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ABSTRACT

The Effects of Castration on Relaxation of Rat Corpus Cavernosum

Smooth Muscle In Vitro

John F. Alcorn Jr.
Master of Science

Youngstown State University

Purpose : This study was conducted to investigate the role of testosterone
in regulating the relaxation of isolated rat corpus cavernosum strips in
vitro.

Materials and Methods : Male rats were divided into treatment groups of
intact, castrate, and castrate with testosterone replacement. Norepinephrine
was added to contract each of the tissue strips. Next, sodium nitroprusside,
experiment I, or 8-bromo-cGMP, experiment II, was added to relax the
cavernosum tissue. Percent relaxations were recorded for each treatment
group at each dose level.

Results : Sodium nitroprusside was added to the norepinephrine
contracted tissues in doses of 104 and 10_3 M. In this experiment,

castration significantly reduced tissue responsiveness to sodium
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nitroprusside and testosterone replacement restored the response to intact
levels. In the second experiment 8-bromo-cGMP was added to the
norepinephrine contracted tissues in doses of 10-5 and 104 M. 8-bromo-
cGMP 104 M was significantly less effective in relaxing tissue from
castrate animals as compared to intact controls. Again, testosterone
treatment restored the response to intact levels.

Conclusions : Our results show a clear role of testosterone in regulating
the ability of corpus cavernosum tissue to relax when treated with sodium
nitroprusside or 8-bromo-cGMP in vitro. In addition, the data suggests that
testosterone regulates sites distal to the formation of cGMP in this smooth

muscle relaxation pathway.
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Introduction

Impotence is a common disease observed worldwide among men.
This disorder affects nearly 10 million men in the United Sates alone
(Ignarro, 1992). Impotence has also been demonstrated to be age dependent,
increasing in frequency in the elderly. The incidence of the disease increases
from 2% in men age 40 to 25% in men age 65 (Ignarro, 1992) and to 80% 1n
men age 80 (DePalma, 1996). The failure to develop tumescence has been
linked to several physiologic mechanisms. Changes in arterial blood supply,
venous resistance, and smooth muscle relaxation have all been implicated in
the onset of physiologic impotence (Lue & Tanagho, 1987). Generally
impotence occurs when these mechanisms are modified due to loss of blood
flow into the corpora, a failure to develop venous occlusion to prevent blood
efflux, and a lack of smooth muscle cell function. Decreased blood flow has
been shown to be the most common cause of impotence in men, whereas
endocrine associated impotence contributes only 3-4% of reported cases
(DePalma, 1996).

Many pharmacological treatments have been developed in order to
restore erectile function. Early treatments favored corporal vascularization
surgeries (DePalma, 1996). More recently both topical and injectable drugs
have been shown to be effective in producing tumescence in man and animal
trials (review in Lue & Tanagho, 1987). Vasoactive drugs such as
phentolamine and papaverine have been used commonly in human trials to
treat impotence (Lue & Tanagho, 1987). However, difficulty in direct penile
injection of these chemicals in man has led to the development of topical
treatments. Topical agents such as stearyl - vasoactive intestinal polypeptide,

a fat-soluble analogue of vasoactive intestinal polypeptide, have been shown
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to increase sexual activity in rats (Gozes & Fridkin, 1992). In addition, oral
drugs such as the a—adrenergic blockers isoxsuprine hydrochloride and
yohimbine hydrochloride have been effective (DePalma, 1996). More
recently, the phosphodiesterase inhibitor sildenafil, brand name viagra, has
been used successfully to restore erectile function (Goldstein ef al., 1998). In
many cases over the last twenty years, penile implants have been used to
treat erectile dysfunction. Over 250,000 men have received prostheses of
some variety, however only 71% are satisfied with the device (DePalma,
1996).

Unfortunately, our lack of complete understanding of the physiologic
mechanisms involved in erection has limited treatment effectiveness. In
addition the origin of erection in humans is not well defined. There is still
great debate over the difference between psychogenic erection, those
resulting from sensory input to the cortex, and reflexogenic erection , those
resulting from direct genital stimulation (Sachs, 1995). Furthermore, the
biochemical pathways involved remain unclear. To begin to study the
physiology behind tumescence, a thorough review of penile anatomy 1s
necessary.

The erectile portion of the penis consists of the corpus spongiosum,
which lies medially in the penis and contains the urethra, and the corpus
cavernosum, a pair of two tissue bodies each lying lateral to the corpus
spongiosum. The erectile bodies consist of primarily smooth muscle
arranged among cavernous spaces by connective tissue. Each group of
erectile tissue is linked with striated muscles. The bulbocavernosus attaches
to the penile bulb at the end of the corpus spongiosum, while the
ischiocavernosus is continuous with the corpus cavernosum (de Groat &

Booth, 1991). These erectile bodies along with their associated skeletal
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muscles play a key role in erectile function and impotence.

The corpora of the penis are surrounded by the fibrous tunica
albuginea. This has been shown in man to be a bilayered structure consisting
of elastic and collagen fibers (Brock et al., 1997). The tunica runs
continuous with the vas deferens and testes. The intact tunica is necessary
for proper corporal filling with blood. Penile blood flow is supplied through
penile arteries, which enter the corpora and branch into numerous helical
arteries. Venous drainage occurs through several deep veins entering the
central penile vein (de Groat & Booth, 1991). In the rat, these cavernous
veins form parallel channels along the base of the penis (Mills et al., 1996).
The vasculature and tunica are each associated directly with the
development of tumescence. At the onset of erection, blood fills the corpora,
expanding them against the tough tunica providing the venous occlusion
required for erection (Mills et al., 1996).

