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. CHAPTER 1
INTRODUCTION

Prevalence of Erectile Dysfunction: Erectile dysfunction is defined as the inability of a
male to attain and maintain erection of the penis .suﬁ'lcient to permit satisfactory sexual
intercourse. In 1992 a conference was bonvened By the National Institute of Health (NIH)
to discuss the problem of erectile dysfunction. Following two days of presentations by
researchers and clinicians and discussions by these experts in the ﬁéld, the panel prepared
a consensus statement. Among their ﬁndings, this conference concluded that erectile
dysﬁmétion is an irhpqrtant ;.)ublicA héaith problefh deserving iﬁcréase’d support for basic
science in\)estigation (Anonymou’s' 19§2a). fhe NIH estimated that the humber of U.S.

- men with erectile dysfunction is 10 - 20 million and the inélusion of ihdiﬁ‘dgials with paﬁial

erectilé djisfﬁnctionj inqreases the numbér to‘about 30 millit;n. | Tﬁe ﬁroblém afflicts 5%

of men under the agé of 40 indréasing to iS - éS% by the age of 65, and by the age of 75, -

nearly 50% of men suffer from erectile dysﬁjﬁcti;)n (Anonymous 1992a). Similar
conclusions w&e drawn from the Massachusetts Male Aging Study which concluded that:
impotence is a major health concern with multiple éausés. The study concluded that the
combined prevalence of erectile dysfunction (minimal, moderate, and complete) in men

age 40 to 70 years old was 52% (F eidﬁdn et al, 1994)‘.

Until recently, erectile dysfunction merited little scientific ihvestigation bécause it
was considered to be mainly psychogenic in origin (Lue 1993). Today, however,

researchers have shown that organic origins account for the majority of incidences of

1 .



erectile failufe (Speckens et al, 1993). Additionally, erectilé dysfuncﬁon is considered to

~ be widely under reported, due to the stigma attached to é male being labeled as impotént.
Investigations into the causes of erectile dysfunction have also proven difficult, because of
problems in obfaining disease free intact cavernosal tissue from human subjects. Mostpf
the research using human ca;refnosal tissue has come from cadavers or biopsies of men
already suffering from erectile dysfiinction. Animal models have proven useful in many
instances, but there are differences that exist between humans and énimals making it
difficult to correlate ﬁﬂdings in animals and men (Mills et al, 1996a).

Current treatment for erectile dysfunction can be divided into four basic categories
including the penile vacuum dévice, benile implanfs, vascﬁlar surgery, and
phannacotherapy. The ;)ehilé vacuum cievice, iﬁfroducédl cc;mmerciaﬂy by Osbon in 1974,
creates a negative pressure around the penis, drawing blood into the COrpora cavernosa.
~ Once eréct, a restriction device is placed‘ around the base of the penis to 1nh1b1t outflow
(Smith and Bodrjgr 1993). Penilé -iﬁlplé.n;s were developed in the 1_"970;3. I_ntthe surgical a
procedure to impla'.nt. fh;:se d'e‘yices,va rod shapéd inﬂafablc- éylinder is implanted into each
corpus cavemosurﬂ_ with a fluid filled ;esewoir inserted into the scrotal-pouch.or dbdofnen.
In the inflatable types thg fluid can be pumped from the reservoir into the cylinders inside
the corpora cavernosa resqlting in rigidity of the penis (Gregoire 1992). - Intracavernosal
injection was in;troduced by Brindly (1983) and Virag atid Virag (1983). While Brindly
used an a adrenergi§ anfagonist to decrease sympathetic ‘tone and allow erection, Virag
and Virag injected a smooth muscle relaxant to cause erection. Later, a combination

therapy using both an o adrenergic antagonist with a phosphodiesterase inhibitor was



shown to be‘more effective in enhancing the erectile response (Zorgniotti 1988, Shenfeld
et al, 1995). Although these tfeatments exist to manage patients with ¢rectile dysﬁmétion,
there are no cures available, in part, due to a lack of understanding of the basic
mechanisms involved in the erectile response. Normal érectile function requires the
presence of and_rogens, although the mechanisms of how these steroids act-to maintain the

response is poorly understood.

Anatomy of the Human Penis: The penis consists primarily of three cylindrical |
structures, the paired cérpora cavernosa arranged side by side on the dorsal pprtion of the
penis and the corpus spongiosum on the ventral side (Figure l). The> corpus spongiosum
surrounds thé urethra and terminates as the glans penis. The paired corpora cavernosa
are surrounded by a thick, relatively non-compiiant collagenoﬁs sﬁucture called the tunica
albuginéa. These tunica converge medially to form the se;‘)tum of the penis. Inman and
rats the midline septum is inc‘om'plet:e pemﬂ&ing _lblood to ﬂoiy freefyﬁ'om one corpus
cavernosum to the other. Although the tunica is attached to the deep penile fascia,

‘ sufﬁciént space exists for the passage of blood vessels and nerves to allow blood flow into
and out of the tissue és well as neﬁfoﬁ’al tra_nsmission.‘ Surroundiﬁé fhe co.rpora';:avemosa '
as well as tﬁe spéngiééum is a thin strong la}ier of corihéctiVé VtiSSl;e." (Buck's fascia). Blood
flow to the cavernésal sinuses océurs \na t:hezfpignile artefy which branches into four
segments, the bulbar, urethreal, dorsal, and 'cavémous arteries. While the first three
branches supply blood to the penis, only the cavernous attery enters the corpus

cavernosum where it branches into smaller helicine arteries that empty into the cavernous



Figure 1. Cross section of the anatomical components of the human penis ( adapted

from Lewis, 1995).
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sinuses. The cavernous sinuses are comprised of a sponge-like meshwork that contains
smooth muscle, collagen, endothelial cells and extracellular matrix. Drainage from the
_cavernosal tissue occurs via the emissary veins which cross the tunica albuginea emptying

into the circumflex veins and then into the deep dorsal vein (Lopez et al, 1991).

Physiolog‘y of Erectile Function: Penile erection (tumeecence) and loss of erection
(detumescence) are regulated by relaxation and contraction of the corporel smooth muscle
respectively. Figure 2 illustrz;tes the 'ehangeeiin the penie associated with erection. In the
detumescent state,. vascular smooth muscle of the corpus is tonically contracted, allowing |
only mivnimal blood flow inio' the tissee for ﬁutriﬁonal purposes (1 -4 ml/min/100 g of |
tissue) (.Wagner 1981). Erection is cbnﬁelled by the autopomic f;er;veus system and
involves three eomplementary and simultaneous proeessee:v Firvst, a decrease in the release
of norepinephrine ﬁ'em the adrenergic‘»nerv‘es ihnervating the penis lowers the sythpathetic
tone in the cavernosal smooth muscle. Second, discharge of non-adrenergic
non-cholinergic (NAN C) neurotransmitters, including ni&ic oxide (NO), increase the
second messengers (cGMP. and possib,ly' cAMP) resulting in relaxation of smooth muscles
within the corpus cavernosum, both of which pfoduce a large increase of blood flow and

| subsequent cavernosal sinus engorgerﬁent. Third, as the sinuses fill with blood they'

- compress the subtunical veins against the reletively inelastic tunica albuginea inhibiﬁtig
venous outflow (veno-occlusion). The net result of these three pfoeesseé is ﬁgidity of the -
penis. After ejaculéﬁon there is a re-establishment of sympathetie.tone, a decrease in the

release of vasodilatory neurotransmitters, and the inactivation of second messengers by



Figure 2. Top: Wedge section of the intracavernosal tissue of the human penis in the
flaccid state. Note the blood freely drains through the cavernosal tissue via the non
compressed emissary veins. Bottom:. Wedge resection of the intracavernosal tissue of a
human penis in the erect state (adapted from Lewis, 1995). Note that the corpus

cavernosum has expanded inhibiting the outflow of blood though the emissary veins.
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phosphodiesterase enzymes. Together, these events result in the inactivation of the’
veno-occlusive mechanism permitting venous outflow and draining of blood from the

penis.

