dlfferent from intact controls,.

the cyclic nucleotmde levels after lsoproterenol administration were however, .

considerably lower. While adm%nlstratlon of testosterone not only restored
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TABLE 21
A ¢
SFFECT OF ISOPROTERENOL ON PROSTATIC RDENYLATE CYCLASE ACTIVITY
FOLLOWING CASTRATION AND TESTOSTERONE REPLACEMENT ;

. Values\represent the mean & §.E.M. of 7-8 rats per group.

Rats were sham-opexated or castrated for 96 hr and daily test- o
osterone administration (5 mg/100 g/day, i.m.) for 4 days was
initiated on the day of castration. Animals not receiving

testosterone were given an equal volumeé of the vehicle {corn"’

oil). Five min prior to sacrifice, rats were injected intra-
peritoneally with either pL-isoproterenocl {1 mg/kg) or normal

saline. Adenylate cyclase-activity,yas*expressed as pmoles

of cyclic AMP formed per min pex mg of tissue and gamoles of

the nucleotide formed per min per prostate. Data are also

given in percentages (in parentheses) taking the visthes of the i
saline-treated groups as 100%. :

Adenylate Cyclase Activity

pmoles gAMﬁﬁfbrmed/ nmoles cAMP formed/

Treatment min/mg tissue . min/prostate
Saline nIsoproterenol saline Isoproterenol -

control 4.8930.46 . 10.79%0.61 . 2.21%0.21  4.74%0.24-

(100) {221)* (100) {(214)*
castrate 2.83:0.37  4.530.59 0.75£0.06 -~ 1.17#0.14

. . {100) ~ (1e0)* (100) (156)*

castrate + 5.2610.2i ©13.05t1, 34 4.97+£0.30 14.4211.48

Testosterone - {100) > (248)* - (100) (290)§

*statisticall§ significant difference when compared with the
values of the saline-treated rats in their respective groups
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, TABLE 22
EFFECT OF ISOPBOTERENOL ON PROSTATIC CYCLIC AMP LEVELS FOLLOWING
) CASTRATION AND TESTOSTERONE REPLACEMENT ;

values represent the means t S.E.M. of 7-B rats per groub.
. Rats were sham-operated or castrated for 96 hr and daily test-
osterone administration (5 mg/100 g/day, i.m.) for 4 days was
 initiated on the day of castration. Animals not receiving
testosterone were given an equal volume of the vehicle (corn
. oil}. Five min prior to. sacrifice, rats were injected intra-,
peritoneally with either DI-isoproterenol (1 mg/kg) or normal
saline. Prostatic cyclic AMP levels were expressed as pmoles
cyclic RMP per mg of tissue or mmoles of the nucleotide per L0
. prostate. Data are also given in percentages (in parentheses)
taking the values of the saline-treated groups as 100%.

Cyclic AMP ‘Levels

freatment pmoles/mg tissue | nmoleé/prosiate
saline Isoproterenol Saline Isoproterencl :
Control 2.29+0.32 15,.89+1.30 1.03x0.14 7.15%0.5%
' {100) . (e9n* {100) (728) *
Castrate ‘ 1.58+0.42 9,77:0.99 0.42+0.11 3.08+0.25
(1o (618)* (100) (733)*
Castrate + 1.20£0.10 15.791.85 1.1310.08 17.45+2.00

# restosterone (100} (1315)* {100} (1544) *

xgtatistically significant difference when compared with the
values of the saline-treated rats in their respective groups
"(E.<0.053. .

.
1
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prostatic cyclic AMP 1evels in the isoproterenolrtreated animals, the respon-
siveness of -the ‘adenylate cyclase—cycllc AMP system to stimulatlon by the -
adrenergic agonist in'androgen—treated animals was greater when compared to

those seeh in the androgen—deprlved group (Table 22).

5. INFLUENCE OF CYPROTERDNE ACETATE ON PRDSTATIC CYCLIC AMP HETABOLISM

a. Effects of Cyproterone Acetate on Body and Male Sex Organ ‘Weights

¥ The 1nf1uence of dally admlnlstratlon of cyproterone ‘acetate on pody and

sex organ-weights of adult male rats at various time lntervals (1, 3, 5 and 10

days) is presented in Table 23 Cyproterone acetate {1.25 mg/lOO g/day, s.C.)
sxgniflcantly retarded both growth in a tlme-dependent manner and by the 10th

day, the body weight was reduced to 87% of controls. In contrast, testicular *

TV
welghts were not 51gn1f1cantly altered during the course of the study (Table 23).

The effects of cyproterone, acetate on mafgyaccessory sex gland welghts
are shown in Figure 20. Daily administration of cyproterone,acetate signif-
jcantly decreased, the weights of the ventral prostate, seminal vesicles and
coagulating glands. Whlle the coagulating glands appeared to be most sensitive
to cyproterone acetate treatmeat (organ weight SLgniflcantly lowered to 77%
and 48% of controls in 24 hr and 10 days respectively), the seminal vesicular
and prostatic weights were also lowered (58% and 53% respectively) after the

10 day treatment {Fig. 20).

B. Effect of Cyproterone acetate Withdrawal and Simultaneously Administered
Tesicsterone on Male Sex Organ Weights

able 24 shows the effects of cyproterone acetate wigﬂdiawal and simul-
taneously administered testosterone on body and male accessory gland
weights. Whereas cyproterone acetate admanlstratlon for 10 days resulted
in marked decreases ln seminal vesicular, prostatic and coagulatlng gland

weightq‘bﬁubsequent withdrawal of the antiandrogen treatment for 10 days

significantly increased the weights to 79%, 65% and 64%, respectively. It\

\
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TABLE 23 - .

'

EFFECTS OF CYPROTERONE ACETATE ON TESTICULAR. AND BOD& WEIGHTS

values represent means + S.E.M. of 10 animals per group.
cyproterone acetate {1.25 mg/100 g/day), dissolved in 0.3 ml
of corn oil, was injected subcutareously and rats were
sacrificed 1, 3, 5 and 10 days after the first injection.
' Control animals received an equal volume of the vehicle.
Results are also expressed in percentages (in parentheses)
taking the values of control xats as 100%.

Body Weight Testis Weight

G .
roups . : () .(q)
Control - 411114 3.10%0.14
' (100) (100)
cyproterone Acetate, 1 day 403£11 3.09%0.11
(98) (100)
3 days 37447 2.96+0.10
(91} * ' (95)
5 days 36746 3.00+0.10
(89)* (97)
10 days 3598 3.03+0.09
(87)* (98)

*Statistically significant difference when compared with
the values of control animals (E_<0.05).

X
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FIG. 20

Effects of cyproterone acetate on accessory Sex gland weights. ‘
values represent means ¥ 5.E.M. of 8 animals per group. Cyproterone ' B

acetate (1.25 mg/100 g/day), dissolved in 0.3 ml of corn oil, was injected
subcutaneously and rats were sacrificed 1, 3, 5 and 10 days after the
first injection. Control animals received an equal volume of the vehicle.
Results are also expressed in percentages (in parentheses)’ taking the
values of control rats as 100%.

/

/ *Statistically significant difference when compared with the values
j r of control animals (p <0.05).

»
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EFFECTS OF CYPROTERONE ACETATE WITHDRAWAL KND SIMULTANEOUS ADMINISTRATION
OF TESTOSTERONE ON BODY AND SEX ACCESSORY GLAND WEIGHTS

values represent means ¥ 5.E.M. of B animals per group. Cyproterone
acetate {1.25 mg/100 g/day) , dissolved in 0.3 ml of corn oil, was injected
subcutanecusly and rats were sacrificed 10 days after the first injection.
Another group of rats were maintained for an additional 10 days without
any further treatment with the anti-androgen. Control animals received an
equal volume of the vehicle. Results are also expressed in percentages
(in parentheses) taking the values of control rats as 100%. '

Groups Body Sem. Ves. V. Prost. Coag. Gland
o (9 (mg). (mg) (mg)
Controls 412114 37215 516131 176+13
(100 (100} {100) (100)
Cyproterone acetate 35948 2177  273%13 854
(87)* (58} * (53)* (48)*
Cyproterone acetate 33315 294116 337227 112+11
+ withdrawn (8L)* (719)*t (65)*t (64)*T
Cyproterone acetate 35819 67125 778150 348121
+ Testosterone (87)* (180) *¥ {(151) *T (rom*t

*Statistically significant difference when compared with the values of
control animals (p <0.05).

+statistically significant difference when compared with the values of
rats treated with cyproterone acetate for 10 days (E_<0.05).
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should hgwever. se noted that while significant recovery in organ weights
was seen during aﬁt@—andrdgen withdrawal in all three cases, normal leveis.were
not achieved even after 10 days. In contrast, simultaneous administration of
testostercne (5 mg/l00 g/day) not only effectively antagonigzed these effects
of cyproterone acetate, but significantly stimulated weight géin in these sex
glands by 507%00%. 'On the contrary, while cyproterone acetate also significagtly _
decreased bﬁdy weight, neither withd;awal of the anti-androgen nor ,
concurrent administration of testostexrone appeared tb ha;e'any effects on :i
the weight gain of these animals”(Table 24). ?

c. Effects of Cyproterone Acetate on Prostatic Adenylate Cyclase Activity
and Cyclic. AMP Levels

The inflﬁence of cyproterone acetate on adenylate cyclase activity and
cyclic AMP jevels in the ventral prostate O adult rats was examined at i, 3,
5 and 10 days following the daily admin atio; of this anti-androgen (5 mg/
rat/day, S5.C€.). AS demonstrated in Table 25 , cyprotercone acetate progressively
_ decreased prostatic‘adénylate cyclase activity, regardless of whether enzyme '
activiéy was expressed on a per mg tissue oOr 3 otal organ weight basis.

while adenylate gyclase activity dropped markedly (55%) during the first 24 hr,

only 15-25% of the initial activity remained after the 10 day administration

&

of the anti—androéen (Table 25). (]
Analogous to adenylate cyclase, cyproterone acetate treatment also ‘
x .

decreased the cyclic AMP content of the prostate gland (Fig. 21 ). “Twenty-

four hr following the first injection of the anti-androgen, prostatic cyclic

AMP was significantly decreased from 8490+39 to 605165 pmoles per prostaée and .
by the S¢h day, it was only about a5% of tﬁe control values. Continﬁation of
‘anti-androgen treatment for another 5 days failed to elicit any further decfease
in the cyeclic nucleotide content of the prostate gland. Althéugh Cydlic AMP

levels as expressed on a per mg tissue basis, were slightly lowered during



EFFECTS OF CYPROTERCNE ACETATE ON PROSTATIC ADENYLATE CYCLASE ACTIVITY

values represent means + S.E.M. of 8B imals per group. Cypro-

terone acetate (1.25 mg/100 g/day) s dissolved in 0.3 ml of corn oil,
was injected subcutaneocusly and rats were sacrificed 1, 3, 5 and 10

~ days ifter the first injection. Control animals received an equal
volume of the vehicle- adenylate cyclase activity was calculated as
pmoles cyclic AMP formed per min and expresse as per mg of tissue
and per prostate. pata are also given in percentages (in parentheses)
taking the values of the control group as 100%.

Adenylate Cyclase Activity
(pmoles cyclic AMP formed/min}

Groups
per mg tissue per prostate
Ccontrols. 4.82+0.23 24823131
(100) (100)
cyproterone Acetate, 1 day 2.22%0.19 1 1191%103
(461 * (48)*
3 days 1.54£0.17 76958
. (3)* (3 *
5 days 1.59+0.10 521+52
(33)* (21 *
10 days 1.2510.11 422+40
(26} * (An*

*gtatistically significant difference when coppared with the values
of control animals (E_<0.05).

g
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FIG. 21

Effects of cyproterone acetate on prostat

Lo

ic cyclic AMP levels.

Values represent means + S.E.M. of 8 animals per group. Cyproterone
acetate (1.25 mg/100 g/day) . dissolved in 0.3 ml of corn oil, was injected

subcutaneously and rats were sacrificed 1, 3,

5 and 10 days aftex the first

injection. Control animals received an equal volume of the vehicle.

Endogenous cyclic AMP levels were expressed as
of tissue and per prostate. Results are also
(in parentheses) taking the values of control

*Statistically significant differencé whe
of control animals (p <0,05) .

pmoles cyclic AMP per mg
expressed in percentages
rats as 100%.

n compared with the values

Y
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the first 3 days of cyproterone acetate treatment, the differences between
the "treated groups" and the "controls" were statistically non-significant. °*
R ™ .