The penile tissue is innervated directly by peripheral neurons of the
major pelvic ganglion. In man, the perineal and dorsal penile nerves,
branches of the pudendal nerve directly innervate the cavernous tissue.
These fibers contain both cholinergic and adrenergic neurons, as well as
non-adrenergic non-cholinergic neurons (de Groat, 1993). In the rat, the
major nerve innervating the penis has been termed the cavernous nerve
(Quinlan et al., 1989). Development of tumescence is directly controlled by
the nervous system through these innervating neurons.

Rats have been commonly used in the study of penile erection due to
reproducibility of the erectile response and low cost (Quinlan et al., 1989).
In addition, the rat model is particularly useful due to the lack of adrenal
gland androgen production (Mills et al., 1996). One week after castration,

levels of dehydroepiandrosterone, dihydrotestosterone, and testosterone are
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undetectable. This is quite different from the human model, in which the
adrenal cortex produces adequate androgen quantities to maintain erection
(Mills et al., 1996). Both canine and rabbit models have also been
commonly used with various amounts of similarity in results to that in the rat
and human.

Each of the aforementioned anatomical components plays a key role
in the erectile process, and therefore, are vital to the physiologic pathways
that lead to tumescence. At the onset of erection, increased arterial blood
inflow into the penile corpora is observed (Newman & Northup, 1981). This
influx of blood into the cavernous spaces and subsequent smooth muscle
relaxation leads to the swelling of the penile tissue causing erection. In
addition, the inflow of blood is accompanied by venous occlusion to prevent
blood efflux. In the canine, both intrinsic and extrinsic penile occlusion
mechanisms exist (Matsuzaka et al., 1996). Poor venous occlusion has been
implicated in the majority of physiologic erectile dysfunction (Lugg ef al.,
1995a). The striated muscles of the penis have been shown to exert a role in
controlling intensity of erection and ejaculation in the rat (Sachs, 1982).
Excision of these muscles results in infertility in the rat. Absence of the
ischiocavernosus led to a lack of penile dorsiflexion needed for intromission,
and absence of the bulbiocavernosus led to the loss of intense erection
(Sachs, 1982).

Neural control of penile tone is carried out through adrenergic
neurons. Smooth muscle contraction during detumescence is mediated via
adrenergic fibers in the penis. Norepinephrine has been shown to contract
corpus cavernosum smooth muscle in vitro in the rat (Dail et al., 1987).
During periods of penile flaccidity, norepinephrine release from adrenergic

neurons predominates. The contractile process has been shown to be
5



mediated by binding of a-adrenergic receptors and is blocked by the a-
adrenoreceptor antagonist phentolamine (Dail et al., 1987). This adrenergic
activity is regulated by cholinergic neurons in the penis. Acetylcholine
release has been shown to decrease norepinephrine release through binding
of prejunctional muscarinic receptors (Saenz de Tejada ef al., 1989). In
addition, the nonadrenergic non-cholinergic neurotransmitter vasoactive
intestinal polypeptide does not appear to regulate the adrenergic nerves
(Saenz de Tejada et al., 1989). Besides norepinephrine, several other
chemicals may modulate penile tone, such as prostanoids, endothelins,
neuropeptide Y, and arginine vasopressin (review in Andersson &
Holmquist, 1994).

Neurologic control of the erectile process appears to be mediated
primarily through relaxation of the cavernous smooth muscle by stimulation
from non-adrenergic non-cholinergic neurons (review in Lugg et al., 1995a).
The primary neurotransmitter involved has been identified as nitric oxide,
previously known as endothelium derived relaxing factor (Ignarro, 1992). In
addition, many other neurotransmitters have been related to the erectile
process, however their roles remain less clear (Burnett, 1995). These
chemicals include vasoactive intestinal polypeptide and related peptides,
calcitonin gene-related peptide, prostaglandin, and adenosine triphosphate
(review in Andersson & Holmquist, 1994). Calcitonin gene-related peptide
has a direct effect on cavernous tissue through interaction with nitric oxide
(Lugg et al., 1995a). Furthermore, additional transmitters such as substance
P and histamine have been shown to have both relaxant and contractile
effects on cavernous tissue (review in Andersson & Holmquist, 1994). Nitric
oxide has been demonstrated as the mediator of corpus cavernosum

relaxation in man (Rajfer et al., 1992; Kim ef al., 1991), dog (Trigo-Rocha
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et al., 1993a), rat (Ignarro, 1992), and rabbit (Trigo-Rocha et al., 1993D).
Nitric oxide is produced by the enzyme nitric oxide synthase. Application of
N-monomethyl-L-arginine or N-nitro-L-arginine, nitric oxide synthase
inhibitors, obliterates the nitric oxide induced relaxation (Kim et al., 1991)
and (Burnett, 1995). Whether the nitric oxide synthase is restricted to the
nerve terminals or located in the cavernosum smooth muscle has yet to be
determined.

Due to the uncertainty of the location of nitric oxide synthase, the role
of an intact endothelium has come into question. Direct stimulation of
vascular smooth muscle relaxation by nitric oxide does not appear to be
endothelium dependent (Liu et al., 1992). However, in rabbit cavernosum
tissue, erectile response to electric field stimulation is impaired by
endothelium denudation (Kim ef al., 1994). In addition, non-adrenergic non-
cholinergic stimulation is inhibited by endothelium removal (Liu et al.,
1992). In contrast, the relaxant effects of cholinergic neurons are well known
to be endothelium dependent. The effects of acetylcholine are greatly
inhibited by endothelium denudation in man (Kim et al., 1991) and canine
(Trigo-Rocha et al., 1993b). Although, the response to electrical field
stimulation was less inhibited by endothelium removal (Trigo-Rocha et al.,
1993b) reinforcing the fact that nitric oxide is the primary neurotransmitter
involved. Nonetheless, the endothelium appears to play a role in penile
erection, particularly in mediating the effects of acetylcholine.