Pathologiés of Erectile Dysfunction.:j: Erectiie dysfunction can be Br(';édly divided into
organic and psychog_efﬂc causes with nearly 80% being' classed as organic (Heller and
Gleich 1988), althougﬁ many paﬁenfs éﬁﬁér mlxed etiologies (Sergravers and Sergraves
1991). Psychogenic factors resulting in a loss of ergctile function are often associated
with anxiety and include, excessive sympathetic outflow and elevated blood
catecholamine leveis, both of which may increase smooth muscle tone and prevent smooth
muscle relaxation and erection (Korenman, 1995). Organié dysfunction can be further
divided into several different subcategories including venogenic, arteriogenic, neurologic,
trapmatic, and endocrinologic. Venogenic and arteriogenic causes often coexist and have
been determined to acéount for as many as 50% of men suffering orgapic erectile
dysfunction(Virag et al, 1985; Krane et al, 1989). Cavernosal arterial insufficiency, either
atheroscierotic or traumatic in origin can decrease perfusion pressure and limit arterial
inflow to the cavernous spaces (Michal, 1982). The most common cause of artérial |
ihsufﬁciéncy is believed to bev arteriosclerotic vascular vdiséase (Azadzoi and ‘Gbldstein
1992). Medications (;ommonly »used in treatment of hypertension including diuretics, |
adrenergic blockers, arterial vasodilators, and calcium éntagonists méy also result in
erectile dysfunction (Berger, 1994). In men with adequéfe inﬂow, outflow through the

subtunical veins is excessive in venogenic impotence resulting in inadequate penile rigidity



(Aboseif et él, 1990). Vehogenic causes of imﬁotence include the dévelopment of -
excessively large venous channels through ‘the tunica albuginea. Furthermore,
degeneration of the tunica albuginea results in inadeqﬁate co@pression of the subtunical
veins. Injury or disease of the cavernosal smooth muscle which prevents sufficient:
-expansion of the sinuses may also result in veno-occlusion failure. Additionally, venous
shunts between the cavémosum and the spongiosum, due. to damage or congenital
‘_defects,allow excess drainage (Wespes and thulman 1993).

The penis is imewated by bbth parasympathetic and sympathetic nerve fibers in
addition to somatic fibers so that damage' to either éoméitic or autonomic ﬁbérs can fesult
in erectile dy§ﬁ1ncﬁ;)n. In the parasylﬁpathetic nérvou’s system, the pelvic ap'd the
pudendal nerves arise ﬁém'the S-2 :to S-4 slegments‘c;f the spinal cordf'_ While the
.pude;dal i;eryes innervate the peﬁis directlsl, 'the belﬁc nerve joiné ‘ﬁ‘bers- from the
hypogasfric neAll'\;es' (sympathétig T-11 to L-2) to form the ’pelvic i)lexus. In this plexus the
sympathetic fibers Iherge with the.pare‘iS}'Impa‘th.ct:iAc ﬁbers‘ and exit as part of the caveméus
nerves. The pglvic plexus lies very near the posterior lateral surface of the prostate and '
fibers from it innervate the rectum,> bladder, prostate, seminal ve.sicles‘ as well as the penis.
The cavernous nervés arising from the pelvic plexus supply neuronal input to the corpus
cavémosum, cérpus spoﬁgiosum, an& the glans penis. Within thg corpora cévefnosa’ the
cavémous nerves supply the cavernous vein.zinvd terminal brénches of the nerve inhervate
the urethra, dorsal, and deep arteries of the penis (Eerger et al, 1994). Numerdus diseasés

are associated with both somatic and autonomic peripheral neuropathy and can cause
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impotence. These include peripheral, hereditary, as well as toxic neuropathies (Berger et
al, 1994), |

Endocrine causes of impotence include specific diseases that lead to hypogonadism
and erectile failure' and: can be qlaSsiﬁed as either.hypergonadotrOpic (testicular failure) or
hypogonadotropic (pitui;ary-hypothalafrﬁc)vdiso_rders (Glsss ana Vigersky 1991). In both
instances the result is a decrease m teSf;Sste;bn’e .pfoduction. (The critical role of
testoste;ons in the maintenance of .:efestile'ﬁjnction is discussed extéﬁsively inj:Chapters 2,
3, ana 4, belo{v): Other ehdocrine path;)logics can also lead_ts' dimiﬁished erectile
function. These conditions includé diabetes mellitus, thyroid dysfunction, and adrenal
disease. Some diabetics have diminished testssteroné production (Barrétt-Connor 1992),
peripheral neuropathy (Bemelmans et al, 1994), and arterial insui’ﬁéiency (Wang et al,
1993). Erectile dysfunction has been associated with both hyperthyroidism and
hypothyfoidism. In»patients with hyperthyroidism, serum levels of testosterone-binding |
globulin (TeBG) are often elevated and luteinizing hormdne (LH5 and ésiradiol levels are
decreased (Chopra and Tulchinsky 1974). Individuals with hwothﬁoidism often show -
decreased testosteroﬁe levels, possibly due to the décreased pro,duction of TeBG resulting
in increased clearance of ﬁ'se testosterone (Kidd et al, 1979). Hypothyroid individuals
comfnonly have ele\}ated prolactin secretion which may also contribute to the diminished
erectile function (Snyder et al, 1973). Hypogonadism'i_s bﬁen seen in patients.with
chronic liver disease particularly in aicoholics, in part, due to the direct toxic ¢ﬁ‘ects ‘that .
alcohol has on Leydig cells (Van Thiel et al, 1974). Patients with adrenal disease,

particularly Cushing's disease, may exhibit decreased libido. Patients Suﬁ‘ering from this
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disease may have both testicular failure and hypothalanﬁc—pituitary disorders (Luton et al,
1977). - | |
Hypothalmic?frtuitary-Gonadal-AXis: Se:rurn'testostervone- levels are regulated by the
hypothalamic-pituitary-gonadal axis (Figure 3)' Gonadotropin reieasing hormone (GnRH)
is secreted ina pulsatlle pattem by the hypothalamus and binds to speclﬁc h1gh affinity
receptors in antenor pxtultary célls which respond by releasmg LH and folhcle stimulating
hormone (F SH). Whlle ‘FSH is respons1ble for sperm productlon by binding to its
receptors on Sertoli cells in the testes (Griffin 1 §96),, LH binds to receptors on Leydig
cells in the testes and-thi_s‘binding increases cholesterol transport into the testes,
cholesterol side chain cleavage (CSCC) activity, and de h_ovo testosterone synthesis