D. Effects of Cyproéerone Acetate withdrawal and Simultaneous Testosterone
Administration on Adenylate Cyclase and Cyclic AMP

In order to determine if the observed alterations persist after the
cessation of anti-androgen thegapy, prostatic adenylate cyclase and cyclic AMP
ﬁéredexgmined'in ra;s-that had been given cyproterone acetate for 10 days and
subseguently maintained without further treatment for another 10 days. Data
in Figure 22 show that daily administratiSn of cjproterone acetate (1.25 mg/
100 g) for 10 days resulted in a marked décrease in the activity of prostatic
adgnylate cyclase whgther expressed on the basis of per mg of tissue (74%) ér
per prostate (83%). Althoﬁgh subsegquent withdrawal of cyproterone acetate
Asignificantly increased the enzyme activity by'appyoximately‘z—fold of that
observed in the cyproterone acetate-treated group. it was still significantly
léwer than that of controls. In contrast, concurxent administration of
testosterone (5 mg/100 g/day. slc. for 10 days) during anti-androgen treatment
not only -antagonized the effect of cyproterone acetate on prostatic adenylate
cyclase (activity expressed per mJj of tissue), but significahtly enhanced the
enzyme activity by 40% of the control group (when expressed on a per prostate
pasis) (Fig. 22)-

Results in Figure 23 show that whereas cyclic AMP levels per prostate}
were markedly lowered (62%) following the 10 day cyproterone acetate admin-
istration, normal values were attained after subsequent withdrawal of the
aﬁ£i~androgen treatment for 10 days. However, when the nucleotide levels were
expressed on a per mg tissue basis, neither cyproterone acetate treatment nor
its discontinuation appeared to have any significant effect (Fig. 23}.
Moreover, whereas concurrent administration of testosterone (5 mg/100 g/day.
10 days) during anti~androgen treatment resulted in a further decrease in

prostatic cyclic AMP levels from 1.88+0.37 to 0.99i0.08 pmoles per mg of tissue,
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FIG. 22 *

Effects of cyproterone acetate withdrawal and simultaneous admin-
istration of testostercne on prostatic adenylate cyclase. Each bar
represents the mean + S.E.M. of 8 animals pexr group. Cyproterone acetate
(1.25 mg/100 g/day). dissolved in 0.3 ml of corn o0il, was injected sub-
cutaneously and rats whre sacrificed 10 days after the first injection.
In another group of rats, free testosterone (5 mg/100 g/day) dissolved

in 0.3 ml of the same vehicle was injected simultaneocusly with cyproterone

acetate via the subcutaneous route. Another group of rats treated with
cyprotervne acetate for 10 days was maintained for an additional 10 days
-without any further treatment with the antiandrogen. control animals
received an equal volume of the vehicle. Adenylate cyclase activity was
calculated as pmoles cyclic AMP formed per min per mg of tissue and per
prostate and expressed in percentages taking the values of control rats
as 100%.

xStatistically significant difference when compared with the values
of control animals (p <0.05).

+Statistically significant difference when compared with the values
of rats treated with cyproterone acetate for 10 days (p <0.05).
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Effects of cyproterone acetate administration and subsequent with-
drawal on prostatic cyclic AMP levels. Each bar represents means * S.E.M.
of 8 animals per group. Cyproterone acetate (1l.25 mg/100 g/day), dissolved
in 0.3 ml of corn 6il, was injected subcutanecusly and rats were sacrificed
10 days after the first injection. Another group of rats were maintained
for an additional 10 days without any further freatment with the anti-
androgen. Contreol animals received an equallvolume of the vehicle.
Endogenous cyclic AMP levels were expressed as pmoles cyclic AMP per mg
of tissue or per prostate. Results are also expressed in percentages
(in parentheses) taking the values of control rats as 100%.

'#gtatistically significant difference when compared with the values

of control animals (p <0.035).

. tstatistically significant difference when compared with the values
of rats treated with cyproterone acetate for 10 days (p <0.05).
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the effect of cyproterone acetate was effectively blocked when the cyclic
nucleotide levels were expressed on a total prostate basis {(Table 26).

. E. Effects of Cyproterone Acetate on ‘Soluble Prostatic Proteln Kinase and
Cyclic AMP Binding Activities

The effects of daily administration of cyproterone acetate_(l.zs mg/100 g/
'day, 10 days) on cytosolic protein kinase activities and cyclic. AMP binding
capacity of the ventral prostate also were 1nvest1gated. Figure 24 shows that
the spec}fic activity of the soluble prostatic protein klnase assayed in both
the absence ano-presence of exogenous cyclic AMP increased progressxvely with
the duration of cyproterone acetafe tieatment. However, tﬁe total cyc%ﬁg\éﬂgﬂ
depéndent and lndependent proteln kinase activity (expreesed on the total
organ weighthbasis) was markedly decreased (58% and 74%, respectlvely) by the
10th day. Although protein kinase activity ratio was also lowered significantly
during the first 3 days of cyproterone acetate administration, this change was
not apparent when the anti-androgen was g;;en for 5 or 10 days (Fig. 24).

The iofluence'of cyprotefone aceﬁate on solublexg;ostatic cyclic AMP
binding capeoity of protein kipase was similar'to that eeen on cyclic AMP-
dependent protein kinase activity (Fig. 25).. while the ability of the enzyme
to bind (3H)-cyclic AMP in vitro was significantly enhanced with the doration

.
of cyproterone acetate treatment when expressed on a per unit p:otein basis,
a marked decrease (37%) was seen in the total cycllc AMP binding capacity of
‘the prostate after 10 days. Although this response appeared to be sllghtly
greater during the early phase of the study,the.differeoces between 1 and 3
day cyproterone acetate treated rats.and controls were statistically non-
significant {Fig. 25}.

F. Influence of Cyproterone Acetate Administration and Subseguenf Withdrawal
on Cytosolic Prostatic Proteln Klnase Activity and Cyclic AMP Binding

Cagacitx

pata presented in Figure 26 illustrate the: effects of 10 day cyprotexone

acetate administration and subsequent‘discontinuation of the anti-androgen



. * the values of control animals (p <0.03).

‘ +Statistically‘sighificant difference when compared with .
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s . TABLE 26. .
EFFECTS OF TESTOSTERONE ON CYPROTERONE AGETATE-INDUCED
\_ ALTERATIONS IN.PROSTATIC CYCLIC AMP LEVELS !

values represent means +.S.E.M. of 8 animals per :
group. roterone acetate (1.25 mg/100 g/day), dissolved .-
in 0.3 mi%E corn oil, was injected subcutaneously and
rats .were sacrificed 10 days after the first injection.
In ancther ‘group of rats, free testosterone (5 mg/100 g/
day) Q}ssol ed in 0.3 ml of the same vehicle was injected ~ :
simultapeo:iiy with cyprotercne acetate via the subcutanecus e
route. Cortrol animals eceived an-equal volume of the )
vehicle. Bndogenous cyclic AMP levels ware expressed as v o .
pmolesfcyclic AMP per mg of tissue or pex-prostate. Results
are also expressed in percentages (in parenthéses) taking
the values of control rats ds 100%. oo

. . ’ L
4 o L .~ /
Ta \ s . ) Cyclic AﬁP Levels Ipmolgs) L
Groups - ;
, per mg tissue . per prostate
Control . 1.88£0. 59 : %49::59' R
o T . (100} (100) | ".
A . ; . o o
- Cyproteron acetgte : © 2.00%0.38° 32639 N .- i
: . S (1086) . . u(3s)*
B - - - * ’ . . “ .
Gyproterone agetate 0.9910.08 838188 -
&3+ Testosterone - - ] {53}*~ (o)t
C e : ‘ L ;& <

. L]

*StgzisticalIy signifiéant difference when Eompared.with

.
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FIG. 25

Effects of cyproterone acetate on soluble prostatic cyclic AMP

)

binding capacity. values represent means % S.E.M. of 8 animals per group.

Cyproterone acetate (1.25 mg/100 g/day) . dissolved in 0.3 ml of corn oil
was injected subcutaneously and rats were sacrificedﬁl, 3, 5 and, 10

of the vehicle. ' Cyclic AMP binding capacity wasfexpreﬁ%ed as pmoles (3H
cyclicAMP pound per mg protein and per prostate.’ Results are also
expressed in percentages (in parentheses) taking the values of control
rats as 100%. - t
" *gtatistically significant difference when compared with the values
‘of. control animals (p <0.05). - :

. ' . .

r

* days after the first injection. Control animals received an equal volume

J=
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Influence of cyproterone acetate administration and subsequent
withdrawal on soluble prostatic protein kinases. Each bar represents
the mean t S+E.M. of B animals per group. Cyproterone acetate (1.25 mg/
100 g/&ay)., dissolved in 0.3 ml of corn oil, was injected subcutaneously ; -
and rats were sacrificed 10 days after the first injection. Another group -
of rats were maintained for an additional 10 days without any further
treatment with the antiandrogen. ‘control animals received an equal volume
of the vehicle. Protein kinase activity was expressed as nmoles 32p jincoxp-
orated {intc histone mixture (Type IIA)} per g protein and _per prostate
in the abgpnce (=) or presence (+) of cyclic aMP (5 x 10”°M). Results . & -
are also expressed in percentages {in parentheses) taking the values of
control rats as 100%.

‘ *statistically significant difference when compared with the values
of control animals (p <0.05). - b
] - i - . (‘
’ rstatistically significant difference when comparegggith the values
of rats treated with cyproteroné acetate for 10 days {p.x0.05).

A



165

.

treatment on cytosolic cyclic AMP-dependent and -independent protein kinases.
While the specxfic;activitles of the prostatic enzymes were markedly elevated
from 1.02%0.07 and 0.4130.03 to 1.9610.09 and 0.6910.03 nmoles 32? incorporatedA
per mg protein, respectively after 10 dafs'of cyprotercone acetate treatment,
normal values were achieved 10 days following the withdrawal of the anti-"-
androgen. In contrast, cyproterone acetate markedly decreased total protein
kinase actiQity (expressed on a éer prostate basis) to 26 and 42% of the controls
when assayed in- the absence and the presence of exogenous cyclic AMP,

L

respectively. Although withdrawal of the anti-androgen significantly stimul-

© ated enzyme activities, complete recovery was not achieved after 10 days

discontinuation of cyproterone acetate treatment (Fig. 26} .

The influence of daily administration of cyproterone acetate-and‘subsequent
withdrawal on soluble prostatic cyclic AMP binding capacity was also examined.
Table 27 shows that although cyproterone acetate ﬁarkedly increased the specific
cyclic AMP binding capacity of the cytosol from g8,78%0.71 to 16. 4911 53 pmoles
(3H)cyclic AMP bound per mg of protein, a significant decrease was seen
following ihe withdrawal of anti-androgen. Moreover, while the total capacity'
of the prostatic cytosol to bind (?ﬁ)—cyclic AMP ig_giggg_was significantly i

decreased by 37% after cyproterone acetate treatment, -full recovery was

achieved when the rats were maintained for additional 10 days without any
further treatment with ‘the anti-androgen.

G. Effects of Concurrent Administration of Testosterone on Cyproterone Acetate
Induced alterations in cytosolic Protein Xinase Activity and Cyclic AMP
Binding Capacity LI - \

Results in Figure 27 demonstrate thg effects of simpltaneously admin—
istered testosterone (5 mg/100 g, 10 days) og cyproterone acetate—induced
’changes in cytesdlic cyélic AMP-depeAdént and-independent protein kinase
activities. Whereas daily admlnlstratlon of cyproterone acetate for 10 days

produced marked alterations in the activities of soluble protein kinases
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EFFECTS OF CYPROTERONE ACETATE AND SUBSEQUENT WITHDRAWAL ON
SOLUBLE PROSTATIC CYCLIC AMP BINDING CAPACITY

Values represent means % S.E:M. of 8 #nimals per 4group.
Cyproterone acetate (1.25 mg/100 g/day). dissolved in 0.3 ml
of corn oil, was injected subcutaneously and rats were
sacrificed 10 days after the first injection. Another group
of Tats were maintained for an additional 10 days without any
further treatment with the antiandrogen. Control animals
received an equal volume of the vehicle. Cyclic AMP binding
capacity was expressed as pmoles (3H)=cyclic AMP bound per mg
protein and pex prostate. Results are also expressed in per-
centages (in parentheses) taking the values of control rats

as 100%.
Cyclic AMP Binding Capacity
(pmoles (3H)« cAMP bound)
Groups
b per mg protein asf prostate
Control - 8.78%0.71 393.21439.13
' (100) : (100)
Cyproterone Acetate 16.49+1.53 246.10%£20.52
(188)*" (63)*
Cyproterone Acetate 12.51%0.56 327.05%29.36
+ Withdrawn (142)*t (83t

xstatistically significant. difference when compared with the
values of control animals {p <0.05).

t+statistically significant difference when compared with the
values of rats treated with cyproterone acetate for 10 days
(E_<0.05).
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FIG. 27

Effects of testosterone on cyproterone acetate-induced alteration
in soluble prostatic protein kinase activities. Each bar represents the
mean t S.E.M. of 8 animals per group. -‘Cyproterone acétate (1.25 mg/100 g/
day) , dissolved in 0.3 ml of corn oil, was injected subcutaneously and
rats were sacrificed 10 days after the first injection. In another group
of rats, free testosterone (5 mg/100 g/day) dissolved in 0.3 ml of the
same vehicle was injected simultaneously with cyproterone acetate via_the
subcutaneous route. Protein kinase activity was expressed as nmoles P
incorporated into‘histone mixture (Type IIA) per mg protein and per
prostate in the absence (-) or presence (¥} of cyclic AMP (5 x 10™6M) .
Results are also expressed in percentages (in parentheses) taking the
values of control rats as 100%. : :

*gtatistically significant difference when compared with the values
of control animals (E_<0.05).

fference when compared with the values

t+statistically significan ai
cetate for 10 days (B_<0.05).

of rats treated with cyproterone
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(specific and total}, concurrent administration of testosterone effectively
antagonized these enzymatic résponses (Fig. 27 }. Likewise, as shown in

Figﬁre 28, alt}rations in the ability of the cytosol to bind (3H) cyclic AMP °
in vitro in response to cyprotexrone acetate treatment were ;150 blocked by

r °

the androgen. <

N H. Effects of Cyproterone Acetate on Protein Kinase Activity and Cyclic AMP
Binding Capacity of Crude Nuclear Preparation from Rat Ventral Prostate

Since nuclear protein pﬁosphorylation is known to play éﬁlimportant role
in gene activation in eukéryotic cells (4), the influence of cyproterone acetate
on the phosphorylation of endogenous substrates was éxamined in crude nuclear
- preparations of this tissue. As shown in F%gure 29 , daily administration of
this anti-androgen progressively jowered the activity of particuléte prostatic
protein kinase, as indicated by a decrease in the incorporation of 32? from
(Y-BZP)—AIP into endogenous nuclear substrates. This response was consistgnt

regardless of whether the enzyme activity was expresséa on a per protein or

per organ weight basis. Studies on the kinase activity ratio demonstrated
a lack of dependence of this particulate enzyme on cyclic AMP (kinase activity

»

ratio being close to unity) as well as an insensitivity of this parameter
to cyproterone acetate treatment (Fig. 29 ). However, as demonstrated in

Figure 30 ., crude nucleax'preparationsfrom the ventral‘prostate also possessed

-

. -
the ability to bind (BH)-cyclic AMP in itro.~ The specific cyclic AMP binding

vitro

capacity décreased progressively with the duration of anti-androgen treatmen

and by the 10th dayfof cyproterone acetate administration, it wasldnly 50%

of control values. Although the total cyclic AMP binéing capacity {(per
' prostate) also decreased progressively with cyprotefone acetate treatment; changes in
the total affinity were not quife as pronounced as thoée seen with the specific capacity.