As was previously mentioned, acetylcholine has been shown to
decrease adrenergic tone in the penis. This effect along with others leads to a
clear role for acetylcholine in the erectile process. Direct application of
acetylcholine has produced mixed results. In the rat (Dail ez al., 1987), rabbit

(Seftel et al., 1996), and canine (Yeh et al., 1994) direct addition of
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acetylcholine has led to corpus cavernosum smooth muscle relaxation.
However, it has not resulted in production of full erection in vivo (Suh et al.,
1995). The mechanism by which acetylcholine relaxes the corpora is
mediated by nitric oxide production. Addition of N-monomethyl-L-arginine
blocks the acetylcholine-induced relaxation (Seftel et al., 1996). The nitric
oxide synthase responsible for producing nitric oxide may be located in the
endothelium leading to its dependence in this response. Acetylcholine also
appears to modulate the effects of other relaxing neurotransmitters in the
penis. For example, addition of acetylcholine and vasoactive intestinal
polypeptide acted synergistically in relaxing canine corpus cavernosum
(Takahashi et al., 1992).

Despite the debate over which neurotransmitter is most vital, a key
step in the erectile process is activation of nitric oxide synthase to produce
nitric oxide. There are three isoforms of nitric oxide, neuronal constitutive
form, endothelial constitutive form, and a cytokine inducible form (Marletta,
1995). A majority of the neurons in the major pelvic ganglion have been
shown to contain neuronal nitric oxide synthase (Keast, 1992) and (Ding et
al., 1995). In addition, these same neurons contain vasoactive intestinal
polypeptide and acetylcholine (Keast, 1992). It appears that the source of
most nitric oxide in the penis is neural. Nitric oxide also appears to mediate
erectile function by acting in the central nervous system. Application of
nitric oxide synthase inhibitors in rat brain areas responsible for erection
inhibit the erectile response (Melis et al., 1995). It is also known that
dopamine, oxytocin, and serotonin modulate the erectile response and sexual
behavior through actions in the paraventricular nucleus and preoptic area of
the rat hypothalamus (Melis et al., 1995; Sachs, 1995). However, any

connection between nitric oxide and these classical transmitters is yet to be
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determined.

Nitric oxide synthase catalyzes the conversion of L-arginine to L-
citrulline and nitric oxide. This is a calcium/calmodulin dependent pathway
(Marletta, 1995). The mechanism by which this enzyme is activated is
unclear. It has been demonstrated in dispersed smooth muscle cells that
vasoactive intestinal polypeptide activates nitric oxide synthase by binding a
receptor-bound G protein (Murthy et al., 1994). However, the activation
process has not been described in the corpus cavernosum. Nitric oxide
synthase activity has been shown to be androgen dependent 1n rat corpus
cavernosum (Penson et al., 1996). In addition, aged rats show decreased
nitric oxide synthase activity leading to erectile dysfunction (Garban et a/.,
1995).

Vasoactive intestinal polypeptide is a key neurotransmitter implicated
in activation of nitric oxide in the penis, although the precise role is unclear.
Vasoactive intestinal polypeptide belongs to a family of peptides from the
same precursor molecule. This family includes peptide histidine methionine
and pituitary adenylate cyclase activating polypeptide (Kirkeby et al., 1992;
Absood et al. 1992). Each of these related peptides has relaxant effects on
cavernous tissue. Addition of vasoactive intestinal polypeptide to human
(Kirkeby et al., 1992) and rabbit (Kim ef al., 1995) corpus cavernosum
causes relaxation in a dose dependent manner in vitro. However, in vivo
studies have shown that vasoactive intestinal polypeptide causes only partial
erection in the rat (Suh ef al., 1995) and dog (Yeh et al., 1994). The function
of this neurotransmitter and its related peptides have yet to be determined in
the corpus cavernosum.

Vasoactive intestinal polypeptide is known to increase cAMP levels in

vascular smooth muscle (Absood et al., 1992) and cavernosum smooth
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muscle (Hedlund et al., 1995). However, increases in cAMP have not been
related to the erectile process. This casts doubt on a primary role for this
transmitter in erection. In addition, the use of nitric oxide synthase inhibitors
did not affect vasoactive intestinal polypeptide induced relaxations in human
corpus cavernosum in vitro while they significantly inhibited neurogenic
relaxation (Pickard et al., 1993). Also, in tissue made unresponsive to
vasoactive intestinal polypeptide by repeated exposure, the relaxation
response of cavernous smooth muscle to nerve stimulation did not differ
from control (Hayashida et al., 1996). It appears that although vasoactive
intestinal polypeptide has some effect in the process of tumescence, its role
is independent of the nitric oxide activation step in the primary pathway.
Vasoactive intestinal polypeptide, along with acetylcholine, has accessory
roles in erection to the primary action of nitric oxide.