"~ (Griffin 1996). As LH acts to increase testosterone production, this androgen as well as
its aromatized metabolites, estradiol, and the 5 o reduced metabolite, dihydrotestosterone
(DHT) exert a negative feedback on the pitnitary/hypothalmus to decrease the production
of LH (Lin and Clark 1996). DHT has been shown to decrease the amplitude of the LH
release, whereas testosterone decreases GnRH pulse frequency from the hypothalamus.
Estradiol dampens the pulsatlle secretion of LH by the anterior p1tu1tary as well as |

decreasmg the frequency of GnRH pulses (Lln and Clark 1996)

Availability of Testosterone: Under normal circumstances about 60 % of testosterone in |
plasma is bound to albumin and 37 % is bound to TeBG (Lin and Clark 1996). The

binding of testosterone to these plasma proteins has traditionally been thought to prevent



Figure 3. The hypothalamic-pituitary-gonadal axis in the male.
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its biologica_i activities allowing only 1 - 3% of unbound testosterone to exért a biologicall
influence on its target tissues. More recent reports suggest, however, that since the
binding of testostérone to albumin has a relatively Bigh dissociation constant, possib‘ly
50% of the élbumjn bound testosterone is biologically active testosterone (Lin and Clark
1996). |
Testosterone is synthesized primarily by the Leydig cells located in the testes,
although in some speciés including humans the adrenal glands, fat tissue, and skin contain
small amounts of the eniymes necessary for testosterone synthesis (Lin and Clark 1996).
The rr-lain substrate for the synthesis of te'sto-sterone is cho]esterol produced either de novo
from acetate or delifvered to the cells by plésma lip(;proteins. The synthesis of testosterone
-from cholesterol is shown m Figure 4 involving five enzymes, all of which have been
identified in Ley&ig :cells'." ;I‘he'-r.atze liﬁﬁting step:'ilrjl te’étosteréne éynt_he_sis is the activity of

CSCC, under the influence of LH (Griffin 1996).

Testbsterone Treatment for Erectile Dyéfuﬁction: Although tgstbétefone i:éplacement -
| has restored erecfﬁé ﬁmctiod in some hypbgpné.dal pafients 7(1\\/IlcClure 1988; Clark et al, |
- 1984), many cliniciang question the imf)oﬂancel(;f éndrogens in the maintenance of erectiie
function iﬁ men. This doubt can be attributed to three oBservations: First, in some cases,
hypogonadal men continue to experience normal erectile ﬁJﬁction'(Baﬁcroﬂ and Wu 1983,
Shah et al, 1988). Second, freatment of impotent patients with androgens does not always
yield positivé results (Leonard et al, 1989), andthird, castration 6ften does not lead to an

immediate loss of potency. While a majority of castrated men eventually become impotent,



Figure 4. Steroidogenic pathway for the synthesis of testosterone.
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a small perééntage of individuals retain erectile function (Ellis and Grayhack 1963,
McCullagh and Renshaw 1934). Although these observations support the idea of
androgens being inconsequential for erectile function in the adult, it is important to note |
that the human adrenal produces substantial amounts of dihydroepiandrosterone (DHEA)
and androstenedione. The converéion of these steroids to testosterohe and
dehydrotestosterone (DHT) occurs in pen’pheral tissues ofcher than the testes (Labrie et al,
1988), although in rgduced quantities: In sbme men conversion may be. sufﬁcignt to
maintain the capacity for erection. Greenstein et al, (1995) reported diﬁ‘erenées in the
erectile function of men undergoing surgiéal castration vs. chemical castration. In
surgically orchidectomized men, 25% .responded to erotic visual stimulation and had free
testosterone levels of 1.125 + 0.036 pgli'nl which was-signiﬁcantly higher than men who
féiléd to respond to :étimulation and had free testosterone levels of 0.628 + 6.098 pg/ml.
In men fhat had undergone chemical castration by being treated with DES, ﬂutamidel, or
GnRH analogs,( all fa'.il_'ed to résp_ond tqlf éfotic- §tifnu1ation ainqlhad free testosterone levéls
of 0.620 iv 0.021 pé/.ml; The idea that the erectile respon:se can be maintained with
relatively low amounts of androgen i__s..suppo,rted by other investigators who suppressed

' endégenbus.‘secre.tion of tes.tostgrkbne:ig nérmal healthy men by the use _of a gdnadotropin 3
r_eleasiﬁg hbrnibne (Gﬁlﬁ-l) égpnist.-- The feéearchers ‘then»a.;,se'ssed sexual activity and
erectile fespon’sé dﬁfing replécenient w1th lq).(“ogenous testosterone (Buena et al, 1993).

" The authors report that even though the androgen replacemént only raised the blood levels
of testosterone to the very low end of the normél fange, erectilé activity and libido were

completely maintaine'd‘. - These findings which showed that the erectile response can be



15

maintained vldth low :«l.mounts of androgen pfo_llucéd by the adrenal glands, may explain
why some hypogonadal men have normal erectidns and ‘no:ctumal penile tumescerlce
episodes (NPT) (Buena et al, 1993). |

Administration of antiandrogens such as cyproterone acetate and flutamide, abolish
erectile function in many instances (Rousseau et al, 1‘988),‘althovugh some men retain
potencyb (Fleshner ancl‘-Trachtenberg 1993). Erectile dysfunction and low blood
testosterone levels are also problems with men undergoing renal dialysis (Céppola and
Cuomo 1990). P_rolactin secreting tumors of the pituitary often decrease serum
téstosterone levels and lead to erectile dysfunction (Calrter et al, 1978), although in some
patients, serum testosterone levelé remain normal (Caranivet al, 1995). While
bromocriptine administration decreases prolactin secretion, testosterone production does
not always return to normal and these'individuals may require exogenous testosferoné
administration to return the full erectile response (Moralas et al, 1994). In pétent men
with normal testosterone levels, it has been reported that exogenous androgen |
administration increased the rigidity of théir erections, suggesting that testosterone. acts on
the ca'.vernosal al'ten'éles to control blood ﬂow into the sinuses (Cunningham et al, 1990).

As males age the amount of testosterone present in the blood decreases
(Korenman et al, 1990; Morley and Kaiser 1989; Morley et al, 1987), and séveral authors
have reported that episodes of NPT a‘nd(vquality .o.f sponlan§ous. erections are diminished in
older men and hypogbnadél men (Rowland et al% 1993). Flnihel‘more, treatment of olcler
men with testosterone or gohadotri)ﬁin lmp;pyes the quality l)f erectibns and NPT

frequencies (Cunningham et al, 199('.).); In a literature review by Mulligaln and ‘Schmitt
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(1993) it wa.s stafed that testosterone fe;ﬁla‘cement is important for sieep related erections
but evidence was inconclusive as to the i,mp&tance of an_drogens in the maintenance of
the erectile response to fantasy or visual erotic stimulation. The authors also suggest the:
possibility of an androgen independent and andrpgen dependent mechanism in erecfile
function, with NPT episodes requin'ng thé. presence of ‘testostel‘"one, while the erectile
response to visual sexual stimulation is ‘independént of testosterone. Clearly, these
sfudies and otners (Schiavi et ai, 1993; Carani et al, 1992; Carani et al, 1990; Anderson et
al, ‘1.992; Burris et al, 1992; Cunningham et al, | 1990; Carey et al, ‘19-88) démons_trate that
testosterone mediates eréctile function, but qnesfgions remain aé to nlechanisnl of action

‘and the degr’eé to which testosterone influences the erectile process.