1. Effects of Cyproterone Acetate Administration and subsequent Withdrawal

on Particulate Protein Kinase Activity and Cyclic AMP Binding Capacity
of Rat Ventral Prostate ‘

Table 28 demonstrates that whereas daily administration of cyproterone

+




169 ' : -~

CYCLIC AMP BINDING CAPACITY
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FIG. 28

Effect of testosterone ‘'on cyproterone acetate-induced alteration
in soluble prostatic cyclic AMP binding capacity. Each bar represents i
the mean t S.E.M. of .8 animals per group. Cyproterdne acetate {1.25 mg/
100 g/day), dissolved in 0.3 ml of corn o0il, was injected subcutaneously -
and rats were sacrificed 10 days after the first injection. In another
group of rats. free testosterone (5 mg/100 g/day) dissolved in 0.3 ml of
the same vehicle was injected simultanecusly with cyproterone acetate via
the subcutaneous route. Cyclic AMP binding capacity was expressed as
pmoles (3H)=cyclic RAMP bound per mg protein and per prostate. Results
are also expressed in percentages (in parentheses) taking the values of
control rats as 100%. ' ) '

*Statistically significant difference when compared with the values
of control animals (E_<0.05). -

tStatistically significant difference when compared with the values
of rats treated with cyproterone acetate for 10 days (p <0.05). !
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FIG. 29

Effects of cyproterone acetate on particulate protein kinase activity
of xr3t ventral pxostate. values represent means % S.E.M. of 8 animals per
group. Cyproterone acetate {1.25 mg/100 g/day) dissolved
corn oil, was injected subcutanecusly and rats were sacrificed 1, 3y 5 and
10 days after the first injection. Control animals receive
volume of the vehicle. Protein kinase activity was expressed as nmoles
32p jncorporated into crude nuclear substrates per Wg prote
prostate in the absence of cyclic AMP. Kinase activity ratio was defined
as the ratio bf protein xinase .activity assayed in the abse
AMP to that in the presence of the nucleotide (5 x 10-6M) .

also expressed in percentages (in parentheses) taking the values of control

rats as 100%.

*Statistically sigpificant difference when compared wi
of control animals (p <0.05).
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FIG. 30

Effect of cyproterone acetate on cyclic AMP binding capacity of
crude nuclear fraction from rat ventral prostate. values represent .
means * S.E.M. of 8 animals per group. Cyproterone acetate (1.25 mg/100 g/
day), dissolved in 0.3 ml of corn oil, was injected subcutaneously and ;r‘
rats were sacrificed'l, 3, 5 and 10 days after the first injection. P
control animals received an® equal volume of the vehicle. Cyclic AMP !
binding capacity was expressed as pmoles (3H)-cyclic AMP bound per mg
protein and per prostate. Results are also expressed in percentages
(in parentheses) taking the values of control rats as 100%.

xStatistically significant difference when compared with the values
of control animals (p <0.05).
.. P
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TABLE, 28
4
EFFECT OF CYPROTERONE ACETATE ADMINISTRATION AND SUBSEQUENT WITHDRAWAL
ON PARTICULATE PROTEIN KINASE OF RAT VENTRAL PROSTATE

values represent means ¥ S.E.M. of 8 animals per group. Cyprotexone
acetate (1.25 mg/100 g/day), dissolved in 0.3 ml of corn oil, was injected
subcutaneously and rats were sacrificed 10 days after the first injection.
Another group of rats were maintained for an additional 10 days without
any further treatment with the antiandrogen. Control animals received
an equal volume of the vehicle. Protein kinase activity was expressed as
nmoles 2p incorporated into crude nuclear substrates per mg protein and
per prostate in the absence of cyclic AMP. Results are also expressed in
percentages {(in parentheses) taking the values of control rats as 100%.

Protein Kinase Activity
(nmoles 32p incorporated)

Groups
per. mg protein per prostate
Control 1.16x0.07 8.0810.90
(100) (100)
Cyproterone Acetate 0.6110.05 2.80x0.21
(53)* (32)*
Cyproterone hcetate ‘ "L 0.8120.06 4,14%0.04
4+ Withdrawn (70)* (51)*

xgtatistically significant difference when compared with the values
of control animals (E_<0.05).

-

+statistically significant difference when compared with the values
of rats treated with cyprotercne acetate (p <0.05).

C LB
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1 " X . h\
%%etate for 10 days markedly decreased particulate protein kinase activity 3

{1.1610.07 to 0.6110.05 nmole 32? incorporated per mg protein and beé&o.go
to 2.8010.21 nmoles 32? incorporated per prostate), phosphorylation of
endogenous substrates in crudehnuclear preparations was significantly stimul-’
ated upon withdrawal of the anti-androgen. similarly, the ability of the

nuclear preparation to bind (3H)~cyc11c AMP in vitro was depressed after-10

&r l
days of cyproterone acetate treatment amdwas srgnlficantly increased in the

"wlthdrawal“ group regardless of the basis of expression used (Table 29). '
Nevertheless, it may bé noted tﬁat complete recovery in both protein kinase
actlvity and cyclic AMP blndrng capacity was not achieved even 10 days following

the cessation of cyproterone acetate admlnlstratlon (Tables 28 and 29) ' -

v

J. Influence of Simultaneously Administered Testosterone on Cyproterone
Acetate Induced Alterations in Particulate Protein ¥Xinase Activity and
cyelic AMP Binding Capacity of Rat Ventral Prostate . ]

The effects of concurrent administration of testosterone on cyproterone .
acetate-induced changes in particulate protein kinase activity as well as f
cyclic AME binding capacity were also investigated in the nuclear preparation
of the ventral prostate.\*aata'preSentEd in figure 31 demonstrate that whereas
cyproterone acetate 51gn1f1cantly decreased the incorporation of 32? into
endogenous nuclear substrates regardless of the basis of expression usedy
this response was effectively blocked by simultaneous administration of test-
osterone (5 mg/100 é/day). Likewise, while the ability ot the nuclear prep-

aration to bind (3H)—cyclic AMP in_vitro was decreased to 50% when expressed

- per mg protein and to 31% of controls when calculated on a total organ weight ‘

basis, concurrent treatment with testosterone effectively prevented these

cyproterone acetate—:.nduced changes (F:Lg. 32). g
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TABLE 29

EFFECT OF CYPROTERONE ACETATE ADMINISTRATICHN AND SUBSEQUENT WITHDRAWAL
ON PARTICULATE CYCLIC AMP BINDING CAPACITY OF RAT VENTRAL PROSTATE

values represent means t S.E.M. of 8 animals per group. Cyproterone

acetate (1.25 mg/l00 g/day), dissolved in 0.3 ml of corn oil, was injected

subcutaneously and rats were sacrificed 10 days after the first injection.

another group of rats were maintained for an additional 10 days without

any further treatment with the antiandrogen. Control animals received an

equal volume of the vehicle. Cyclic AMP binding capacity was expressed

as pmoles (3H)ecyclic AMP bound per mg protein and,per prostate. Results

are also expressed in percentages (in parentheses) taking the values of

.control rats.as 100%. <Q:;
: 3 Cyclic AMP Binding Capacity
i ' _ (pmoles (3H)mcyclic AMP bound)
roups - :
Per mg protein Per prostate
" Control 7.20£0.92 45.8145.82
{100) (100)
Cyproterone acetate 3.60£0.47 14.42+2.60
(50)* (3L *
a R
Cyproterone acetate 5.39£b.60_ 22.85%3.84
+ Withdrawn ) {(715)% {50) *+

*Statistically significant _difference when compared with the values of
control animals (p <0.05).°"

+Statistically significant difference when compared with the values of
‘yats treated with cyproterone acetate for 10 days (E_k0.0S).‘
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FIG. 31

Influence of simultaneously administered testosterone on cyproterone
acetate-induced altexation in particulate prostatic protein kinase activity.
Each bar represents the mean + S.E.M. of 8 animals per group. Cyproterone
acetate (1.25 mg/l00 g/day), dissolved in 0.3 ml of corn oil, was injected
subcutaneously and rats were sacrificed 10 days after the first injection.
In another group of rats, free testosterone (5 mg/100 g/day) dissolve‘iin
0.3 ml of the same vehicle was injected simultaneously with cyproterone
acetate via the subcutaneous route. Protein kinase activity was expressed
as nmoles 32p incorporated into crude nuclear substrates per mg protein and
pexr prostate in the absence of cyclic AMP. Results are also expressed in
percentages {in parentheses) taking the values of control rats as 100%.

*Statistically significant difference when compared with the values
of control animals (B.<0'05);

+Statistically significant difference when compared with the wvalues
of rats treated with cyproterone acetate for 10 days (p <0.05).
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FIG; 32

Effect of testosterone on cyproterone acetate-induced alteration in
cyclic AMP pinding capacity of particulate fraction of rat ventral prostate.
Each bar represents the mean + S.E.M. of 8 animals per group. Cyproterone '
acetate (1.25 mg/100 g/day) ., dissolved in 0.3 ml of corn oil, was injected
subcutaneously and rats were sacrificed’10 days after the first injection.
1In another group of rats, free testosterone (5 myg/100 y/day) dissolved in
0.3 ml of the same vehicle was injected simultanecusly with cyproterone
acetate via the subcutanecus: route. Cyclic AMP binding capacity was
expressed as pmoles (3H)-cyclic AMP bound per mg protein and per prostate.
Results are also expressed in percentages (in parentheses) taking the
values of contyol rats as 100%.

*gtatistically significant difference when compared with the values
of control animals (p <0.05).

+statistically significant difference when compared with the values
of rats treated with cyproterone acetate for 10 days (E_<0.05).
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V. DISCUSSION
' 4

1. ANDROGENIC REGULATION OF PROSTATIC ADENYLATE CYCLASE AND CYCLIC AMP LEVELS-

Although studies on the_mode of action of gonadal steroids in eukaryote
cells have occupigd the attention of many investigators, our knowledge concerning -
4+he initial event(s) triggered by these anabolic hormones remains incomplete.
.While the action of several bicgenic amines and peptidé hormones has been

conclusively linked with cyclic AMP, evidence that this nucleotide might also

- 4
—~

be involved in some of the acp%pns of sex steroids on their target tissues is
beginning to emerge. Previqus studies by Singhal and coworkers (12) demonstrated

that administration of exogenoys cyclic AMP to castrate rats was capable of

* -

producing a marked "andromimetic".effect on a number of seminal vesicular and
prostatic enzymes involved in carbohydrate metabolisml Whereas castration
resulted in marked decreases in endogenous cyclic aMP of both the prdstaté gland
and the seminal vesicles, cyclic nucleotide levels in these accegsory. sgx
tissues were significantly elévated following a single intramuscular injection
of testosterone propionate (12)}. Likewise, results obtained bf Smith and co-
workers (408,421,422) have shown that.while the capacity of‘both mouse and rat

prostate glands to synthesize 1abeled cyclic AMP from tritiated adenosine in
/_—_‘ v

r - . .
vitro decreased upon androgenic deprivation, subsequent treatment with test-

osterone O dihydrotestosterone resulted in a significant increase in the synthesis
of the.BH—labeled cyclic nucleetidé.
Results from the present study démonstrate that wheghas castration
. resulted in a progressive decrease in adenylaﬁe cyclase activity of the rat
venéral prostate, a single intramuscular dose of testosterone .(5 mg/100 g)
reversed the observed effects of gonadectomy within 24 hr. Although these
\\\_/”\\__// ' e

results are at variance with an earlier report of Goldé} et al. (206) who

failed to demonstrate any significant stimulation of the prostate enzyme in
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normal rats by teétoeterope, it is noteworthy that similar £

-

ahdrogenic regulation-of adenylate:cyclase have be

reported for the rat seminal

vesicles by ThomaSrand Slnghal (419). I ix6f interest that Rosenfeld and

/

O'Malley (27) were unable to demonstrate eny in vivo effect of testosterone,on,/"”
A Y
adenylate cyclase activity of the ventral prostate of hypophysectomized rats.
In their study, administration of a 2 mg dose of- testosterone to rats which
had been hypophysectomized for 3 weeks did not produce any significant increase
in prostatic adenylate cyclase activity up to 24 hr. However, it is known that
the ventral prostate in a rat hypophysectomlzed for 3 weeks undergoes a greater
degree of histological involutionQand is less responsive to restosterone stim-
ulation than that seen in orchidectomized rate {46,444). The possibility thus
exists that the 2 mé dose of the hormone  and the 24 hr interval used by
Rosenfeld and O'Malley (27) may not have been adequate to cause measurable
activ tion of adenylate cyclase in this tissue. Perhaps an important'finding
reporked in this study 1s the rapidity with which androgens can produce consist-

ently reproducible increases in adenylate cyslase actlvxt& of the prostate gland.