Nitric oxide and vasoactive intestinal polypeptide do appear to
interact in smooth muscle. As mentioned earlier, these two neurotransmitters
are coexpressed in the nerve terminals of neurons in the major pelvic
ganglion innervating the penis. Stimulation of the vagus nerve stimulates
release of both nitric oxide and vasoactive intestinal polypeptide (Takahashi
& Owyang, 1995). In addition, in non-adrenergic non-cholinergic neurons
regulating gastric smooth muscle relaxation nitric oxide enhances the release
of vasoactive intestinal polypeptide (Grider ef al.,, 1992). Any interaction
between these two neurotransmitters in corpus cavernosum has yet to be
demonstrated. However, in dispersed and gastric smooth muscle cells,
vasoactive intestinal polypeptide stimulates nitric oxide production.
Therefore, it appears that direct nitric oxide release from non-adrenergic
non-cholinergic neurons is the primary effector in the erectile response

pathway.
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Nitric oxide has been clearly demonstrated as the key neurotransmitter
in stimulation of tumescence. Nitric oxide synthase inhibitors reduce the
relaxation response in cavernosum smooth muscle in response to electrical
field stimulation (Rajfer ef al., 1992). In addition, nitric oxide donors, such
as sodium nitroprusside, nitroglycerine, and 3-morpholinosydnonimin, have
been shown to relax cavernous tissue in vitro in the rat (Argiolas, 1994) and
rabbit (Holmquist ez al., 1993). The method by which nitric oxide relaxes
smooth muscle has been well outlined. Nitric oxide application causes a
direct increase in cGMP levels in the corpus cavernosum (Holmquist ef al.,
1993). Cyclic-GMP levels have been shown to mediate smooth muscle
relaxation in this tissue. Addition of cGMP phosphodiesterase inhibitors
enhances the relaxation response to electrical field stimulation and nitric
oxide donors (Rajfer et al., 1992). The oral drug sildenafil, a potent inhibitor
of cGMP phosphodiesterase type V, acts dose dependently to relax rabbit
and human cavernous tissue (Stief et al., 1998). Furthermore, 1n the rabbit,
sildenafil has been shown to dose dependently increase cavernous cGMP
levels while not effecting cAMP levels (Jeremy et al., 1997). In addition to
phosphodiesterase inhibitors, methylene blue, a cGMP formation antagonist,
inhibits the smooth muscle relaxation response to nitric oxide (Kim et al.,
1991; Azadzoi et al., 1992; Pickard et al., 1993). It is clear that nitric oxide
activates guanylate cyclase to form cGMP in the corpus cavernosum. This 1s
the primary event in the process leading to cavernous smooth muscle
relaxation and tumescence.

Nitric oxide was demonstrated to activate soluble guanylate cyclase in
several smooth muscle types (Arnold et al., 1977). Guanylate cyclase is a
hemoprotein, and nitric oxide binds to the heme portion to activate the

enzyme (Marletta, 1995). There are two general classes of guanylate
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cyclases, soluble and membrane bound (review in Vaandrager & de Jonge,
1996). The soluble form of the enzyme is a heterodimer of o and B subunits.
Isoforms of each subunit exist, but are as of yet unidentified. There are six
known isoforms of the membrane bound guanylate cyclase, which respond
in most cases to natriuretic peptides (review in Vaandrager & de Jonge,
1996). The activation of soluble guanylate cyclase by nitric oxide results in
increased intracellular levels of cGMP in smooth muscle cells. Guanylate
cyclase inhibitors reverse the relaxant action of nitric oxide in vascular
smooth muscle (Olson et al., 1997). The increase in cGMP levels leads
directly to smooth muscle cell relaxation. Addition of 8-Br-cGMP, a cell
membrane soluble analogue of cGMP, causes cavernosum (Trigo-Rocha et
al., 1993b) and penile artery (Simonsen ef al., 1995) relaxation in the dog
and horse respectively. Cyclic GMP causes corpus cavernosum smooth
muscle to relax by binding a variety of intracellular proteins.

Cyclic GMP primarily binds to three types of intracellular proteins in
order to elicit smooth muscle relaxation: cGMP-dependent protein kinase,
c¢GMP-regulated ion channels, and cGMP-regulated phosphodiesterases
(Lincoln & Cornwell, 1993). The effects of activating cGMP-regulated
phosphodiesterases lead to cavernous relaxation by interfering with cAMP-
mediated muscle tone. Activation of cGMP-dependent protein kinase and
c¢GMP-regulated ion channels functions to increase calctum efflux while
inhibiting influx (review in Vaandrager & de Jonge, 1996). Of these effects,
those associated with cGMP-dependent protein kinase, or protein kinase G,
appear to be paramount in the corpus cavernosum. Two 1soforms of protein
kinase G have been isolated in man (Vaandrager & de Jonge, 1996). Type I
has been localized as the predominant isoform in vascular tissue. Two

isoforms of type I protein kinase exist, a isoform, appearing in lung and
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heart tissue, and the B isoform, which is mainly in vascular smooth muscle
(review in Vaandrager & de Jonge, 1996). Type II protein kinase G is tightly
bound to the plasma membrane, whereas type I is commonly a cytosolic
protein (review in Vaandrager & de Jonge, 1996). Type I protein kinase G of
the B isoform appears to be the primary kinase involved in penile erection.
The role of protein kinase G has been made clear in vascular tissue
relaxation. Addition of (Rp)-8-bromo-PET-cyclic-GMP, an inhibitor of
protein kinase G through preventing cGMP activation, to human (Butt e al.,
1995) and rabbit (Nakazawa & Imai, 1994) vascular smooth muscle type I
protein kinase G inhibits the relaxation process in response to nitric oxide
donors. It appears that activation of this kinase is vital to the nitric oxide
induced relaxation of smooth muscle. Protein kinase G regulates smooth
muscle relaxation by phosphorylating a variety of proteins responsible for
regulating cellular calcium levels. One well described pathway of protein
kinase G action is through phosphorylation of calcium-activated potassium
channels (Yamakage et al., 1996). These channels, which result in calcium
influx, are stimulated by nitric oxide activation of cGMP and subsequent
kinase activity in smooth muscle. This channel phosphorylation results in
cell hyperpolarization, thus inhibiting calcium influx (Yamakage et al.,
1996). In addition, protein kinase G inhibits phospholipase C mediated
synthesis of inositol triphosphate (an intracellular calcium mobilizer),
activates a calcium ATPase pump, directly inhibits voltage gated calcium
channels, stimulates a sodium/calcium exchanger, and inhibits inositol
triphosphate receptor activity (review in Vaandrager & de Jonge, 1996). All
of these effects lead to a reduction of intracellular calcium levels providing
for smooth muscle cell relaxation. Furthermore, protein kinase G has been

shown to work in concert with protein kinase A to induce relaxation of
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dispersed smooth muscle cells (Murthy & Makhlouf, 1995).