Androgenic Maintenance of Erectile Functioh in Rats: The rat ser_véS asa useﬁil ‘
model for the studsi of penile erection .because thé mechanisfns’ involved in rafs are similar
- to those of hnrnans, although‘there are some differences (Férnandéz et al, 19.9'1). Fignre 5
i i‘s‘aschemétic diagram of a rat penis.r_ Unlike fhe human p‘enis whéfe fhe subtunical veins
become éompressed beneath the turﬁca‘albuginea inlﬁbiting »'outﬂow, inArats 'tne cévemons
vein branches into a.se'ﬁcs of paralvlglv nhanne_ls tnat rejoin vto' form the cru;alivein cfossing

: fhé tunica albuginea.‘ 'vIt is thought éha’; ihesé channels 'becorné Compres_sed ;as thé A

: cavernons sinuses fill thus inhil')iting' q_utﬂpw. The corpofa cavernosa and épfpus
. ,qun‘giosum in the fat are indépen(ientqérectji‘le tissues, éach with itg own ar_t_,grial and
_Venons véssélg; '1 Fu;thermbré, ratn posséss an ospeni.s; a é@nilaginc;ué struéture in the;

distal portion of the penis Betwéen the éor:_pu’s cavernosum and_the glans penis. Other than



Figure 5. Schematic representation of the vasculature of the rat pénis (adapted from

Fernandez et al, 1991),
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these diﬁ‘ereﬁces, rats are considered an appropriate model for ihe' study of erecﬁle
function. They are ’,esﬁecially well suifed for invéstigating thé effects of complete androgen
withdrawa] on erectile function since thg rat adrenals lacks 17 B hydréxylase activity aﬁd

~ therefore, produéés 'n>o androgenié sterpiéls (Laibrie et al, i988); Tﬁus, by one week after
castration, the plasma levels of DHEA, én&fpstenedione, DHT and testosterqhe have
fallen to low levels, and erectile ﬁmcﬁon -.is dirﬁinished (Labrie et al, 1988; Gﬁliano et al,
1993b; Milis et al,1992) By using castrated rats, studieg ffgm sey.el;al labofatories have
éhown that andrégef; réplacémenf ‘restolre,s' "che}e;reptile resbonse. Using castrated animals
with spinal cord transection, Hart (1967) dembﬁstrated a de;:rease in the erecfile response
(_ex copula) but the response was restored with androgen treatment.l The fa_cilitofy role of
.androgens on greptile function has been verified in subsequenf studies‘(Keasf,.1992). A
Others have shown that an i@bitor of 5 o reductase (17- testosterone carboxylic acid),
when given with téstosterone, suppresses erectile function but does not diminish
copulatory behavior (Bfadshaw et »al, 1981). DHT is as effeétivé as testosteréne in
restoring the erectile response in castrated animéls but tfeatment’ with the 5 & reductéée
inhibitor (finasteride) significantly decreased the responsiireness of castrated animals
treated with testosterone (Lugg et al, 1995). Blockage of testosterone action with the
anti-androgen flutamide resulted in abolition of both copulatory and erectile
responsiveness (Gray et al, 1980). Furthermore, infusion of testosferone in castrated
animals did not restore erectile function immediately, androgeh \replacemenf required 24 -
48 hours for the return of the erectile response (Sachs and Leipheimef 1988).‘ Mills et al.

(1994) have demonstrated that castrate animals require an increased rate of perfusion of”
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saline into the cavernous sinuses to maintain high levels of intracavernosal pressure
suggesting androgens also act to maintain the veno-occlusive mechanism. Taken together
these studies demonstrate that in the rat, ;erectﬂe function is regulated to a significant
degfee by androgens acting on penile tissue. This project was, therefore, undertaken to

investigate the sites of testosterone action in the maintenance of erectile function.

Statement of the Hypothesis: Androgens act to maintain the erectile response in the

rat penis by regulating multiple pathways involved in the erectile response.

Explanation of Hypofhesis: Stimulation of cAMP or cGMP pathways result in erection
in the human penis. These pathways are activated by several neuropeptides and
neurotransmitters including acetylcholine, vasoactive intestinal peptide, nitric oxide, and
calcitonin gene related peptidé. Additionally, other neuropeptides and neurotransmitters,
such as norepinephrine and endothelin -1 have been identified to be detumescence factors.
Since androgens are required for the maintenance of erectile function, experiments were

performed to determine where androgens act to maintain erectile function.



CHAPTER 2

Specific aim 1: Deteﬁnine if androgens regulate the abundance of neuronal nitric oxide
-synthase (nNOS) mRNA iﬁ the corpus cavernosum in rats. |
PREFACE
Role qf Nitric Oxide (NO) _in the Eljectile Regb(mse ih‘ the Penis: It i§ generally
accepted that NO, na neurc;transirﬁtter which originates in nonadfenergic_ noncholinergic
(NANC) nerve ﬁBers and endothelialcélls, is invol§ed in‘vasodilaticvm of the cavernosal
| vascul#tu;e,_ Several authors have demonstraféd that inhibitors of NO aboliéh: erectile
function (thﬁquist et al, 1991; Pickard et ai, 1991). Others have demonstra;ted
‘tumescence with NO releasers (K1m et _a(l,-vl 99\;:1__;4Ignarro et éi, 1990; Burnett et al, 1995; "
Burnett et al, 1992). NO, feleased from the NANC nerve fenninals in thé corbora
cavernoéa binds té the heme moiety of soluble guanyl cycfasé and this binding aqtivates
the conversion of GTP té c¢GMP in smooth muscle-target tissue (Waldmaﬁ and Murad
1987). The increase in cGMP modulates other intraéellular ‘procéssés leading to decfeased
intr;cellular Ca’" and smooth muscle felaxation. ‘These intracellular processes activated by
cGMP include:

L. interference with the intracellular ihcrease of Ca* necessary for activation of

myosiﬁ light chain kinase (McDonald and Murad 1996). -
2. Phosphorylation and activation of Ca**-ATPase associated with memeane

transport (Mayer, 1994).

20
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>3. Inacfivétion of phosphodiestérase eniymés that cbnvert cAMP and ¢cGMP to their
inactive 5' nucleotides (Lugnier and Komas 1993).