The significant lnigease in adenylate cyclase at 1 hr with dihydrotestosterone

in contrast to the 4 h_:\_)}ch testosterone Supports the contention that dihydro-
testosterone is the active metabolite of testosterone in androgen-sensitive
tissues (19). These results thus demonstrate that under appropriate experlmental
conditions, it is possible to obtain measurable stimulation of the prostatic
enzyme in vivo as early as 1 hr.

The rapid stimulation of adenylate cyclase activity by testosterone or
dihvdrotestosterone was found to be specific to male sex steroids since intra-
vanous injection in castrate rats of either estraelol -178, progesterone Or methyl
prednisolone was without any significant effect on the prostate enzyme.
Actinomycin D and cycloheximide, two inhibitors of RNA and protein synthesis,
were'able to abolish the response of adenylate cyclase to testasterone. Likewise,

]
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the B-adrenergic blocker, propranolol, prevented the androgenic stimulation of-

—
-

prostatic adenylate cyclase jin castrate rats. It is of 1nterest that .Szego and _ -
pavis (28) reported a simlla inhibition of the instantaneous increase in
uterine cyclic AMP levels when ovarlectcmlzed_rats were treated with estradiol
and certain B-adrenergic blocklng agents. In contcast to the stimulatory effect
of androgens on adenylate cyclase, dihydrotestosterone was found to produce a
slight inhibition of phosphodlesterase activity in the rat prostate. However,
~ -}

the order of magnitude of Eﬁzg\dgcrease was much smalleﬁ_chan that reported by
Wein;yb ggigl. {(18) for the effect of testosterone on phosphodiesterase activity
of rat brain and cac heart. In this.connection, it is of interest that whereas
testosterone or dihydrotescosterone (10"4 - 10'6‘M) failed to exert any signif-
icant effect on prostatic phosphodxesterase activity in vitro {data not shown),
addition of estradiol—l78, progesterone, testosterone or dlhydrotestosterone
led to marked innibition of enzyme activity in chromatin. preparations of Krebs
2 ascites tumor cells obtained from a mouse mammary carcinoma (445).

An altermative approach to stndying the techanism of action of androgens
is to examine tneir binding to specific cell ar components of androgen-

sensitive tissues following the administration of a jabeled androgen. With the

new concept that dihydrotestosterone may indeed be the active metabolite of

testosterone (19}, the searxch for specific protein receptors with high affinity
for androgens in various sex accessory tissues as well as the investigation
into the biochemical interaction of these protein molecules with:certain anti-
-androgens have further advanced our knowledge regafding the molecular basis of
androcen action. Among the steroidal antx—androgens, cyproterone and cypro-
terone acetate are currently being used as'experimental tools to help clarify
the molecular sequence of events that occurs following androgen stimulation of

the prostate gland. Numexous reports have indicated that cyproterone acetate

exerts its anti-androgenic effects by inhibiting the uptake and retention of
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testosterone apd dihydrotestosterone by their target tissues (31,i40,147,161),
Since androgenic deprivation féilowi;;‘SfE;Z;ectomy ;esulted in a marked decrease
in adeny1ate;cycl§§ngg;iyity of the ventral prostate, blockade of the androgen
receptor sites'ih these target cells with anti:androgens should mimic the

effects of orchidectomy.if these 'high affinit}randrogen binding proteins' are
indEEh the receptors or the fegulatory subunits of adenylate cyclase complex (10).
The present investigation on the effects of cyproterone acetate on prostatic
cyclic AMP metabolism demonstrated that when the anti-androgen {5 mg/100 g, i.p.)
was administered alone to mature castrate rats, a marked decrease was noted in
the activity of prostatic adenylate cyclase at app?oxi;ately 4 hr. Pretreatment
oﬁ testosterone-injected rats (5 mg/100 g, i.v.) with this anti-androgen
completely inhibited the aﬁdrogen—induced increase in adenylate cyclase activity
observed at 4 hr. Moreover, the present study demonstrated that whereas daily

L)
administration of cyproterone ggétaté‘resulted in progressive decrease in both

adeéylate cyclase activity and cyclic AMP conéent of the ventral prostate of
gormal-mature rats, subsequent withdrawal of anti-androgen treatment or conturrent
—a@ministration of high doses of testosterone effectively reversed these
effectsfgf cyprotérone acetate. Recently, Mangan et al. {246) examined the
inflﬁence of cyproterone acetate on £he cycloheximide and actinomycin D-sensitive
alevation of glucose 6-phosphate dehydrogenase and glyceraldehyde i-phosphate
dehydrogenase activities in the prostate gland follbwing both testosterone

and cyclic AMP administration. It is of interest that simultaneous admin-
jgtration of the anti-androgen failed to inhibit the increase in the activities

of these two enzymes promoted by either cyclic AMP oOr testostercne. while this
lack of effect of cyproterone acetate precludes jnvolvement of dihydrotestosterone
fin the overall mechanism of stimulation of these prostatic enzymés, the posgible

participation of other metabolites of testosterone in this process\ﬁfnnot be

~ .
ruled out. These findings merely suggest that the response of the carbohydrate

i

N
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metabblizing enzymes may be.uniquely distinct from other biochemical processes
examined-to date in the prostate gland during the early phase of androgen action
(246) .

The finding that addition of an androgen could significantly enhance the
synthesis of labelea pyclic AMP from tritiated adenosine by prostatic slices
(408) prompted us to exémine the influence of testosterone’ and dihydrotestosterone
on adenylate'cyclase activity in prostatic hémogenates in vitro. When the
integrity of the accessory sex glands was aisrupted by homogenization, the
respﬁnsiveness of the enZyme to androgenic stimulation was completely lost. The
direct addition of dihydrotestosterone, testosterone propionate, oOr free test-
osterbne (up to 10-'5 M} to the homogenate produced no detectable increase in
adenylate cyclase activity over the values seen in ethanol blénks. Moreover,
when §entral prostates from 48 hr castrate rats were used, addition of the
agdrogens in vitro also failed to produce any signifiéant response. Since
L-epinephrine and NaF produced significant stimulation of the prostatic enzyme

under the same in vitro conditions, results indicate that adenylate cyclase -

activity of prostatic homogenates 1is certainly capable of responding to' certain

treatment in vitro. Our observations on the lack of an ig_gi;gg_effect of
androgens on prostatic adenylate cyclase are in accord with those reported
earlier by .Golder et al. (206) and by Rosenfeld and O'Malley (27) who also

failed to observe any stimulation with androgen over ethanol blanks. The failure
to Hemonstrate measurable alterations in adenylate cyclase activity, when
androgens are added in vitro to vengral prostate homogenates, as opposed to \
the intact tissue, may reflect a-possible deterioration of the hormone—receptor
adenylate.cyclase interaction which remains intact undex ig_gi;g_conditions.

This could be particularly true if!;\Pre-binding of androgen to a cytosol-
binding protein occurs before the activation of nuclear adenylate cyclase.

. ~

Nevertheless, it has long been demonstrated that partial purification of adenylate

.



- » -
183 . ’

. - - N '
cyclase can reégult in loss of responsiveness of the enzyme to hormonal stim- ' Eﬁ\

ulation (227,446). It is also of interest that androgeh addition to broken

cell preparations in -vitro generally fails to produce many of the biosynthetic

. -

response$ which are known to be induced in accessory sex glands after in vivo

administration of the hormone {(103).

»

2. PROSTATIC PROTEIN KINASES: CHARACTERISTICS -AND ANDROGENIC REGULATION °

gecent studies on the mechanism by which cyclic AMP exerts its diverse
effects have been centered around the ability of this cyclic nucleotide to
stimulate protein kinases {296,302~304,310,314,322). Numerous studies have
indicated that cyclic AMP-dependent protein kinases are composed of regulatory
and catalytic subunits. The binding of the regulatory subunit to the catalytic
cqmponent results in an inactive holoenzyme. Cyclic RMF is presumed to mediaté
the ‘action of the hormones by promoting the dissociation of the holoenzyme to
yield a regulatory subunit gyclic AMP complex and free catalytic subunits
'(cyclic AMP-independent protein kinase) which are then enzymatically active.
With this concomitant dissociation and activation of protein kinases, various
enzymes and structural proteins having key roles in horxmone mediated responses
are phosphorylated.

. . 0]
Studies presented in this dissertation demonstrate the presence of cyclic

AMé—dependent protein kinases in canine and rat prostate glands. Altha:gh the
prostate enzyme was found predominantly in the cytosol, 3-4% of the fot;i
catalytic as well as the cyclic AMP-binding activities were associated with the
650 g pellet and could be enhanced by the presence of 0.1% Triton ¥X-100. 1In
lactating rat mammary glands (301), subcellular digtrikution studies have
demongirated that as much as 98% of the total kinase activity was recoverable in:
the soluble fraction. similar findings also have been reported for ﬁrotein
'k}nases from bovine endometrial (303) and rat liver (324). It is.of interest

that in the anferior pituitary 447 ., brain_(448} and adrenal cortex (310},

kinases with high specific activity measured without the addition of exogenous

Y\



‘ ) . 184 oo
substrate, were localized in particulate fractions and enzyme\activiti could =~

be further increased by treatment with the detergent.' Nevertheless, 50% of

o

the activity towards exogenously added histone was'ehown to be present in the

; | U

The properties of cyclic AMP-stimulated protein kinases have now been .

soluble fraction of these tissues.

studied in a variety of tissues. Although the assay conditions used were not

jdentical with those used. in the present study, it is of interest to compare
some of thei; cﬂaracteristics with our findings for the canine prostate gland
enzyme. In general, the kinetic and physical, propertiee of the prostatic
.cyclic AMP-dependent protein kinase seem to resemble those described for the
enzymes from other mammalian tlssues (296 ,301-304,310, 314, 324,332, 447—449).
Canine prostate possessed a proteln kinase {Fraction II} w1th cyclic AMP-
binding and protein ki;ase activities, as demonstrated on DEAE cellulose chroma-
tography. Although no cyclic AMP binding protein devoid of kinase activity
was.found, small peak of cyclic AMP dependent kinase (fraction I} was occasionally
observed. Only fraction IIwas used in studies reported in this dissertation.
By
Although the similarities and the éifferences‘in kinetic and physical properties
of the two acdtivity peaks remain te be determined, it'is of interest‘that
'mixltiple forms of cyelic AMp-dependent protein kinase have recently been ‘
reported in skeletal muscle (321}, liver (324), cardiac tissue {318) and
adrenals (317}). l )
studies on the influence of varying cyclic AMP concentrations on histone
: .
phosphorylation catalyzed by prostatic protein kinase has demonstrated that “
whareas the enzyme was half-maximally activeted by 5 x 10—8 M cyclic AMP,
maximum stimulation was noted with about 5 X 1096 M coﬁcentration of the cyclic
nucleotide. Higher concentrations of cyclic A?P apgqared to be less stimulatory.

These flndlngs agree well with those reported earlier for the enzyme from rabbit

skeletal muscle (302), rat adipose tissue (450) , rat mammary gland (301), frog
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bladder (297), boﬁinefthyroiq gland (304) as well as bovine uterus {303). . -
The results on the ability of various other cyclic nucledtides to stimulate the
prostatic enzyme are also in line with those reported earlier for protein kinasés

from several other tissues (302,306.314,322,450). in general, cyclic IMP has

-’
-

been shown to be most effective at low concentrations. This is not surprising
considering the high degreé of structural similarity between cycliCVIMP and C
cyclic AMP. Cyclic GMP has also been found to stimulate protein kinases, although
much higherqconcentrations are needed than those in the case of cyclic AMP. )
an exception Lo this however,.was demonstrated with the r;cently reported

cyclic GMP-stimulated protein kinase from -lobster musch (299). This enzyme

was found to have lower éggarent Km for cyclic GnP tﬁan for cyclic AMP-. Although
dibutyryl cyclic AMP, the lipid-soluble analogue of cyclic AMP widely used for .
thé purpose of facilitating passage of cyclic AMP across cell membranes, was

much less active than cyclic AMP, it did activate the enzyme fully at high
concentrations. Tﬁe possibility can not be excluded however, that, some hydrglysis

of £he.gibut;ry1 derivative to free cyclic AMP occurs during the incubation perioé

of the assay-

: ,
As anticipated from its cyclic nucleotide -dependence, the prostatic enzyme

exhibited high affinity for cyclic AMP. One single order of binding sites

. g -1
exhibiting an association constant {(Kassoc.) of approximately 0.78 x 100 M |

->

at pH 5.0, o°c was observed for the major activity|peak obtained on DEAE ion-

exchange chromatography. It is of interest that unfer the same experimental
cbnditions, cyclic aMp-dependent protein kinase f£rom bovine endometfium also
demonstrated a single class of cyciic AMP binding siteg with Kasso}. of

0.6 to 1.0 x 108 Mfl. Althougé Kassoc. decreased slightly to 0.4 x 108 M_l

¢ v

- .
at 20°C, the number of binding sites per mg of protein remained unaltered 1in

the case of the uterine enzyme (303). Adrenal tissue yielded separate binding &
‘ l § . ll .
and kinase components in ad?ition to a cyclic AMP-dependent protein kinase upon

I
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elution from DEAE (310). Nevertheless,. Kassoc. for the holoenzyme and cyclic

RMP at physiological pH was 0.8 x'lO8 Mot (440). In addition, two cyclic AMP-

dependent protein kinases exhibiting a slight difference in the affinity for
- a

cyclic AMP at pH 7.5 have also been recently reported in rat hepatic tissie

(Kassoc. = 0.25 x 10° Wl 1 x 10® MY (324).