The proposed nitric oxide - cGMP - protein kinase relaxation pathway
is not the only hypothesis for cavernosum relaxation. In human corpus
cavernosum, nitric oxide was shown to directly activate a sodium-
potassium-ATPase, independently of cGMP activation (Gupta et al., 1995).
Activation of this ATPase causes smooth muscle relaxation by causing
hyperpolarization of the cell, thus preventing calcium entry by closure of
voltage gated calcium channels. This alternate pathway for corpus
cavernosum relaxation appears to function separately from the cGMP
pathway, although each plays a role in the overall development of
tumescence.

The erectile process, regardless of activation pathway, has been
shown to be androgen dependent in the rat (Mills et al., 1992; Leipheimer &
Sachs, 1993; Giuliano et al., 1993; Heaton & Varrin, 1994; Lugg et al.,
1995b). In these studies, castration resulted in loss of erectile function. In
addition, application of exogenous testosterone restored the relaxation
response of the corpus cavernosum in castrate animals to levels reported for
intact animals. However, studies in the rabbit did not show a decline in
cavernous responsivity in castrate animals (Holmquist ez al., 1994). The
mechanisms by which testosterone regulates rat cavernous tissue remain
unclear. It appears that there may be numerous sites of regulatory activity.

Testosterone is synthesized by Leydig cells in the testes. The
hypothalamus and the pars anterior of the pituitary gland regulate this
process. The hypothalamus synthesizes luteinizing hormone releasing
hormone and releases it into the hypophyseal portal blood. This hormone
binds to receptors on gonadotrophs in the pars anterior stimulating synthesis

of luteinizing hormone. Luteinizing hormone is then released into the
14



general circulation and gains access to Leydig cells in the testes. Upon
stimulation of the leydig cells by luteinizing hormone, cholesterol is
synthesized from acetate (Eik-Nes, 1970). The Leydig cell then synthesizes
the precursor hormone pregnenolone from cholesterol. Pregnenolone then
serves as a precursor for both progesterone and testosterone. Through a
series of biochemical reactions the Leydig cells then produce testosterone
(review in Eik-Nes, 1970).

Once synthesized, testosterone is secreted into the general circulation.
The hormone exerts powerful negative feedback action on both the
gonadotrophs of the pars anterior and the hypothalamus. This process
regulates serum testosterone levels. Several enzymes may also modify
testosterone. One such alteration is the conversion of testosterone to
estradiol via aromatase. Through conversion to estradiol, testosterone exerts
many central nervous system effects (review in Eik-Nes, 1970). In addition,
testosterone is converted by 5-a-reductase into dihydrotestosterone.
Dihydrotestosterone has been strongly implicated as the active form of
testosterone in regulating erectile function. Application of finasteride, a 5-a-
reductase inhibitor, to castrate animals with testosterone replacement,
greatly inhibited the erectile response to electric field stimulation (Lugg et
al., 1995b). Whereas, dihydrotestosterone did restore erectile function to
intact control levels. Regardless of the active testosterone form, the erectile
process is clearly androgen dependent.

The striated muscles and vascular smooth muscles involved in
erection have been demonstrated to be androgen dependent (Leipheimer &
Sachs, 1993). Excision of the striated muscles combined with castration
resulted in a decline in the intensity of erections. Testosterone application

restored certain responses to intact levels indicating that the vascular
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mechanisms that regulate erection are androgen sensitive. Testosterone has
also been shown to act directly in the corpus cavernosum. The rate of venous
blood outflow is greater in castrate than in intact animals (Mills ef al., 1994).
This may account for the loss of erectile function in castrate groups and may
be a key site of androgen action. These two physical processes mediated by
testosterone are not alone as potential regulatory sites. Nitric oxide synthase
activity has been shown to be androgen dependent (Lugg et al., 1995b).
Castration resulted in a decrease in nitric oxide activity and a corresponding
loss of erectile function. Nitric oxide synthase is the vital enzyme for nitric
oxide production in the penis. It appears that testosterone may regulate this
enzyme by binding to postganglionic neurons containing nitric oxide
synthase (Giuliano ef al., 1993). In addition, it now looks like testosterone
regulates steps downstream of nitric oxide synthase in the nitric oxide -
c¢GMP - protein kinase G pathway. Application of testosterone to aged rats
restores erectile function without affecting nitric oxide synthase activity
(Garban et al., 1995). In addition, preliminary work done 1n this lab has
shown that the response to nitric oxide addition to cavernosum tissue in vitro
is androgen dependent (Leipheimer & Toepfer, 1996). Cavernous smooth
muscle strips isolated from castrated animals exposed directly to nitric oxide
relaxed less than controls, while testosterone application restored the
response to intact levels. These results suggest sites of testosterone action
distal to nitric oxide synthase regulation or striated muscle control.