4. Inactivation of phospholipase C, the enzyme responsible for the formation of
inositol 1,4,5 triphosphéte (IP3), a second messenger iﬁvolved in raising Ca®*
levels'(MéDoﬁald and Murad ’i'1‘996). ‘» | |

The synthesis of NO occurs as the principal pfoducit of the enzymatic conversion of .
L-arginine to L-citrulline by the enzyrile .n.itr.ic oxide synthase (NOS). NOS has been -
ide;ltiﬁcd- in mgny tissues including thé penis. The precise io_calizations of NOS in the |
vasculature' and innérx)étioﬁ of the penis have been e—stabli'shed using immunohistochemical
and enzymatic methods. In: the rz;i (Eﬁmett et'al, 1992), dog (Burnett et al, 1992), bull
(She;ng et al, 1992) and man (Burnett et al, 1993), neuronal NOS (nNOS) activity has
been identified in the pelvic plexus, the cavernous nerves, the terminal nerve endings in the
cavernous ﬁssue, the dorsal penile nerves, and the nerve plexus of the dorselil and

~ cavernosal arteries and their Branches, the helicine arteries. Bilateral caverxhlous‘ nerve
.transectioﬁ in rats abolished i@munoﬁstochenﬁcal staining in NOS-containing penile
neurons while staining persistéd in the vascular endothelium (Burnett et al, 1992). It was

- inferred from these data that NO acts as a .pést-ganglionié neﬁrotrénsnﬁtter and is released
through efferent neuronal pathways in response fo étiniul-ation. The stéining that per_sistgd
in.the véscular endothelium Was detefmined to be an endéthelial isoform (eNOS) of the |
| énzyme, biochemicalh; distinct from the neuronal isoform (Lamas et al, 1992). The eNOS
form has been shown to be released ﬁnder acetylcholine stimulation (Saené dé Tejada et

- al, 1988). However, since the removal of endothelial cells from corporal tissue in in vivo
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experiments aid not eliminéte vasodilation, it can be concluded that eNOS plays only a

| minor or‘au'xiliary'role in erectile function (Bookstein et ai, 1990). Several authors have -
speculated that androgens maintaiﬁ eréctilé function by regulating levels of NO. These
reports include Mills et al. (1992) who demonstrat_ed a failure of penile vasculaf tissue to
respond to nitroglycerine infusion in castrate-uhtreated_(CASTRATE) but not
castrate-testosterone treated (TESTO) animals and equated this ﬁnding to the androgenic
»'maintenance of nNOS activity. Garban and coworkers (1995a,b) demonstrated by
arginine-citrulline conversion, that nNOS acfivity is decreased in castrate animals but not
in castrate animals given DHT. ChamneSs et al. (1995) demonstrated th‘atvcastrate animals
possess about one ﬁalf the amount of nNOS pr;)tein that is found in testosterone treated
animals. Using NADPH diaphorase‘ sté.ining to localize NQS activity, Zvara et al. (1995)
demons‘_crated that NGS enzyme in the égverﬁosai-herve fibers was decreased by more than
50% in castrated animals, but was rvésjtdréd'vwithltestosterone treatment. Although these
studies cqrrélate NOS activity with teéfoSterofle levels, there have been no éublished
reports that féstéstéfone enhances the expressiop of t‘h.e nN OS ééné, or in any other Way
increases the nNOS mRNA 'levelAs‘ix‘i the'rét pemé. _;

| } The followihg is thé text of a manuscript entitléd " Androgenic Regulafion of NO
Availability in Rat Penile Erection." This mahuscript shows the irﬁbortaﬂcé of Nd in the
§rectile respoﬁse and demonstrates that testostefdne enhances the levelé of available
nNOS mRNA in the éorpus cavernosum. The authors of this manuscript are Christopher
M. Reilly, Pedro Zamorano, Vivienne S. Stopper, and Thomas M. l\/ﬁlis, and was‘

published in the Journal of Andrology 1997, 18:110-11 5.
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ABSTRACT

Prior studies from this laboratory, using untreated-castrated rats (CASTRATE)

- and testosterone-treated castrated rats (TESTO), have shown that the magnitude of the
.intracavernosal pressure increase duiing erection is androgen dependent. Studies from
“this and other laboratories have also presented evidence suggesting that penile erection is

‘ mediated principally by nitric oxide (NO). The present report was designed to conﬁrm

that androgens maintain the availability of cavernosal NO, and to determine if this

androgenic action is exerted at the genomic level modulating the expression of the
neuronal form of nitric oxide synthase"(nNO'S) gene. The results showed that |
administration of supplemental L-arginine failed to augment the erectile response in either |

- group, suggesting that substrate ava11ab111ty is not a cause of the reduced response in

CASTRATE ammals Inhibition of NO synthesis with a mtro—argimne competitive ’

inhibitor of NOS resulted in strong mh1b1t10n of erectlon in both TESTO and CASTRATE

rats. When given in conjunction with ganghome_ stlmulatlon to induce erection, the NO
releasing drug, sodium nitroprusside (SNP), increased intracavernosal pressure in

CASTRATE but not in TESTO rats suggesting a deficiency of the available NC in

CASTRATE animals. Finally, reverse transcriptlon-polymerase chain reaction (RT-PCR)

| demonstrated that mRNA levels for the enzyme nNOS in the penis were greater in

TESTO animals than in CASTRATE rats. These results support the hypothesis that

Vandrogens mediate the erectile response in the rat penis by stimulating the expression of

g the neuronal isoform of nitric oxide synthase, thus maintaining an adequate supply of NO.

KEY WORDS: penile erection, rats, testosterone, nitric oxide
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INTRODUCTION

Studies ﬁ‘om this, and other laboratories, have demonstrated that eréction in the rat
is aﬁdrogen dependent and is mediated by nitric oxide (Anderssoh and Holmquist 1994;
(Burnett 1995). Results from several groups support the hypothesis that the pﬁmary
action of androgens is to stimulate the synthesis of NO (Zvara et al, 1995; Garban et al,
1995; Mills et al, 1992; Mills et al, 1994; Chamness et é.l, 1995), speciﬁcally the neuronal
isoform (nNOS), which has been identified in nerve fibers innervaﬁng blood vessels and
the corpus cavernosum of the penis (Burnett et al, 1992; Keast 1992; Vizzard et al, 1994).
These findings included the observation that the amount of nitric 6xide synthase (NOS)
enzyme protein was reduced in castrated animals as compared to animals with normal
blood levels of testosterone (Chamness et al, 1995). However, none of these prior studies
establish the mechanism by which andfogens stimulate an increase in NO. The present
study includes experimenté which were designed to confirm that NO is a pﬁhcipél
heurotransmitter in the erectile response of the rat penis and to invést.igate»t\.vo
mechanismé by which androgens could :glgvate NO levels. These two mechanisms iﬁg’lude
an androgénic actibn to increase thé availability of L-argir.nine,substrat'e for ’(;he NOS

reaction and an action of androgens to increase the expression of the nNOS gene. |
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MATERIALS AND METHODS

Animals: Male Holtzman rats (Harlan), 100- 240 days of age, weighing 400-600 gms
were used in these studies. Each animal was castrated under ether anesthesia and a pellet
.of testosterone (50% testosterone: 50% cholesterol - group designation: TESTO) or
cholesterol pellet alone (group designation: CASTRATE) was implanted subcutaneously.
Animals .were castrafed and implanted with pellets 6 - 8 days before measurements were
made. At the end of each experiment, blood was collected from the carotid artery for
measurement of circulating levels of testosterone by radioimmunoassay as previously
described (Melner and Abney 1980). Animals were maintained in an AAACAC accredited
laboratory facility with animal use protocols and justifications approved by the Committee

for Animal Use in Research and Education at the Medical College of Georgia.