The effect of varying ATFP concentrations on protein kinase*activity has

.

: ‘ v . !
peen reported for the enzyme from a variety of tissues including bovine heart

{314}, brain (322) iFd skeletal muscle (302). The heart eQEzme exhibited an

‘ apparent Km of 5.9 x 10-S M in the presence and absence of cyclic AMP. while

- half-maximal velocity, independent of the cyclic AMP presence, was achieved

at 1.5'x 10-5 M ATP with skeletal muscle protein kinase, the brain enzyme also
\

demqnstrated an aﬁparent Km.of 1.3 % 10'5'g in the presence of cyclic AMP. In  °

the absence of the cyclic nucleotide, double reciprocal pldts failed to-yield

a linear relationship and the apparent Km for the brain proﬁéin kinase could

not be accuratély determingd. Nevertheless, the concentrations of ATP at half-

maximal velocity of these various enzymes agree weil with thé value of

1.2 x 10_5 M reported ,n the present study for canine brostate. It may be

noteworthy that enzymes from certain bovine tissues such as pancreas, kidney

and lung required significantly higher concentrations of ATP for half-maximal

velocity in the absence than in the presence of cyclic AMP (353). The reason
for these kinetic differences remains to be established. -

With regard to Whe protein substrate -specificity, 1ike the enzymes from
heart (314),'adipose tissue {(296), liver (332), brain (322), troét festis (451) ,
sgeletal muscle }302) and bovine thyroid {304), the prostatic protein‘kinase
was found to phosphorYlate histones much more readily than casein and protandhe.

"
of several proteins tested as substrates for the adipose tissue enzyme, muscle
glycogen synthetase, muscle phosphorylase and histone (sz} incorporated

1

phosphate at a much higher rate than the other proteins (296). Histone F,
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which has been shown to be phosphorylated in in vitro by this enzyme, was also
ptbsphorylated in vitro and in vivo by the ldver protein kinase (331, 332)‘ ' An

exception to this generality however, has been observed ln the case of cyclic N
AMP—stimulated protein kinases from_certaln lower species such as lobster, fish -
and roundworm. These enzymes phosphorylated casein moye readily than histone

(306). The effect of protein subistrate concentratjon on the activity of cyclic
aMP-dependent protein kinase fgom various t?ssues has.aleo been studied. In

our_study, half—maximal activity’of the.prostatic enzyngywas achieved at approx-

1mate1y 500 ug histone per ml in the presence ;nd absence of cyclic AMé. This ’ 'y
is in agreement with that for the brain enzyme reported earlier by Miyamoto .
et al. (322)t Likewise, using the heart protein kinase, Brostrom et al.. §314)

found no effect of cyclic‘AﬁP’on the apparent Km for casein. Similar findings

have been reported for the enzyme isolated from skeletal muscle (302f, MAMMArY

gland (301) and epididymal spermatozoa (452). )

Recently, Ahmed (98) demonstrated that purified nuclei from rat ventral

prostate were able to incorporete 32P into phosphoprotelns 1n the presence of '

3
C
<

+ . . .
(Y-3ZP} ATP. Mg2 was essential for the reaction, whereas cations such as

8 ~—

+ + . .
an . an and Cu2 proved to be lnhlbltory. Both the histone and non-histone

phosphoproteins yielded O—phosphorylserlne and some phosphothreonare on\aczd

PLY]

hydrolysis. Wilson and Ahmed (433) were able to demonstrate -the presence of
distinct androgen-sen51t1ve protein 'kinaces from nuclei of rat ventral prostate.
The act1v1ty of the nucleolar protein kinase was different from that of the
extranucleolar enzyme and was optimal at pH 6. 8, but decreased rapidly with
increasing pH. The extranucleo{er proteipvkinase had a broad pH curve with
optimal actipity being between pH 7.0 and 7.7. ytilizing dephosphorylated
phosvitin as substrate, the nucleolar enzymes showed 3 apparent XKgq values

(0.36, 0.9 and 3.7 mg/ml) , whereas that isolated fwxom chromatin demonstrated

* u
only one (1.0 mg/ml) . While the enzymes in the nncleoli had 3 apparent Km

values towards ATP as substrate (0.03, 0.1 and 1.1 mM), the chromatin-associated

-
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protein kinasé(s) had 2 .(0.04 and 0.4 mM). Although both the nucleolar ;nd
chromatin enzymes phosphorylatea histonés, éhromatin kinase activity assayed
with 1ysineﬂr1ch and arginine-rich histones was 3 ‘ 0.3%, respectively
compared with that in .presence of phosvitin (433 434) .

although the functional importance of cyclic AMP-dependent protein kigases
in certain hormon?;mediatéd fésponses has 5een well documented, their role in
the mechanlsm of action of androgens on male accpssSory sexual tissues remains
"to be elucidated. while Smith (421) reported significant increases in prcstatlc
cyclic ( H) aMP synthesis from (3H)-adenosine in the presence of testosterone or
'dihydrotestosterone, results from the present study also demonstrated rapid
increases in adenylate cyclase activity of the rat ventral prostate following
fhe administration of either of these hormones. Further, the administra;ion
of exogenous cycllc AMP has been found to produce testssteroneflike stimulation
of pros£atlc welghts and the induction of several rate-limiting enzymes
involved in carbohydrate metabolism (12). Although-cyclic AMP-dependent protein

. .

kinase was found predominantly in the cytosol of the prostate, small amounts
of the enzyme were consistently found to be associated with the nuclear fraction.
This may be noteworthy since a sm;ll amouﬁt of adenylate cyclase activity has
dlso been reported to be present in the.nuclear fraction purified from rat .
prostate; enzyme activity decreased significantly after gonadectomy and was
restored to norxmal within 1 hr of androgen injection (246). Reddi EE.El; (4%})
studied the effects of orchidectomy and subsequent androgen administration on
the activity of cytosol cycli%.AMP-stimulated protein phosphokinase in the rat
ventral prostate, but observed that androgen depletion or repletion only had

‘1ittle influence on the phosphorylation of calf thumus F.. histone and protamine.

’

pata in the present astudy demonstrate that both cytosolic and particulate

Al

prostatic protein kinases are responsive to androgenic deprivation and repletion.

seven days following castration, specific qctivities of soluble prostatic
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cyclic AMP-dependent and -independent protein kinases were markedly increased
above those of the shanroperated controls. Although our findings are in
accord with the earlier- data of Ichii et al. (414), interpretation of these
results mnst be attempted with caution. Slnc%;the total protein content of
the prostate decreases follo&ing androgenic deprivation, the possibility that
the high specific activity observed for the soluble enzyme may merely reflect

~

a relatlvely longer blologlcal half-llfe for the enzyme éannot as yet be

excluded, particularly in light of the fact that the total activity of theA
enzyme was in fact.markedly decreased after castration. Although daily admin-
istration of testosterone appeared to reverse this effect of orchidectomy on
cyclic AMP-independent enzyme,, the specific protein kinase activity assayed in
the presence of the nucleotide was relatively unaffected by androgenic repletion.
It is of interest that while total protein kinase activity (per prostate) did
not recover fully rollowing testosterone treatment, there was a significant
stimulation of the orosratic enzyme dn these rat;. In this connection, it is
noteworthy that whereas daily administration of the anti-androgen, cyproterone
acetate; resulted in a progressive increase in. the specific activity of soluble
prostatic cYclic.AMP—dependent and independent protein kinases as well as

the specific cyclic BMP binding capacity, total activity as expressed on a

per prostate basis was howe#er, decreased. These responses appeared to be
androgen-specific as concurrent administration of testosterone\not only
effectively blocked the influence of the anti—androgen, but significantly
increased the activity of the enzymes }n excess of that observed for controls.
whether testosterone exerts its anabolic effects through inductiog\of protein

. kinases and cyclic AMP binding protein, as suggested for the hormonal control

~

of proteins in developing mammary glands by Majumder and Turkingteon (453) or

indirectly via the activation of prostatic adenylate cyclase, remains to be

established. -
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The phosphorylation of nuclear proteins by cyclio AMP-dependent protein *<c

»

kinase has been -demonstrated both in vitro and in v1vo {312, 333 339,349).

Moreover, the ability of the protelns.(both basic and acidic) from varrous

tissues to stimulete transcription in vitro was enhanced with increasing phos-
phorylation and decreased upen enzymatic removal of their phosphate groups

(362,349,361). Ahmed and Iehlda (99) have ;hown that the incorporation of

. 32P into non-hlstone phosphoproteins of prostatic nuclei from castrate rats

was significantly enhanced as early as 30 min following testosterone treatment,
suggesting that the phosphorylatlon of these protelns may be involved in the !
events related to the control of gene action in the prostate in response to

androgenic stimulatlon. The present study also demonstrates that whereas

_ castration resulted in a marked decrease in the phosphorylation of endogenous

noclear suoetrates, testosterone'replacement therapy readily reyersed these

effects. Moreover, daily administration of cyproterone acetatelto normal

mature rats significantly decreased the organ weioht as well as the nuclear -

protein kinase activity of the ventral prostate. while the incorporation of g
2P from (Y" P)—ATP‘to endogenous nuclear substrates was markedly lowered

in the antieandrogen-treated group, subsequent withdrawal of cyproterone

acetate treatment or concurrent administration of testosterone effectively

prevented the observed enzymatic responses. whether the incorporation of 32?

into endogenous substrates was catalyzed by the catalytic subunit of a soluble

cyeclic AMP-dependent protein kinase which translocated to the cell nucleus oOr

by a membrane-bound phosphoprotein transferase independent of the cyclic AMP-

adenylate cyclase system, is at present unclear. Although our findings are in

accord with thﬁfrecent report of Wilson and Ahmed (454) demonstrating the

responsiveness of various nuclear protein phosphokinases {both extra-nucleolar

and nucleolar) in rat ventral prostate to depletion and repletion of testiculax

androgens, the nature as well as the exact location of these enzymes remains
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to be determined. Earlier, ahmed (98) demonstraﬁed that purified nuclei from
. LN
;

rat ventral prostate were able to incorporate 32P into their pﬁosphoproteins

jn the presence of (Y-%?P)-AEP. The non-histone phosphoprotéins were about

4 times more active than the higtone phosphoprbteins. It was also shown that
phosphorylation of these proteins isolated from the nuclei of orchidectomized
rats was greatly reduced when compared with nuclei isolated from orchidectomized
rats treated with testosterone (99). These changes were target tissue specific,'
as no such effect was cbserved in the metabolism of nuclear phosphoproteins of
liver from animals of varying androgenic status. However, the addition of
testosterone, SQ-dihydrotestoéterone or cyclic AMP EE_EEEEQ_dia not increase

the phosphorylation of nuclear proteins {4,99).

More recently,lprotein phosphokinase activity endogenous to rat ventral
prostate chromatin has also heen reported {454) . Whereas orchidectom§ resuited
in a rapid decline in the enzyme activity (approximately 50% within 24 hr and
over 80% within 48 hr), testosterone replacemgnt EE.EEXE.reverSEd these changes
producea by androgen deprivation. This decrease in kinase activity following
androgen depletion appeared to precede measurable changes in the'protein and
RNA complements of chromatin. Furthermore, the chromatin-associated protein

phosphokinase activity towards lysine- and arginine-rich histones also was

sensitive to the androgenic status of the animal.
although our data indicate that phosphorylation of nuclear endogenous
.subst;ates was unaffected by the presence of exogenous cyclic AMP and that the
kinase activity ratio for the particulate fraction was independent of the |
androgenic status of the animal, the cyclic AMP-binding capacity of the
particular fraction was responsive to androgenic deprivation and stimulation.
Whether this affinity for cyclic AMP represents the bipding activity of a

prostatic cyclic aMp-dependent protein kinase (RC) or thqg’pf the dissociated

requlatory subunits (R) of the holoenzyme remains to be determined. However,



192 ‘J\‘

it is of interest that in purified calf thymus and rat liver nuclei, both the
cyclic AMP-dependent protein kinase and proteins possessing thelphysical and .
bioghemical characteristics of the regulatoxy subunit (R) have been noéed to
be present (363,455). It has also been demonstfgtéd that while the catalytic
subuhit (¢) of the cyclic AMP-dependent protein kinase from calf thgmus binds
extensively to calf thymus DNA, the R subunit has a high affinity for nucleo—‘
histones (455). The ability of the R protein to bind to these basic nuclear
proteins may represent an imporéant aspect of protein kinase activation in
the nucleus. It ig known that, apart grom cyclic AMP, hfstones also can
induce partial dissociation apd activation of cyclic’hMP-dependent protein
kinase (329,455) and that different histones are specific in their
ability to inducelgifferential changes in phosphorylation of non-histone
proteins in isolated rat liver nuclei (334). It is possible that histo;;l
pound at discrete sites along DNA can activate protein kinase activity at
these sites by binding to the R subunit of the enzyme. Results of the present
jnvestigation indicated that whereas cyﬁroterone acetate administration sig-
nificantly increased the specific activity of soluble prostatic protein kinase
assayed in the presence of cyclic BMP, it markedly decreased that of the
particulate enzyme. subsequent withdrawal of the anti-androgen treatment or
concurxrent administration of testosterone was capable of reversing these
enzymatic responses. These findings raise the possibility,that following the
stimulation of prostatic adenylate cyclase, androgen may exert its influence
on the target cells by promoting a.translocation of the cytoplasmic protein
kinase(s) to some yet unknown site in the nucleus where it eventually catalyzes
the phosphorylation oé nuclear proteins.