Further evidence of a cellular role of testosterone arises from work
done with androgen receptors in the penis. Androgen receptor levels are
normally low in adult cavernosum tissue (Rajfer et al., 1980). The decline of
androgen receptors from youth into adulthood coincides with the cessation

of penile growth in the rat (Mills et al., 1996). However, high levels of
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testosterone have been shown to upregulate androgen receptor levels (Lin et
al., 1993). In addition, application of the androgen receptor inhibitor
flutamide greatly reduced the erectile response to electric field stimulation
(Penson et al., 1996). Furthermore, castrate animals showed far greater
inhibition of tumescence than intact animals. This study demonstrated that
testosterone regulates cellular processes as well as other steps in the
relaxation pathway leading to erection.

The present study was designed to investigate the effects of castration
on rat corpus cavernosum upon addition of the nitric oxide donor, sodium
nitroprusside. In addition, application of testosterone to castrate animals was
tested to confirm that testosterone restores smooth muscle function. Animals
were divided into three treatment groups: intact, castrate, and castrate plus
testosterone. Responses of strips of corpus cavernosum to the addition of
sodium nitroprusside in each group were compared.

Second, we investigated testosterone’s role in regulating guanylate
cyclase. The addition of 8-Br-cGMP bypassed the actions of endogenous
guanylate cyclase in the nitric oxide - cGMP - protein kinase G pathway.
Again, animals were divided into treatment groups as explained above and
responses to 8-Br-cGMP were compared. These data were used to

characterize the role of testosterone in the corpus cavernosum.
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Materials and Methods

Animals

Thirty-three mature male Long/Evans rats (average age 6 months)
were used in these experiments. The intact (control) group consisted of 12
males treated with sham castrate surgery via a midline scrotal incision. The
tunica albuginea surrounding the testes was also cut, however the testes were
not removed. The incisions were then closed with 3-O silk suture. All
animals were anesthetized with ketamine, 50 mg / kg, and rompun, 8 mg /
kg, injected intramuscularly. The castrate group consisted of 12 males with
testes and epididymides removed through similar incisions as described
above. The testosterone replacement group consisted of 9 castrated males
which were implanted subcutaneously with testosterone containing capsules,
SILASTIC medical grade tubing, Dow Corning, Midland, Michigan. The
capsules were 40 mm in active length and 1.6 mm ID, 3.2 mm OD. The
tubing was sealed on each end with a 5 mm length portion of a wooden
applicator and SILASTIC medical adhesive silicon type-A, Dow Corning,
Midland, Michigan. These capsules were constructed with modification
from the methods described by (Smith ez al., 1977). and are similar to
capsules previously reported to maintain reflexive erections in ex copula
tests (Leipheimer & Sachs, 1993). All animal groups were allowed at least 3
weeks recovery time prior to experimental use.
Tissue Specimens

On the day of the experiment, rats were quickly euthanized with CO,
and sections of the rat penis, approximately one inch long, were obtained
and immediately placed in modified Krebs solution on ice, see composition

below. Removal of the surrounding connective tissue, urethra, and dorsal
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penile vein was performed under a dissecting microscope to expose the
corpus cavernosum tissue. The penis was longitudinally bisected along the
central channel into two smooth muscle strips. The isolated tissue sections
were individually tied to a glass anchor rod and on the opposite end to a thin
connecting wire with silk suture. This tissue assembly was placed in a 40 ml
modified Krebs solution bath chamber maintained at 37 C. The modified
Krebs bath was continuously bubbled with oxygen (95% O,, 5% CO,) to
maintain oxygenation and pH. Wet tissue weights were taken immediately
after the experiments.
Experimental Design

Once in the tissue bath, the smooth muscle strips were attached by the
wire to a hook on a Grass Instruments FT03 Force Displacement
Transducer, Quincy, Massachusetts. The transducer signal output was
amplified by Grass Instruments model P122 strain gage amplifier. The signal
was then received by a Grass Instruments Polyview, version 1.0, 4-channel
recorder software program. The transducer was calibrated to measure force
in mg. An average resting tension of 175.1 +/- 5.52 mg, 167.6 +/- 5.00 mg,
and 173.2 +/- 2.82 mg was then placed on the corpus cavernosum strips
from intact, castrate, and testosterone replacement groups respectively, using
hand turned tension adjusters. The tissue was then allowed to equilibrate for
1 hour. After this period, the tissue strips from all groups were contracted by
adding 10 ml of norepinephrine directly to the tissue bath, resulting in a final
concentration of 104M. Specificity of the smooth muscle response to
norepinephrine was previously demonstrated in this laboratory using the o-
adrenergic receptor blocker, phentolamine (Leipheimer & Toepfer, 1996).
The tissue contracted for 15-20 minutes until a stable higher tension baseline

was established. The force of contraction (mg) was recorded for each corpus
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cavernosum strip prior to addition of sodium nitroprusside or 8-bromo-
c¢GMP. Contractions less than 75 mg were not used for further relaxation
experiments in order to maximize the relative value of percentage data and
to minimize any effect of transducer drift on the data. The transducers were
later shown to increase on average 2.83 +/- 2.56 mg over the experimental
time course of 90 minutes.
Experiment I : Measurement of SNP Induced Relaxation

One ml of SNP, resulting in a final concentration of IOAM, was added
to the norepinephrine contracted tissue strips isolated from intact, castrate,
and testosterone replacement animals. The corpus cavernosum strips were
allowed 25-30 minutes to achieve maximum relaxation. Next, 1 ml of
sodium nitroprusside, resulting in a final concentration of 10-3M, was
cumulatively added to the chambers. Again, 25-30 minutes were allowed to
record the decrease in tension due to relaxation. At the end of this period
tension values in mg were converted to percent relaxations of the total
contraction.
Experiment Il : Measurement of 8-bromo-cGMP Induced Relaxation