Measurement ofIntracavernosal Pressure: The procedure used to induce erection and
measure intracavernosal pressure has been previously published (Mills et al, 1994; Mills et
al, 1992). Briefly, the animals were anesthetized with ketamine (87' 'mg/kg)'."and xylazine
(13 mg/kg) By"mfraﬁuécular injections and supplemented with additional anesthesia as
needed. Standard methods were ﬁsed to canhﬁlate the left carotid artery for continuously
-monitoring mean arterial blood pressure (MAP). The abdominal cavity was opened, the
viscera ret\racted and wrapped in warmed saline soaked sponges and cellophane wrap to
pfevent drying. The right major pelvic ganglion was exposed by clea;ing the overlying

fascia. The shaft of the penis was dissected free of skin and fascia to expose the paired

corpora cavernosa distal to the crura. The right corpus cavernosum was cannulated with a
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30 gauge neédle attached to PE 200 tubing to m’oﬁitor intracavernosal pressure. A
second cannula was inserted into the left corpus cavernosum for intracavernosal drug
delivery. Stainless steel bipolar electrodes were then positioned on the major pelvic
ganglion for ganglionic stimulation to induce erection. Intracavernosal pressure (CCP), |
mean arterial bloold pressure (MAP) and duration, frequency and amplitude of the
ganglionic stimulatio_ri were continuously recorded on a polygraph recorder. Results are
expressed as the ratio of intracavernosal pressure (CCP) to the mean arterial pressure
(MAP). According to this method of expression, a ratio of 0 would indicate that there
was no measurable intracavernosal pressure while the CCP/MAP ratio would be 1 if the
CCP and MAP were equal. Stimulatory voltage was varied from 1 to 6 volts (5 msec
duration, 12 Hz freﬁuency) and the CCP/MAP ratio at each voltage compared to
determine the threshold voltage and the minimum voltage required for the maximal
responsé. A voltage of ‘5 or 6 volts was used in subsequent aspects of each experiment.
The duration of each ganglionic stimulation was 1 minute with a 1 minute rest period
between subsequent stimulations. Pressure transducers were calibrated with a mercury

manometer prior to each use.

Intracavernosal Infusion of L-Arginine: To determine if substrate availability was
limiting the erectile response in castrated animals, the response was measured after direct -
administration of L-arginine into the corpus cavernosum. Following a control

~ measurement of erection, a single injection of L-arginine (25 pg/kg in 10 pl saline) was

made into the right cavernous sinus and the erectile response was measured 5 minutes
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later. Additional L-arginine was given by continuous intra-aortic infusion (50 pg/kg_/min .
infused at 20 pul/min) with the erectile response measured after 5, 10, and 15 minutes of

infusion.

, Drug odministration.' Intracavemosal injections were made of two drugs. Sodium
mtroprus31de (SNP) Eight pg/kg body welght in l ul saline was injected 3 mmutes before
ganghomc stimulation to mduce efection. Tlns drug acts asa vasod11ator via the release of
NO (Martinez—Pineiro et al, 1993; Feelisch 1991). 'N-nitro-L-arginlne (L-NNA): Two
hundred pg/kg body weight ins ul saliné were injected 10 minutes before ganglionic

| stlmulatlon L-NNAisa competmve inhibitor of nitric oxide synthase (Ward and Angus

1993)

Analysis. of the effects of androgen treatment onr cat)ernosol anOS gene expression "

| ‘Preparation‘of cavernosal mRNA: Following death of the animal‘by‘ cervical dislocation, ‘
the entlre penis was removed from TESTO and CASTRATE rats and the proxtmal shaﬂ
and the crural reg10ns collected The d1stal portlon of the pems contalmng the 0s pems was
dlscarded and the tlssue was 1mmed1ate1y placed in RNAzol (2 ml/100 mg tissue wet |
welght) and RNA 1solated accordmg to the protocol supplied with the RNAzol (Blotecx 7
Laboratones,vHouston TX). The concentrauon of RNA i in each sample ‘Wa_s deternnned
by meesuretnent 'o'f the al)sor_bance at )c “——.;.26()_ and 280 nM and diluted with 7..5% ethanol

to a final co_ncentteti"on of 1ug/ul for storag’elat -70 °C.
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Reverse traﬁscription reaction: The RNA in each sample was precipitated by addition of
one-tenth volume of 2 M sodiuni aéétate (pH 4.7) followed by a 15 min centrifugation at
12,000 X g. The RNA was re-suspencie& in DEPC treatea water a;ld subjected to the
revefse transcriptase reaction to synthesize chA using M-MLV Reverse Transcriptase
(Promega, Madison WI). In this procedure 0.8 pg of total RNA was primed with 0.5 pg
oligo (dT) 12-18 and incubated for 10 minutes at 70 °C ina 10 ul volume and then frozen
onice. Next, for each s;ample, 1 X M-MLYV buffer (50 mM Tris-HC|, pH 8.3, 75 mM
KCl, 3 mM MgCl,, 10 mM DTT), 0.5 mM dNTP mix, and 200 uniis of M-MLV
reverse-transcriptase in a volume of 20 pi were combined and incubated for 40 minutes at

40 °C. After incubation, the samples were stored at -20 °C.

Polymerase chain reaction: The oligonucleotide primers fbr nNOS had the following
sequencé: upper primer (sense strand) 5'- ACC TGA AGA GCA CAC TGG.AAA C-3
and lower primer (antisense strand)l 5'- GAT GGC CGA CCT GAG ATT C- 3' that
ampliﬁed a 428 bp fragment for the nNOS sequence. For an internal standard, cyclophilin
mRNA was also amplified. The primers for the cyclophilin. gene had the following
sequence: uppef primer 5-TGT TCT TCG ACA TCA CGGv C- 3' and lower primer 5'-
TTA TGG CGT GTG AAG TCA CC- 3' amplifying a transcript of 216 bp. In preliminary
cycling experimenfs the expression of cyclophilin was found to reach the plateau phase
which was not proportional to that of thé nNOS gene. To correct for the diﬁ'erence in the
original mRNA levels the "primer dropping" method (Wong et al, 1994) was employed.

In this method, 1.0 pl of the cDNA product was added to a final volume of 49 pl



29

containing 1.'5 kaMgClz, 1X PCR buffer (20 mM Tris-HCI, 50 mM KCL, pH 8.4, triton
X-100), 2 units of Tag DNA polymerase (Promega) and 0.2 mM dNTP's. Each tube -
contained 100 pM of nNOS upper and l_owef primer and the reaction mixture was
covered with 100 pl of mineral oil. The thermal cycler was allowed to complete 8 cycles
consisting of heat denaturation at 94 °C for 1 minute, primer annealing at 58°C for 1
minute and polymerization at 72 °C for 1 minute. After 8 cycles the primers for
cyclophilin (100 pM concentration of upper and lower) were added and the thermal cycler
allowed to complete 24 additional cycles at 94 °C for 1 min, 58 °C for 1 min, and 72°C for
1 min. A 10 pl aliquot of each RT-PCR product was subjected to electrophoresis using a
2.0% agarose gel in Trisacetate/EDTA (TAE) buffer for 50 min ét 75 v9lts followed by
staining with ethidium bromide (0.5 pg/ml). The 'intensities of the ethidium bromide
ﬂuorescénce were determined using an IS-1000 digital imaging system (Alpha Immotech,
San Leaﬁdro, CA). Thé area under the curve for each peak was normalized with the area

of the cyclophilin peak and the values expressed as arbitrary units (AU).