It may be of interest, particularly in the light of the findings by
Jungm;nn et al. (456,457) who also suggested a cyclic aMp-dependent translocaticn

of cytoplasmic cyclic aAMP-binding protein and protein kinase to nuclear acceptor
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sites following gonadotropin stimuiation of ovarian cells. Support to this
hypothesis can be derived fiom the work of Korénman et al. (458) who observed
that uterine stimalation by iéoproterenol in ovariecﬁomized rats resulted in

a marked decrease in the total uterine cytosol protein kinase witﬁ é con-
éomitant increase in cyclic AMP-independent protein k}nase acti@ity of the
microsomél fraction. Indeed, these results have been interpreted to imply
translocation of cytosol protein kinase to microsomal substrate acceptor sites.
while the role of prostatic cyclic AMP binding protein in androgeniclaction in
the nucleus still tremains to be defined, detailed.studies with purified ventral
prostate nuclei may provide deeper insight into the role of the cyclic AMP-
adenylate cyclase-protein kinase system in the ov;rall action of male gonadal
hormones on growth and differentiation of androgen-dependent organs. pefinition
of the cellular locus and jdentification of the nuclear préteih kinase sub-

strate will undoubtedly be of importance.

3., BETA~ADRENERGIC STIMULATION OF PROSTATIC ADENYLATE',C:.YCLASE—CYCLIC BMP SYSTEM .
Rgsults of the present study demonstrated that whereas the activity of
adenylate cyclase in the rat ventral prostate decreased after gonadectomy.
intravenous administration of testosterone and ;articularly of dihydrotestosterone®
produced a rapid elevation of the prostatic enzyme in androgen-deprived rats.
Since the androgen-stimulated increases in cyclase activity proved to be
sensitive to pretreatment with the B-adrenergig a?tagonist, propranoclol, the
question as to whether the prostatic adenylate cyclase was under the control
of the adrenergic system was further investigated. Although the autonomic
nervous control of +his sex gland appears to be mainly cholinergic in nature
(459}, activation of the adenylate cyclase-cyclic AMP system in many tissues

has .been shown to be closely associated with the stimulation of B-adrenergic

receptors (256,261,375,394,460—462).
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The present study demonstrates the presence of an adenylate cyclase

syétem in the rat ventral prostate gland which is sensitxve to B—adée;egélc

stimulation. Administration of 1soproterenol resulted in rapid elevatlon in

the activity of adenylate cyclase and the endogenous cyclic’ AhP leve%é ‘These

effects were ;ound to be time- and dose-dependent, with maximum ﬁélmulatlon

being seen 5 min after treatment with 1.0 mg/kg dose of the f-adrenergic agonist.

whereas pretreatment with propranolol antagonized the observed isoproterencl—
jnduced alterations, administration of the u-adrenergic.antagéhist, phentolamine,

failed to elicit any appreciable effect. These results are 1n accord “with our

findings that whereas follicle stimulating hormone and interstitial cell

v ~

stimulating hormone weré ineffective in stimulating prostatic adenylate cyclase
of crude homogenate in vitro, addition"of L-epinephrine to the incubation
medium enhanced the activity of the prostatic enzyme. similarly, Zepp and
Thomas (463) hé?e shown that whereas acetylcholine (10—5 M} faileg to alter

the concentration of cyclic AMP in rat prostate gland and seminal vesicles

in vitro, incubation in the presence of isoproterenol (10_5 M) resulted in
significant increases in the endogenous cyclic nucleotide levels of these -
accesso?y tissues.

The presenﬁ study has also shown that increases in prostatic adenylhte
cyclase and cyclic AMP 1evels following isoproterenol administration resulted
in the activation of a soluble cyclic AMP—dependent protein kinase. Changes
in the activ1ty of the prostatic holoenzyme were found to be associated with
a decrease in the total activity of proteln kinase (+cyclic AMP) with concomitant
inc;ease in cyclic AMP-independent enzyme activity. Whereas the protein kinase
activity ratio (- -cAMP/+CAMP) was markedly elevated 5 min following the admin-
istration of isoproterenol (time at which maxlmal stimglation was cbserved

in adenylate cyclase activity and cyclic AMP 1evels), the ability of the enzyme

o bind cyclic (3H) AMP in vitro was significantly reduced. These results are
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in agreement with thé conceét thaf‘activation of protein kinase following . “;
g-adrenergic stimulation may involve conversion of the inactive cyclic.AMP—
depéndent holoenzyme to an active catalytic subunit. Similar.findiﬁgs have
been reported for the effeqts of FSH on seminiferous tubules (464) and of
epinephrine{ ACTH and élucagdﬁ on isolated epididymal-fat pads (308}.

During the past 10 years, investigations of steroid hormone action on its
‘target cells have direcéed much attention the possible interaction wi
various peptide hormones and biogenic amines. The so-called "permissiv
effect of glucocorticoids have been proven essential to the action of a variety
of hormones, especially those-known to act through the adenylate cyclase-cyclic
AMP system. Shafir and Steinberg (465).reported that the injection of
epinephrihe failed to increase plasma free fattj:acid levels in adrenalectomized
rats ﬁnless the animals were subsequently treated with cortisol:i]similar
phenomena have been detected during experiments on the role of cyclic AMP in
glycogen synthesis and degradation, lipolysis, gluconeogenesis, enzyme
induction, catecholamine actions on the cardiovascular system—and stimulation
of urea formation by glucagon (466). The intimate relationship between

glucocorticoids and cyclic AMP has been demonstrated by several workers who

observed that these steroids sensitized a variety of tissu€s to the action of

exogenously administered cyclic AMP (467-471) . Evidence also indicates that
these steroid hormones had no effect on the basal levels of cyclic AMP or
the abilit§ of other hormones to increase the levels of this cyclic nucleo-
tide (467). although interactiop betﬁeen sex steroids and other cellular
regulators in their target cells have also attracted attentioﬁ during the
past years, exactly how these interactions are brought about remains to be
elucidate?yadData from the present ihvestigation have dembnstrated that

while isoproterenol administration significantly stimulated prostatic adenylate

cyclase-cyclic AMP system in orchidectomized as well as normal intact rats,
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prosta£ic adenylate cyclase activity, cyclic AMP levels and their degree of
stimulation by the g-adrenergic agonist in androgen-deprived énimals were

jower than those seen in intact controls. While testosterone replacement
resto;ed the responsiveness of.this enzyme system to B-adrenergic stimulation,
it also s%gnificantly increased both the absolute enzyme agtivity and c}clic
nuclectide ie&els in the presence as well as in tﬁe absence of isoproterenol.
While the Ehysiological significance-of these findings in the overall metabolic
control dé this accessory sex gland awaits further experimentation, it is of
interest that pretreatment of ovariectomized rats with estrogen significantly
increased the sensitivity of both uterine cyclic AMP and phosphorylase activity
toxstimulation by epinephrine. Wwhen the uterus is under estrogenic domination,
epinephrine administered in vivo or in vitro stimulated greater uterine cyélic
AMP formation and phosphorylase activation than it did in uteri from estrogen-
deprived_animals (405) .
| In conclusion, the present investigation demonstrates the existence of

a functionél adenylate cyclase—cfclic AMP system in the rat veéntral prostate.
while androgenic deprivation resultég in marked changes in prostétic adenylate
gyclase activity, éyéiic AMP levels and protein kinase complex, administration
of testosterone or dihydrotestosterone was capable of significantly reversing
these responses. Although the regulation of prostatic cyclic AMP system

also appeared to pe under the influence of B-adrenergic stimulation, the
functional éignificance of this modulation remains to be shown. In order to
stimulate future research inte the molecular mechanisms of action of sex
steréids, a hypothetical model to help visualize the extent of cyclic AﬁP
involvement in androgen action is proposed {Fig. 33 ). This sequence is not
only consistent with the concepts already developed for the action of othér

cyclic AMp—-dependent hormones, put is supplementary to our existing knowledge

of androgen interaction with receptors. Wilson (472) found that testosterone
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FIG. 33

Hypothetical model showing the regulation of the cyclic AMP-adenylate
cyclase-protein kinase system in male gonadal steroid-dependent tissues.
Testosterone enters the cell and is metabolized into dihydrotestosterone,
which then enters the pucleus and probably induces adenylate cyclase.
whereas androgen may be necessary for the maintenance of basal adenylate
cyclase, other effectors such as prolactin (PROLAC) , growth hormone (GH),
prostaglandins (pG), and catecholamines (CA) may be essential for stim-
ulating the enzyme for specific hormonal responses. stimulation of the
‘nuclear adenylate cyclase wmay result in an increase in nuclear cyclic AMP,
which activates histone kinase for the synthesis of new RNA and proteins.
-The more rapid cytoplasmic changes (e.g. those seen in NADH and ATP) might
be related to stimulation of adenylate cyclase associated with the plasma
membrane. '
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_enters prostate_ tissue by diffusion and is then metabolized by Su-redﬁctase

to dihydrotestosterone. Villee (473) also showed that testosterone could be

converted into dihydrotestosterone by isolated nuclei from the prostate glands

of immature or cestrate rats. These authors found that the in vitro stimulation
—

of RNA synthesis by testosterone occurred only when adeguate NADPH was present

to enable 5a-reductase to convert testosterone to dihydrotestosterone. ‘Wilson

(472) demonstrated that the newly formed dlhydrotestosterone binds to a specific

nuclear protein, which somehow initiates the transcription of messenger RNA.
e e

Recent studies indicate that one of the resﬁonses to androgens is the induction -
of target tissue adenylate cyclase activity. This is supported by our findings
that whereas castration decreased adenylate cyclase activity in prostatic
homogenates, testosterone and even more so; dihydrotestosterone caused marked
increases in the enzyme activity which were sensitive to both actinemycin D

and cycloheximide, Moreover, Mangan et al. (246) demonstrated that the
activity of prostatic nuclear adenylate cyclase decreased following gonad-

ectomy, and that testosterone administration was able to reverse this effect

within 1 hr.

Tt is conceivable that androgens may-te necessary for maintenance of basal
adenylate cyclase activity, while other effectors such as prolactin, growth hormone,
prostaglandins, ipd catecholamines’are_secessary for stimulating the enzyme
for speeific hormonal‘tesponses.l Sstimulation of nuclear adenylate cyclase
would result in an increase in nuclear cyclic AMP which may activate a histone
kinase for the induction of RNA and protein synthesis in a manner similar to
' that proposed by Langan for the action of glucagon on the biosynthesis of
hepatic proteins (309,312,331). Reddi gt_g;. (413) demonstrated the
phosphorylation of certain histones of the rat ventral prostate in response

to cyclic AMP, although neither androgenic deprivation nor stimulation exerted

any significant influence on the rates of these protein phosphokinase reactions.
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" However, our present studies as well as those of Ichii et al. (414) have ’

shownlfhat wheg%as castration caused significant elevation in ther activity of
both prostatic cyclic AMP-dependent and cyclic AMP-independent-protein.kinaée,
admlnlstratlon of testosterone to androgen—deprived rats was capéblé of
\\\‘reve sing these effects. Moreover, Ahmed and Ishida (99) reported that the
incorporation of 32P into nuclear phospﬁbproteins from ventral prostates of

orchidectomized rats was greatly reduced when compared with incorporation

into nuclei from orchidectomized rats treated with testosterone or from normal

intact animals.

Our hypothesis is consistent with the data that‘actinomycin D and cyclo-
heximide can block prostate gro&th.as well as the iqduction of several important
\\\\\éhzyméé in response to cyclic AMP (12). It may be emphasized that even though -
adenylate cyclase is present in nuclei of the ventral prostate, a major portion
of the total enzyme activity is associated with cytoplasmic piyticulates (2&6).
. It is possible that thé more rapid cytoplasmic changes, e.g. those seen in
NADH énd ATP after testosterone (92) and which are not blocked by actinomycin D,
might be related to the stimulation of adenylate cyclase pound to the plasma
membrane. This of course, needs to be verified experimentally. However, it
would 5& presumptuous to suggest that all aspects of gonadal action are
rglated to the stimulation of cyclic aMp-adenylate cyclase system in the
prostate gland. For example, Na+ and K+ changes are probably membrane permeability
effects which are not cyclic AMP-mediated, even though androgens have been
shown tolaffect the activity of accessory Sex gland ATPase; Similarly, 65Zn
uptake, which is certainly an androgen-dependent process, is in all probability
a membrane event. Moreover, since the prostate gland constitutes a mlxture
of various target cell populations, it is possible that the actions of these
steroids impllcate.cycllc AMP mediation for only some of the target tissue

responses. The ocbservation that cyclic AMP did not produce the morphologic
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expression in the prostate gland would seem to support this notion (246,274).

.