In this experiment rats were divided into treatment groups as
described in experiment I. One ml of 8-bromo-cGMP, resulting in a final
concentration of 10_5 M, was added to each norepinephrine-contracted tissue
strip. These corpus cavernosum strips were recorded for 25-30 minutes to
attain maximum relaxation. Next, 1 ml of 8-bromo-cGMP, resulting in a
final concentration of 104M, was added to the chamber. Once again, 25-30
minutes were allowed to record maximum relaxation. The mg tension data
was then converted to percent relaxation of the peak norepinephrine-induced

contraction.
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Drugs and Solutions

The modified Krebs solution used was of the following
concentrations: NaCl (119 mM); KCl (4.6 mM); NaHCO, (15 mM); CaCl,

(1.5 mM); MgCl (1.2 mM); NaH PO, (1.2 mM); and glucose (11 mM)

(Hedlund et al., 1995). This solution was then adjusted to pH 7.2-7 4.
Norepinephrine bitartrate salt, sodium nitroprusside dihydrate, 8-bromo-
c¢GMP, and testosterone were obtained from Sigma, St. Louis, Missouri.
Solutions of norepinephrine, sodium nitroprusside, and 8-bromo-cGMP were
made in modified Krebs solution.
Statistical Analysis

Percentage data acquired was analyzed, after Arcsin transformation,
using the SigmaStats program, version 1.0, Jandel Scientific, Corte Madera,
California. Data was subjected to a one-way ANOVA, with p <0.05, to
determine significance. Differences between treatment groups were probed
using the Student-Newman-Keuls multiple comparison test, with p < 0.05
set as the minimum level for significance. SigmaPlot, version 1.02, Jandel
Scientific, Corte Madera, California, was then used to construct graphical

representations of the percentage data.
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Results

The average tissue weights of isolated corpus cavernosum strips used
in these experiments were 62.9 +/- 2.12 mg for intact (control), 62.7 +/- 2.05
mg for castrate, and 80.8 +/- 1.84 mg for testosterone replacement animals.
Intact and castrate tissue weights were not significantly different, while the
weight of the tissue from testosterone replaced rats was significantly higher,
p <0.001. The peak norepinephrine (10J1 M) stimulated contractions were as
follows; 106.2 +/- 6.29 mg in the intact group, 112.9 +/- 10.50 mg for the
castrate group, and 130.9 +/- 11.54 mg in the testosterone replacement
group. These increases in tension were not significantly different between
treatment groups, p = 0.183 one-way ANOVA. Furthermore, norepinephrine
contractions when expressed as mg tension per mg tissue weight were not
significantly different between treatment groups, p = 0.266 one-way
ANOVA.

Data collected from experiment I are summarized in figures 1 and 2
for isolated corpus cavernosum strips treated with 104 M and 10_3 M sodium
nitroprusside, respectively. Data is presented as the percent relaxation from
the peak norepinephrine-induced contraction. In the sodium nitroprusside
104 M trials, the mean percent relaxations were 42.7 +/- 3.97% (n = 7) for
the intact group, 37.7 +/- 2.39% (n = 8) for the testosterone replacement
group, and 14.2 +/- 1.45% (n = 7) for the castrate group (fig. 1). Analysis of
variance indicated significance between groups, p < 0.0000008. Treatment
with 10-3 M sodium nitroprusside (fig. 2) produced similar results. The mean
relaxations were 76.5 +/- 5.69% (n = 7) for intact, 70.5 +/- 2.86% (n = 8) for
testosterone replacement, and 39.8 +/- 2.26% (n = 7) for castrated animals.

Again, one-way ANOVA revealed significance between groups, p <
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0.00004. In these experiments, castration significantly inhibited the degree
of relaxation following treatment with 10 M (p < 0.001) and 10° M (p <
0.001) sodium nitroprusside. A graphical representation of the experimental
time course is presented in figure 3. This graph depicts changes in tension
over time (expressed as percent of norepinephrine-induced contraction)
throughout the entire experiment. Each treatment group is depicted by mean
percent relaxation values. Peak norepinephrine-induced tensions are
expressed as 100 % while the zero value represents resting tension prior to
addition of norepinephrine to the tissue.

Data collected from experiment II is summarized in figures 4 and 5
for 10-5 M and 104 M doses of 8-bromo-cGMP respectively. Again,
relaxation data is treated as percent decrease from the peak norepinephrine-
induced contracted level. Corpus cavernosum strips treated with 10_5 M 8-
bromo-cGMP relaxed as follows; 14.3 +/- 1.85% (n = 8) for intact, 11.7 +/-
3.15% (n = 8) for testosterone replaced, and 5.8 +/- 1.59% (n = 7) for the
castrated animals (fig. 4). The differences between these treatment groups
were not significant, p = 0.0689. In contrast, castration significantly reduced
the degree of relaxation after treatment with 104 M 8-bromo-cGMP (fig. 5),
p < 0.02, while testosterone treatment restored relaxation values to control
levels. The mean percent relaxation values were 51.8 +/- 3.43% (n = 8) for
intact, 46.2 +/- 5.43% (n = 8) for testosterone replacement, and 32.2 +/-
3.89% (n = 7) for castrated rats. Similar to experiment I, intact and
testosterone replaced groups were not different from each other, while the
castrate group was different from each, p <0.025 versus ntact and p < 0.05
versus testosterone replaced. A graphical representation of the 8-bromo-
c¢GMP experiment is depicted in figure 6. Changes in tension are expressed

in the same manner as in figure 3.
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Discussion