Statistical Analysis: All results are expressed as means + the standard error of the mean
of the ratio of intracavernosal pressure (CCP) to the mean arterial pressure (MAP)
measured at the same time. Results were analyzed using one and two way analysis of
variance (ANOVA) with‘and without repeated measures. Followiﬁg ANOVA, means
were compared by'Newman;Keuls post hoc analys1s Dat& analysis fof the RT-PCR

experiment was compared by Student's t test. Statistical significance was set at P < 0.05.
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RESULTS | |

Testosterone treated castrate animals had blood levels of androgen of 1090 = 11 05
pg/ml, while in castrated animals-implanted w1th afsingle; cholesterol pellet, androgen.
levels.were 21 £ 3 pg/ml. | |

. The results in Figure 1 ShoW 'Ithat_in.th:e rats used in these studies, as the intensity
of ganglionic stimulation is increased. from 1 ':to 6 ‘v01ts there isia step }'\i\iise ,increase in the
“magnitude of the erectile response (CCP/MAP) As prev1ously reported the max1mum

response was measured at5or6 volts and the magmtude of the response in TESTO
‘ammals is greater than is measured in 'CASTRATE animals at equal voltage.

" The experiment depicted in Figure 2 was designed to determin_e if the decreaSed

~ magnitude of the erectile _response in CASTRA'l’E animals was due to ‘a,reduction in the
availability of the amino acid' L—arginine the substrate used by nNOS in the generation of
- NO. When high concentratlons of this amino acrd were 1ntroduced into the cavernous |
sinuses by injection followed by 15 mlnutes of i 1nfusion into the aorta, there was no |
increase in the CCP of the CASTRATE rats during ganglionic stimulation. This_ finding '.
| suggests that substrate availability isnota cause of the reduced res'ponse in the | |
CASTRATE animals,

It has been preyiously reported that the:in'tra jugular infusion of 50 ug/kg/min ‘of
L-NNA (a competitive inhibitorofN(_)S :acti-vity) leads to a significant decline in the
magnitude of the erectile response after 45 minutes (Mills et al, 1992). In those prior

E _studies the inhibitor also signiﬁcantly increased mean arterial blood pressure.in both 4
| CASTRATE and TESTO rats. The expenments shown in Frgure 3 demonstrate that a

s1ng1e mtracavemosal mjection of 200 ng



Figure 1. The ere;ﬁtil_e response, ratio of intraﬁcaverﬁosal- i)féssure to the mean arterial
pressurev(CCPll.\/IAP), in rats tha;t haQe been castrated (CASTRATE) or castrated with

. testosterone repiacement (TESTO). The response in each rat was generated by electrical
stimulation of the major pelvic ganglion using increas;ing voltage. Each point is the mean’
+ 1 SEM of measurements made in 10 rats. Asterisks iﬁdicatc values significantly

different from TESTO at the same voltage (p < 0.05).
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Figure 2. The erectile response in CASTRATE rats treated with intracavernosal
L-arginine by injection (INJ-25 pg/kg in 10 pl saline) followed by intra-aortic infusion at
50 ug/kg/min for 5, 10, and 15 minutes. CONT indicates the magnitude of the
intracavernosal pressure response in the same animals prior to L-arginine treatment. Each
bar represents the mean = 1 standard error of the mean (SEM) of 4 rats. Means are not

significantly different from one another.
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L-NNA/kg fesulted in 2 marked decline in the ihtracaveréosal pressure response in both
TESTO and CASTRATE animals. This dose of the inhibitor did not, however, raise
blood pressure (not;shown). Figure 3 also shows that the marked difference in the
magnitude of the stimulated erectile response between TESTO and CASTRATE animals
is no longer apparent after L-NNA injection; both are_sharply suppressed although '
intracavernosal pressure remains slighily »elev_ét.éd;i To confirm that L-NNA is a
competitive inhibitqt of NOS, adnﬁnistrqtion of a 100 fqld eﬁcess of V‘L'-arginine partially
reversed the effect of L-NNA and incteased?éifefnosal pressures in both CASTRATE
and TESTO a.niinals. The recovery was aﬁéﬁt SO% in both TESTO and CASTRATE
animals. |

In the presentistudiés, ’we are v;}orking uﬂdér thel hypothesis‘that androgens act
primarily to reguléte the quahtity of NO available during erection. It follows from this
hypothe.sis that in castrated rats with little or no androgen secretidn, there i;vould bea
deficiency of NO and that éxogenous NO should enhance the respthe in CASTRATE
.more thaﬁ in the TESTO rats. To test this hypothesis, CASTRATE and TESTO rats were
treated with intracavernous injection of sodium nitroprusside (SNP), a drug which releases -
NO, and measurements wéfe made both before and after ganglidtﬁc stimulation. Figure 4
shows representative tracings of the CCP and MAPyresponses to gaﬁglioﬁic stimulation
only (STIM), to SNP injection only (SNP); and to a combination of ganglionic stimulétidn
and SNP (STIM+SNP). This experiment was repeated and the results are shown in- |
Figure 5. During ganglibnic stimulation only‘(STIM), the expected difference in the

response in CASTRATE and TESTO rats is apparent. Following SNP injection into the -



Figure 3. The electrically stimulated erectile r;asponse, ratio of intracavernosal pressure to
mean arterial pressure (CCP/MAP) in TESTO and CASTRATE rats before, 10 minutes
after an intracavgmosal injection of 200 pg L-NNA/kg body weight and after injection of
a 100 fold excess of L-arginine. Each bar represents the mean =+ 1 standard error of the
mean (SEM) of 5 rats. Means with different superscripts are significantly different from

one another (p < 0.05).
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Figure 4. The effect of ganglionic stimulation and SNP on the intracavernosal pressure
response (CCP). Figure 4 shows typical erectile responses in TESTO and CASTRATE
animals to ganglionic stimulation alone, to SNP alone, and to SNP in combination with
stimulation. Major tick marks represent 1 min duration. Note that the combination of
stimulation and SNP leads to an enhanced CCP in the CASTRATE animals but riot in the
TESTO rats. This éxperiment was repeated 6 times and the resulté are depicted in Figure

5.
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cavernous siﬂuses, there is a similar rise in the CCP/MAP ratio in both treatment groups.
While stimulation following SNP administration (STIM+SNP) fails to increase
significantly the response in TESTO rats, in the CASTRATE group the supplemental NO
yields an additive effect with the magnitude of the response significantly greater than in
either STIM or SNP.

We next sought to determine if androgens affect the NO production by a
regulation of nNOS mRNA levels in the penile tissue. In this experiment we measured
the availability of nNOS mRNA using the reverse transcription-polymerase chain reaction
method (RT-PCR). Figure 6a shows the electrophoretic analysis of the RT-PCR products
in TESTO and CASTRATE animals. The expected size for the PCR products for both
nNOS (428 bp) and the reporter gene cyclophilin (216 bp) were obtained. The results are
further analyzed in Figure 6b by computation of the ratio of nNOS peak area to
cyclophilin peak area for each sample; results show that in TESTO anﬁmb the amount of
nNOS mRNA in cavernosal tissue is significantly greater than the amount in CASTRATE

animals.