Nevertheless, recent;ebidence indicates that intraluminax infusions of cyclic
AMP caused morphological changes in the uterus similax to those brought about '
by’ estraﬂioi (475,476). 'In addition, Brandes (ﬁg) demonstrated that cyclic
AMP can a}é%;?dmec the,actlon of_testostegone in the restitution or stimulation

of the st;uéfhral‘compdnents of the seminal vesicular cells. Administ{i:ien
. A

of dibutyryl cyclic AMP produced similar stimulatory effects on the epithelium
{

of the seminal vesicles of immature anidkls, as did testostfrone. While the .

.

rough endoplasmic reticulum was stimulated and the cisternae became more
numerous and dilated foliowing the nucleotide administration, the lumen of the

vesicularx gland also aﬁéeared to be dilated and filled with secretory material

(48) .

Evidence suggest thatlcyclic GMP® may be involved in.piomoting‘cellular
levents that are entagonistic to those mediated througﬁ an elevation of cyclic“
AMP. The concept of *dualism’ between the two cycllc nucleotides, as first
postulated by Goldberyg et al. (477) is supported by observations that the
cellular events induced by agents or conditions which promote cyclic AMP
generatlon are opposed Hy those that are associated with an accumulation of
endogenous cyclic GMP. Kuehl et al. (478) observed a 519n1f1cant elevation
in uterlne cyclic GMP in ovariectomized rats treated with estradicl benzoate

{

{90 min) or dlethylstllbestrol (3 hr). Mo;eover, when endogenous uterine
cyclic GMP and cyclic AMP concentrations were monitored at each stage of the
estrus cycle, cyclic éMP concentrations were found to be highest (while tha®s
of the adencsine nucleotide being lowest) during proestrus when plasma estrogen
levels also were meximal. These results raise the pessibility that an enhanced
cellular accumulation of cyclic GMP may also be involved in the expression of

some of the actions of estrogens on uterine tissue. However, even to date,

there is no evidence in support of this hypothesis for the action of androgens
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orf] the prostaie.,'It‘woéiigtperefore:bg of“intérest to investigate if guaﬂ;late - o
cy 1a;;-cycliq GMP systi in the préstafe is indeed rgsponsive to androgén |

d rivhtion;and fepletioh and if prostatic Eyqlic GMP 1evéis respond differently

from those of c;clié'ﬁuf féllowing various hormonal manipulations.

while the precise relationship between non-gonadotropic hormones and

.

. N ¥ :
cyclic AMP metabolism in the overall control of growth and functidﬁ‘?f

androgen-dependent tissues still .remains to be established, the possibility.

of éynergism pbetween these steroids and compounds such as §rolactin and growth

hormone also needs t6 b? fullylgxplored. Detailed examination of the hoxmone

nsitivity of va;;;ws protein kinases in the cell cytosol and nucleus is

- undo edly necessary. particularly in view of evidence for the presencé of the

.

multiplicity of proéein kinases and bhosphatases in eukaryote cells (4,479).
Although the importance of investigating the synthesis and modification

. .

(phqspho:ylation, acetylation or methylation) of nuclear proteins by enzd%es
located in situ in the nucleus cannot be minimized, emphasis should also be

placed on recognizing the specific substrates for various enzymes involved in

e ﬁgiifisg;ieﬁ of nuclear proteins.
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SUMMARY

-

.
. Although studies on the mode. of action of gonadal steroids in androgen-
dependent cells have occupied the attention of many investigators, oﬁf knowledge
concerning the initial event (s) that could be considered as important triggering
devicéﬁs) to set into motion the maltiferous morphologic and metabolic altexr—
ations in the prostate is incomplete. While cyclic AMP has long been suggested
to act as an intracellular mediator for a variety of hormones and cellular
regulators, evidence that this nucleotide may also be involved in the action
of sex steroids on their target cells has recentl& begun to emerge. In order
to deliniate the involvement of cyclic AMF system in the mechanism(s) of
action of androgens, the infiuence of gndrogenic deprivation and repletion
was investigated on the activities of adenylate cyclase, cyclic aMp-dependent
and —indeﬁendent protein kinases of the rat_ventral prostate.

whereas prostatic adenylate cyclase activity decreased progressively
following orchidectomy attaining 37% of the values found in normal, intact
animals, a single intramuscular dose (5 mg/100 9) of free testosterone to
120 hrucastrate rats effectively restored enzyme activity within'24 hr. An

—

" intravenous injection of this androgen (5 mg/100 q) produced a slight eglevation .//,/

in the activity of the enzyme after 2 hr, and statistically significant

increases were noted by 4 and 8 hr whether expressed on a per mg of tissue
wéight or per prostate basis. In contréﬁt, dihydrotestosterone (5 mg/iOO g,
i.,v.), an active metabolite of testostercne, elicited a significant increase
in enzyme activity within 1 hr and the observed stimulation was maintained
up to 4 hr following the hormoné treatment. The observed rapid response
appeared specific to androgens since estradiol, progesterone and methyl

prednisolone exerted little or no effect on the prostatic enzyme. Moreover,

the testosterone—stimulated increase in adenylate cyclase activity appeared
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specifié for the prostate gland as the enzymé activity in the tﬁQmus, an organ
known to be unresp;nsive to androgenic stimulation, was not significantly
affected by the hormone. These increases in prostatic adenylate cyclase activity
were effectivelx prevented by pretreatment.with actinomycin D and cycloheximide
as well as a P-adrenergic bloc%i2§f9gent, propranolol. Cyprotercne acetate,

a potent anti-androgen, when giv concurr;ntly with testosterone, also

inhibited the observed response of adenylate cyclase to androgen stimulation‘

ié.ii!&: administration of this anti~androgen, by itself, exerted a marked

inhibitory effect on the pfostatic enzyme activity of 120 hr castrgte rats.

Purthermore, whereas NaF and L-epinephrine significantly'stimulated the activity 5
of the prastatic enzyme in vitro, the direct addition of dihydrotestosterone,
testosteroneﬂpropionate or free testosterone (16—6 - 10-'4 M) to ven£ral proétate
homogenates failed to produce any significant response. Althpugh the activity
of prostatic phoséhodiesterase wae slightly depressed 1 hr after an intra-
venous injection of dihydroteétostefone (5 mg/100 g) administration of the

game dose of testosterone to castrate ratg‘produced‘no statistically significant
change in the cyclic AMP metabolizing enzyme.

~ Recent studies on the diverse effects of cyclic AMP has centred around

the ability of this nucleotide to activate a class of enzymes known as protein

kinases. Results of the present jnvestigation also demonstrate that canine
prostaﬁe possesses & cyclic AMP—dependen£ protein kinase which is located
predominantly in the cytosol. The soluble enzyé;, stimulated 2 to 4-fold by
cyclic AMP, was isolated and partially purified. Two peaks, each exhibiting
both cyclic AMP binding and kinase activities, were separated by using diethyl-
aminoethylcellulose chromatography. While the major activity peak (fraction II)
was elﬁted at 0.17 M NaCl, the minox peak (fraction I) was observed at a

lower salt concentration. In the presence of cyclic AMP, maximum g@imulation

of the enzyme (fraction I1) was observed at 7 min during which enzyme activity

]
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was found to be linear with time. The enzyme was maximally stimulated (4-fold)

by micromolar concentratlon of cyclic AMP although half maximal activation
of the enzyme was observed in presence of 5 x 10 -8 M concentiation of the
cyclic nucleotidé. Equilibrium studies at pH 5.0 indicated the presence of
one major clﬁss of binding site for cyclic AMP, and the association constant
of this nucleotide to the enzyme was approximately 108 M-l. The stimulation
of canine prostate proteln kinase was also observed with the 3 ,5'-monophosphate
derivatives of cytidine, inosine, guanosine and uridine as well as with
dibutyryl 3',5'-adenosine monophosphate, but highex concentrations of these
cyclic nucleotides were required to provide the same degree of activation as
that seen with cyclic AMP. In comparing the ability of a-casein protamine,
and various histone subfractions to serve as the substrate for protein kinase,
highest cyclic RAMP stimulation was demonstrated with histones. although maximum
velocity of the enzyme was enhanced approx1mately 5-fold in presence of cyclic
AMP, kinetic studles indicated that the apparent ¥m for histone (0.5 mg per ml}
remained the same whether determined in presence or absence of the cyclic
nucleotide. In addition, © cyclic AME: dld not sxgnlflcantly change the apparent
¥m for ATP (1.2 x 10-5 M) although it caused a 3-fold increase in the maximal
velocity of the enzyme. The purified enzyme was found to have an. absclute
requirement for divalent metal ion. Substitutigﬁ of M;Q+ for Mg2+ decreased

A
basal proteln kinase activity as well as the stimulation noted with cyclic
AMP. Simiiarly, the'basal activity was lowered when M92 was replaced by
Ca2+ and cyclic AMP produced only little stimulation of the prostatic enzyme.

- androgenic deprivation and regletion'resultéd in marked alterations in
Eytosoiic and particulate protein kinase activities and cyclic aMp-binding
capacity of the rat ventral prostate. Whereas orchidectomy for 7 days exhibited
significant enhancement in the specific activity of cytosolic cyclic AMP-

dependent and independent protein kinases as well as cyclic AMP-binding
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protein, administration of testosterone (5.0- mg/100 g, i.Mm., 5 days) exerted .
‘1jttle or no effect in reversing‘these responses. In contrast, when expresseé
as total enzyme activity pexr prostate, castration led to marked decreases in
protein kinase activity assayed in the preéence and absence of the cyclic nucleo-=
tide. Likewise, the ecyclic AMP—blndlng capacity of the soluble enzyme wWas
depressed following androgenic deprivation. Although testoster¢ne treatment
for 3 days significantly reveréed these effects, complete restoration was not
achieved even after 5 days of androgen replacement therapy. Moreover, while
exogenous cyclic AMP had no effect on protein kinase activity from crude nuclear
preparations, the phosphorylation of endogenous nuclear substrates was
dependent on the;androgenic'status of the animals. Whereas the castration produced
decreases in the spec{;;; and total activity of prostatic particulate protein
kinase as well as the eyclic AMP-binding protein, testpsterone replenishment
was effective in abolishing these alterations seen in’ orchldectomlzed rats.

Daily injectlon of gyproterone acetate (1.25 mg/100 g/day., s.c.) to mature
rats resulted in marked impairment of the weight gain of wvarious male seX
accessory glands as well as significant alterations in cyclic AMP metabolism

‘of the ventral prostate. pProgressive decreases in the organ weights of the

seminal ve51cles, coagulating gland and ventral prostate were noted during

daily administration of the anti-androgen. Likewise, prostatic adenylate

c§c1ase act1v1ty was decreased ‘during the anti-androgen treatment regardless
of whether enzyme act1v1ty was expressed on a per mg tissue or a total organ

weight basis. Although discont;nuation‘bf~€yproterone acetate treatment

significantly increased weight gain of these accessory sex glands as well as

2
the activity of prostatic adenylate cyclase, normal levels were not achieved
even after 10 days. In contrast, concurrgnt admlnlstratlon of testosterone

(5 mg/100 g/day, s.c.) with the anti-androgen not only effectively antagonized

rhese effects of cyproterone acetate, but significéntly stimulated prostatic
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kel

adenylate cyclase as well as weight gain in these sex.glands. As in the case
of adenylate cyclase, cyproterone acetate treatment also decreased the cyclic
AMP content of the prostafe gland. It is of interest that normal values
could be attained after subsequént withdrawal of the anti-androgen treatment
for 10 days or simultanéous administration of testosterone during cyproterone
acetate therapy. .

Treatment with cyproterone acetate also resulted in marked alterations
in soluble cyclic AMp-dependent and indepenaent protein kinase activities and
cyclic AMP-binding capacity of the ventral prostate. whereas the specific
activity of the soluble enzyme assayed in both the absence or presence of
cyclic AMP increased progressively with the duration of the anti-androgen
treatment, the total activity of the enzyme as expressed on a per organ weight
basis was markedly lowered. Similarly, while the ability of the soluble
enzyme to bind (3H)-cyclic AMP in vitro was significantly enhanced when
expressed on a per unit protein basis, a marked decrease was observed in the total
cyclic AMP binding capacity of the prostate during cyproterone acetate treatment.
Although protein kinase activity ratio was also lowered durxing the first 3
days of‘cyproterone acetate administration, this response was not appareht

when the anti-androgen was given for 5 or 10 days. Moreover, administration

of cyprotercone acetate significantly jowered protein kinase activity (as
indicated by a marked decrease in the incorporation of 32P from (Y—32P) ATP
into endogenous nuclear substrates as well as the cyclic AMP binding capacity
in crude nuclear preparation from tﬁe rat ventral prostate regardless of

the basis of expregsion used. However, these enzymatic responses were normal-
ized with cessation éf t+he anti-androgen treatment or concurrent administration
of testostercone. Studies on the protein kinase activity ratio of the nuclear
preparation demonstrated a lack of dependence of this particulate enzyme on

cyclic AMP (ratio being close to unity) as well as an insensitivity of this
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parameter to cyprotgrone acetate treatment,

Administration of isoproterenol (1 ﬁé/kg, i.p.) resulted in rapid elev-
ation of adenylate cyclase activity and cyclic AMP levels in the.vent¥al
prostate of normal mature rats. The observed isoproterenol—stimulated changes
in cyclic AMP metabolism were time-dependent and maximal stimulation was seen

5 min after treatment with this f-adrenergic agonist. The increases in
prostatic adenylatg cyclase and cyclic AMP‘;lso were related to the dose of
isoproterenol administered and maximal enhancement of these parameters was seen
with 1 mg/kg dose of the agonist. Whereas pretreatment of rats with propranolol
(3 mg/kg, i-p.) partially reversed these alterations, administration of an
u;adrenergic antagonist, phentolamine, even at a dose of 5 mg/Kg, failed to
elicit any appreciable effect. Although isoproterenol treatment also stimulated
prostatic adenylate cyclase—cyclic AMP system in orchidectomized rats, adenylate
cyclase activity, cyclic AMP levels as well as their percent stimulation by
the B-adrenergic agonist was lower than that seen for intact controls. Test-
osterone replacement not only restored the {esponsiveness of this enzyme

- %
system to g-adrenergic stimulation, but significantly increased both enzyme
activitf and cyclic nucleotide levels in the presence as well as in the
absence of isoproterenol treatment. Furthermore, changes in the activity of
the prostatic soluble protein kinase following isoproterencl stimulation were
associated with a decrease in the total activity %F protein kinase (+CRAMP)}
with concomitant increase in the cycli"AMP ,eﬁéndent enzyme. Whexeas
the ability of the enzyme to bind (3H) clic AMP in vitro was decreased
following isoproterenol treatment, the protein kinase activity ratio was
significantly elevated. although propranolol alone had little or no effect
on these parametexrs. it inhibited partially the isoproterenol—induced alter-

ations in cyclic AMP-dependent protein kinase and the cyclic RMP pinding capacity.