This study clearly demonstrated that castration inhibits the relaxation
of isolated corpus cavernosum following treatment with either sodium
nitroprusside or 8-bromo-cGMP. In addition, testosterone replacement in
castrated rats was able to restore relaxation to control levels. These results
suggest that androgens act in corpus cavernosum smooth muscle to regulate
erectile function via the proposed nitric oxide-guanylate cyclase-cGMP
pathway (Lue & Tanagho, 1987). Our results also indicate that the loss, in
castrates, of the ability to respond to relaxing agents such as sodium
nitroprusside is not due to tissue mass differences, but is due to androgen
regulation. In this study, there was no significant atrophy of the corpus
cavernosum in castrated rats. Furthermore, there were no difference in peak
tension developed after norepinephrine treatment in the raw data as well as
when the data were expressed as mg tension per mg tissue weight. This
indicates that the differences in response to relaxing agents between
treatment groups were due to differences in androgen levels. The sensitivity
of erectile function to androgens has been clearly demonstrated in the rat
model (Mills et al., 1992; Giuliano et al., 1993; Heaton & Varrin, 1994;
Lugg et al., 1995b; Leipheimer & Sachs, 1993; Mills et al., 1994,
Leipheimer & Toepfer, 1996). Although, in the rabbit the role of androgens
is less clear (Holmquist et al., 1994). Lugg et al. (1995b) demonstrated in
vivo in the rat that androgen levels control the smooth muscle responsiveness
to electrical field stimulation. However, the response of corpus cavernosum
to norepinephrine does not appear to be androgen dependent. All treatment
groups were contracted similarly by norepinephrine application. Castrated

animals showed no change in responsiveness to norepinephrine and
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therefore, presumably, no change in the general mechanism of smooth
muscle tone. Norepinephrine is the typical neurotransmitter of noradrenergic
nerve fibers that innervate the penis to maintain detumescence (Ignarro,
1992).

Results of the present study show that testosterone acts within the
smooth muscle cells of the corpus cavernosum to modulate relaxation of this
tissue. Addition of sodium nitroprusside (a nitric oxide donor) to the smooth
muscle bath resulted in comparable relaxation of corpus cavernosum strips
isolated from intact and testosterone replaced rats. In contrast, the relaxation
response of tissue from castrated animals was greatly inhibited. This
indicates that testosterone must be acting through modulation of some
intracellular step in the nitric oxide-guanylate cyclase-cGMP pathway to
influence relaxation of smooth muscle. Lugg et al. (1995b) has reported that
androgens regulate erectile function by affecting the activity of nitric oxide
synthase in neuronal terminals. Although testosterone may regulate nitric
oxide synthase levels, we have demonstrated that the addition of sodium
nitroprusside directly to smooth muscle, which bypasses the nitric oxide
synthase action, is less effective in relaxing tissue from castrated rats. It is
now clear that testosterone has a direct action on the responsiveness of
corpus cavernosum tissue to nitric oxide in vitro. This agrees with studies by
Garban et al. (1995) which demonstrated that testosterone administration
restores erectile function without affecting neuronal nitric oxide synthase
levels in aged rats. However, the precise mechanism by which testosterone
regulates corpus cavernosum smooth muscle cell relaxation remains unclear.
Testosterone in high concentrations has been shown to up regulate androgen
receptors in corpus cavernosum smooth muscle (Lin ef al., 1993). Although

androgen receptor levels are very low in the penile smooth muscle of mature
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rats (Rajfer et al., 1980), blockade of androgen receptors in this tissue was
reported to obliterate the erectile response in castrates and inhibit the
response in intact animals to electric field stimulation with no further
reduction of nitric oxide synthase activity (Penson et al., 1996). Whether
changes in androgen receptor levels or affinity play a role in testosterone
actions remains to be determined. However, it appears that androgen
receptor binding is necessary to maintain erectile function. Presumably,
androgens bind to their receptor and via classical genomic actions regulate
synthesis of intracellular proteins involved in the nitric oxide-guanylate
cyclase-cGMP pathway of corpus cavernosum relaxation.

A number of proteins could potentially play key roles in the
intracellular events leading to relaxation in this tissue and each could be
regulated by androgens. One key intracellular protein that could be a
potential androgen target is guanylate cyclase. Soluble guanylate cyclase is
activated by nitric oxide and is responsible for converting GTP to cGMP. In
the present study 8-bromo-cGMP was added directly to the smooth muscle
cell bath to test whether this step is a key site of androgen regulation in the
tissue. If androgens act in this tissue to regulate levels or activity of
guanylate cyclase then we would expect that addition of 8-bromo-cGMP
would result in comparable relaxation among treatment groups. However,
the addition of 8-bromo-cGMP did not restore smooth muscle relaxation in
tissue isolated from castrated animals to control levels. Although these
results do not rule out some degree of androgen regulation of guanylate
cyclase levels or activity, guanylate cyclase is probably not the primary site
of testosterone regulation in this tissue.

In conclusion, our results clearly demonstrate that testosterone acts

intracellularly in corpus cavernosum smooth muscle cells to regulate
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relaxation. Testosterone must be acting distal to the site of nitric oxide
synthase regulation in the nitric oxide-guanylate cyclase-cGMP pathway.
Furthermore, 8-bromo-cGMP did not restore erectile function to castrate
animals. This suggests that testosterone must be acting distal to the
guanylate cyclase activation step in the pathway. Whether testosterone acts
on one major enzyme or on a number of proteins that when activated

together result in full erectile function remains to be determined.
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