Treatment with propranolol also blocked the increases in the kinase activity
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ratio gnd in ﬁhe activity ‘of cyclic AMP-independent enzyme seen with iso-
proteféhol. Tﬁe present investigatioﬁ lends support to the hypothesis that
changes in the cyclic AMP-adenylate'cyclase—protein kinase system play an
important role in the overall mechanism(s) by which male sex steroids exert
their diverse anabolic effects on the rat ventral prostaée. Our results also
suggest directions along which future wéik may be carried out concerning

the role of cyclic nucleotides and nuclear protein pbosphorylation in the

androgenic control of this hormone-dependent organ.
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" ABSTRACT

_WhEreas prostatic'adenflate cyclase activity decreased progressively
following orchidecthy, a single intramuscular dsse (5 mg/100 g) of free test-
osterone to 120 hx castrate rats effectively restored enzyme activity within
24 hr. While intravenous administration of this androgen {5 mg/100 g) produced
a slight elevation in the activity of the enzyme after 2 hr, statistically sig-
nificant increases were noted b& 4 and 8 hr. In éontrast, dihydrotestosterone
{5 mg/100 g, i.v.), the active metabolite of testosterone, elicited a signif-
jcant increase in enzyme activity witﬁin 1 hr and the observed stimulation was
maintained up to 4 hr following the hormone treatment. The observgd rapid.
response appeareé specific to androgens since estradiol, progesterone and methyl
prednisolone exerted little or no effect on the prostatic enzyme. Moreover,
the teétosteronewstimulated increase in adenylate cyclase activity ‘was specific
for the prostate gléﬁd as the enzyme agtivity from the thymus, an organ known
to be unresponsive to androgenic stimulation, was not significantly affected
by the horxrmone treatment. Cyproterone acetate,” a potenﬁ anti-androgen, when
given concurrently with testosterone, inhibited.the observed response of
adenylate cycla%e to androgen stimulation EE.EEXE:. Although the activity of
prostatic phosphodiesterase was slightly depressed 1 hr after an intravenous
injection of dihydrotegtosterone (5 mg/100 gl ., adminisiration of the same dose
of testosterone to castrate rats produced no significant change in the eyclic
AMP-metabolizing enzyme.

Canine prostate possesses a cyclic AMP-dependent prétein kinase which is
located predominantly in Ehe cytosol. The enzyme was maximally stimulated
(4-fold) by micromolar concentration of cyciic AMP, althouéh half maximal

: ! - . -8 .
activation of the enzyme was observed in presence of 5 x 10 M concentration

of the cyclic nucleotide. Equilibrium studies at pH 5.0 indicated the presence

»
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of one major clasg,ﬁf binding site for cyclic AMP and the association constant
of this nucleotide to the enzyme was approximately :u.oB M 1. The stimulation
of canine prostate Qrotein kinase was alsc observed with the 3',5'-monophosphate
derivativés of cytid;ne, inosine, guanosine and uridlne as well as w1th
-dibutyryl 3',5'-adenosine monophosphate, but higher goncentratlons of these
cyclic nucleotides were required to provide the same degree of activation as

v
that seen with cyclic AMP. 1In comparing the ability of a-casein, protamine and
v§rious histone subfractions to serve as the substrate for protein kinase,
highest cyclic AMP stimulation was demonstrated ;;th histones. Although maximum
velocity of the enzyme was tnhanced approximatelyts—fold in presence of cyclic’
AMP, kinetic studies jndicated that the apparent Km for histone (0.5 mg per ml)
remained the same whether determined in presence Or absence of the cyclic
nucleotide. In addition, cyclic AMP.did not significantly change the apparent
gkm for ATP, (1.2 x lO-SM) although it caused a 3-fold increase in the maximal
velocity. of the enzyme. The purifled enzyme was found to have an absolute
requirement for divalent metal ion. Substitution of Mn2+ for M92 decreased
basal protein kinase activity as well as the stimulation noted with cyclic
AMP. Similarly. the basal activity was lowered when Hg2+ was replaceé by Ca2+
and cyclic AMP produced only littie stimulation of the prostatic enzyme.

-

Androgenic deprivation and repletion rgsulted in marked alterations in

b

cytosolic and particulate protein kinase activities and cyclic AMP-binding
capatity of the rat ventral prostate. Whereas orchidectomy for 7 days exhibited
significant enhancement in the specific activity of cytosolic cyclic RMP-
dependent and -independent protein kinases as well as cyclic AMP—bind;ng
prote1n, administration of testosterone (5.0 mg/100 g, i.m., 5 days) exerted

. 1ittle or no effect in reversing these responses. In contrast, when expressed

as total enzyme activity pé& prostate, © stratlon ljed to marked decreases in

protein kinase activity assafgﬁ'in the presence and absence of the cyclic
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nucleotide. Likewise, the cyclic . -binding capacity of the scoluble enzyme

was depressed following'androgenic deprivation. Although testosterone treat-

ment for 3 days significantly reversed these effects, complete restoration was

not achieved even aﬁter 5 days of landrogen replacement therapy. Horeover, while

exogenous cycllc AMP had no effeot on protein kinase activity from crude nuolear
preparations, the phosphorylataonlof endogenous nuclear substrates was
dependent on androgenlc status of the animals.
Daily Lnjectlon ‘of cyproterone acetate {(1.25 mg/100 g/day. s.t.) to mature
rats resulted in marked impairment of the weight gain of various male sex
accessory glands and produced significant alteratlons in cyclic 2MP metabolism
of the ventral prostate. Prostatic adenylate cyclase actlv;ty was markedly
decreased during the anti—androgen treatment, regardless © whether enzyme
activity was expressed on a per mg tissue or a total o 3 neight basis.
Although discontinuation of cyproterone acetate treaﬁhent significantly lncreased
weight gain of these accessory sex glands as well as the activity of prostatic
adenylate cyolase, normal leveis were.not achieved even after 10 days. In
Fﬂfgzntrast, concurrent administration of testosterone {5 mg/100 g/day, 5.c.)
during anti-androgen treatment not only effectively antagonized these effects
of cyproterone acetate, but significantly stimalated prostatic adanylate
cyclase as well as weight gain in these seX glands. Treatment with cyproterone
aoetate also resulted in marked alteratiens in soluble cyclic aMp~dependent
and -independent protein kinase act1v1ties and-cyclic AMP-binding capacity
of the ventral prostate. whereas the specific activity of the soluble enzyme
assayed in both the absence oI presence of cyclic AMP as well as its specific
'cpclic nucleoctide binding capacity increased progressively with the duration
of the antl-androgen treatment, the total activity of the enzyme as expressed
on a per organ welght pasis was markedly 1owered. Moreover, administration

of cyproterone acetate 51gn1flcantly lowered protein kinase activity (as

-
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indicated by a marked decrease in the inco Hration‘of 32? from (Y;32P}—ATP

into endogenous nuclear substrates) as well as

-

he cyclic AMP binding capacity

.in crude nuclear preparation from the rat ventral prostate regardless of ‘the
basis of expression used. AS seen with adenylate cyclase, these enzymatic

responses were normalized with cessation of the aé\i—androgen treatment or

v

concurrent administration of testosterone. X

c ) Administration of isopzoterenol (1.-mg/kg, i.él; resulted in rapid,elevapion
of adenylate cyclase activity and cyclic AMP 1evels in the ve tral prostate of .
normal mature rats. The observed lsoproterenol—stlmulated chariges in cyclxc

AMP metabolism were time- and dose-dependent with maximal stimu ation being seen
at 5 min after the 1 mg/kg dose of the ﬁ-adreneigic agonist. Whereas pretreatment
of rats with propranolol (3 mg/kg, i.p.i partially reversed these alterations,
administration of an a-adrenergic antagonist, phentolamine, even at a dose of

5 mg/kg, failed to elicit any appreciable effect. Although isoproterenol als;
stimulated prostatic cyclic AMP system in orchldectomlzed rats, adenylate cyclase
activity, cyclic AMP levels as well as their percent stimulation by the
g-adrenexgic agonist were lower than that of the intact controls. Te5£oste;oné
replacement nqﬁ only restored the responsiveness of thls enzyme system to
g-adrenexgic stimulation, but significantly lncreased both enzyme agtivity and -
cyclic nucleotide levels in the presence as well as in the absence of isopro-
terenol treatment. Furthermore, changes in prostatic soluﬁlg protein kinase
after isoproterencl stimulation was associated with a decrease in the total
activity of protein kinase (+CAMP) with a concomitant increase in the activity

of the nucleotide-independent enzyme. Whereas the ability of the enzyme

to bind ( H)vcycllc AMP ln v1tro was decreased following Lsoproterenol treatment,
the protein kinase activity ratio was significantly_elevated, although

propranolol alone had little or no effect on these parameters, it significantly

inhibited the isoproterenol—induced alterations in cyclic aMp-dependent and




.. . 253

~independent protein kinases, kinase activity ratio and the cyclic'AMP binding

capacity. Data from the ‘present investigation~sﬁpport the concept that

changeé in cyclic AMP-adenylate cyclase-protein kinase system play an important

role in the overall mechanism(s) by which male sex steroids exert their

diverse anabolic effect

s on the ventral prostate.
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- Addendum

1. Re: Measurement of Adenylate Cyclaée Activity (page B84) L

wIn preliminary“experimenté carrigd out to study the effect of orchidectomy
and testosterone replacemenE on prostatic adenylate cyclase, enzyme activity
was expressed on per mg tissue, per prostate as well as per mg protein basis. ”
since the responsiveness of the prostetic enzyme to androgenié deprivation

and repletion was similar and independent of the pasis of the expression of

the enzyme used, activity of the enzyme reported in this thesis was thus

expressed on a per hg tissue and per prostate basis.

2. Re: Beta-Adrenergic stimulation of prostatic Adenylate Cyclase—Cyclic AMP
System (page 193) .

while results from this investigation demonstrate the presence of a
fﬁnctional adenylate cyclase—cyclic AMP system in the rat ventral prostate
which is responsive to androgenic steroids, thé question has been—rai;ed as
té whether éhisnresponse observed following ig_gigg.administration of the
hormone was a direct effect of the andrégens or a secondary response as a
result of synthesis and release of catecholamine by the hormones- Although
-increasé in prostatic édénylate cyclase activity following androgenic
stimulation was effectivély blocked by a g-adrenergic antagonist, propranolol,
the possibility exists that the observed effect of propranolol may be non-
specific and independent of its g-adrenexgic receptor blocking activity.
pissociation of.this androgenic response from the adrenergic effects on
the-prdstatic adenylate cyclase was evident from the observation {(page 148)
that whereas orghidectomy resulted in a marked decrease in the activity of the“
prostatic enzyme (from 4.89 to 2.83 pmoles cAMP formed/min/mg tissue),
administration of-isoproterenol (1 mg/Kg. i.p.) failed to stimulate adenylate

cyclase‘activity to the levels observed in the intact, isoproterenol—treated

controls (10.79 pmoles CAMP formed/min/mg tissue). Further experiments



-255- | <t

- ' ' :
are needed in brder to delineate, with certainty, the extent to which

biogenic amines may play in the androgen regulation of adenylate cyclase-

cyclic AMP system in the prostate gland.

3. Re: Dosage of Testosterone Used to Study Effect of Cyproterone Acetate On
Prostatic Cyclic AMP Tevels (page 161) . .

while testosterone at a dose of 5 mg/100 g/day failed to increase
prostatic cyc}ic AMP levels when concomitaht;y adminisﬁered with cyproterone
écet;te, the possibility exists that a different response may bg aéhieved
if higher‘doses of the andrééen were administered to reverse the effects of

+he antiandrogen.

. s g, . .-
4. Re: In Vitro Effects of High concentration of FSH and ICSH on Prostatic
‘padenylate Cyclase (page 114) !

Although FSH and ICSH, at a concentration of 400 ug/ml, significantly

decreased the activity of prostatic 5depy;ateﬁcycl§se}ig.vitro, these

v

differences were only marginal and mag:have questionablggphysiological

significance.