Figure 5. The erectile response, ratio of intracavernosal pressure to intracavernosal
pressure (CCP/MAP) in TESTO and CASTRATE rats resulting from electrical
stimulation (STIM), intracavernosal injection of 8 pg/Kg body weight sodium
nitroprusside (SNP), or stimulation following SNP injection (STIM+SNP). Each bar is
the mean =+ 1 standard error of the mean (SEM) of observations in 10 rats. Means with

different superscripts are significantly different from one another (p < 0.05).
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Figure 6a. Reverse transcription polymerase chain reaction (RT-PCR) amplification of
cyclophilin (216bp) and the neuronal form of the nitric oxide synthase gene (nNOS) -
(428bp) cDNA in TESTO (ébove)‘a"lrld'.C‘,“A‘STliAT'E (5elow) animals. Lane 1-- X/ 74/};{ae
III DNA moleculé; weight standards. Lanes 2-5-- co-amplified cDNA from cavernosal
tissue RNA of 4 TESTO and 4 CASTRATE fafs. Lane 6 ;- amplified nNOS cDNA
obtained from rat brain mMRNA. Peak areas of the nNOS bands were normalized to the
areas of the cyclophilin bands and expressed in Figure 6b as arbitrary units (AU) for
CASTRATE and TESTO animalé. Each ba% is the meaﬁ + 1 standard error of the mean
(SEM) of observations in 6 rats; asterisk indicates a significantly greater Aﬁ in cavefnosal

tissue from TESTO than from CASTRATE rats (p < 0.05).
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DISCUSSION

The aims of the presént report are two fold; to confirm that NO is the principal
mediator of the erectile response and secondly, to investigate two potential mechanisms by
which androgens could regulate NO synthesis ciuring erection. Many investigators have
presented convincing evidence that NO is critical to erection, and while our studies use a
somewhat dissimilar approach, the results serve to conﬁijrri the general importance of NO
in erection. The mechanistic studieé, on the other hélid, extend our uncierstanding of how
androgens act by showing that substrate availability is not regulated by androgens while
expression of the nNOS gene appears to be under direct androgenic control.

As reports from this and other laboratories have shown, the magnitude of the
intracavernosal pressuré rise diJring erection increases as the voltage applied to the
autonomic innervation of the cavernosal vasculature is increased. Furthermore, the
pressure rise in castrated animals falls well below the increase in intact rats or animals
treated with exogenous androgen. These stlidies have led to the conclusion that there is
an androgen dependent and androgen independent portion of the erectile response in rats.
The experiments using L-NNA show that both the androgen dependent and the androgen
independent portions are mediated by NO since both are diminished by inore than 80%
with oniy 10 minuieé of treatment with the inhibitor. In prior studies from this laboratory,
systemic infusion (jugular vein) of L-NNA (50 pg/kg/min for 45 min) led to a significant
reduction in the erectile response but at this rate of drug delivery, systemic blood pressure
was significantly increased. In the present study, mean arterial pressure was not affected
by the intracavernosal delivery of L-NNA even though there was a marked reduction in

the CCP. Furthermore, the inhibitor reduced the CCP to the same extent in both
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' CASTRATE. and TESTO rats indicating that both portions of the response (andrqgen :
dependent and andfogen independent) are mediated by NO. However, the small increase
in CCP that remained after L-NNA tréatment indicates that the dose of L-NNA was
sub-optimal or that a small portion of the erectile response involves a pathway
independent of NO.

The experiment depicted in Figure 2 was designed to determine if the decreased
magnitude of fhe erectile response in CASTRATE animals was due to a reduction in the
availability of thé aminp acid, L-argiﬁine, the shbétréie used by nNOS in the generation of
NO. When high ¢on¢entrétions of this amino acid were intréduce"d' into the cavernous
sinuses by injé;:fion or by 15 minute inﬁxéion inté the aorta, there was no increase in the
CCP of the CASTRATE rats during ganglic‘)nic'{st‘imulation. Although circﬁlatin_g levels of
L-arginihe were not mea’suredé th1s finding suggests tha_t substrate availability is not a
cause of the reduced responsé in the CASfRATE ammals and ‘fthat’ testoste;'one is not
acting to increase substrate availability to the NOS reaction. °

SNP acts as a NO donor ‘(Maninez-Pinei;o' et al, 1993) and the sustained actiqn of
this drug or the relatiVely_low rate of clearance from the corpus cavemosmﬁ results ina
prolonged increase in intracavernosal pressure. Injectiofx of SNP inva the cavernosum *
without ganglionic stimulatipn resulted in increases in intracavernosal pressure which were
similar in both TESTO‘ and CASTRATE animals. That the magnitude of the responsé ,io
SNP was nearly identical in the two treatment groups éuggests that there is no difference
in the responsiveness of the cavernosal mechanisms to NO. Rather, it suggests that the

difference in the erectile response to ganglionic stimulation in TESTO and CASTRATE
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rats may depénd solely on differences in the availability of NO, due possibly to differences
in the capacity to synthesize NO. - When the levels of NO were elevated by the
administration of SNP and the ganglion stimulated, TESTO treated animals exhibited no
significant increase in cavernosal pre‘séure over thai seen with stimulation alone whereas in
CASTRATE ammals the pressure iricréased_ fo that observed-in TESTO rats. This finding
can be interﬁi‘efed t§ mean that the erectile rgspohse can be augmented virithédditional NO-
in the CASTRATE animals where NO 1s deﬁcie;lt but not in ‘TESTO rats Whére; NO levels
are not limited. Some CASTRATE animals received an additional intracavernosal
injection of 16 pg SI\ii’/kg body Qéight of SNP but the"ad&ition.fﬂ‘ NO failed to further
increase the response suggesting that the dose of SNP used was optimal (data not
shown). |

The final series of experiments was performed tAo. determine if androgens alter the
availability of NO by regulatidn of aNOS mRNA levels. In this -éxp,eriment expr.essionuéf
the nNOS gene in cavernosal tissue was measured using the reverse transcription
polymerase chain reaction method. Our studiés showed that in cavernosal RNA
preparations, there was significantly less [NOS mRNA in CASTRATE animals than in |
TESTO animals. This finding extends the work of Chamﬁessv et al, (1995) who reported
that nNOS proteih levels in the rat penis decreaée 57% following castration and with the
studies of Zvara et al, (1995) who have demonstrated thﬁt castration decreases by 60%
NADPH diaphorase staining in the NANC nerve fibers innervating the corpus
cavernosum. The fact that castration does not lead to a total disappearance of nNOS

mRNA may serve to explain the androgen dependent and androgen independent portions
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of the erectilé response. From these results wé propose that in CASTRATE»aIﬁmals, a
basal level of nitric oxide is released by nerve fibers in response to ganglionic stimulatioﬁ
which results in vasodilation and a partial erectile response. Androgens inérease the
amount of nNOS mRNA, by enhancing nNOS gene expression or by decreasing mRNA
degr_adation, resulting in a greater ambunt of enzyme available for the production of NO in

the rat penis.



CHAPTER 3
Specific Aim 2: Determine if androgens facilitate penile -e?ection by activating a NO
independent pathway. | | |
PREFACE
Exploration of Other Possible Vasodilators Pathways in the Rat Penis: Although NO
is considered to be the predominant vasodilator .in the penis, quéstions remain as to the
possibility of other vasodilatory pathways acting independently of NO in the erectile
response. Using specific stimulators and intﬁbitors, cAMP dependent pathways resulting
in erection have been demonstrafed in primates and humans, but thgir importance has not
been established in rats. Proétaglandin E, (PGE,), considered achM‘P pathway activator,
results in full tumescence in humans (Knispel et al, 1994; Shenfeld et al, 1995), causes
only mild tumescence in dogs (Aboseif et al, 1989), but has n6 effect on rabbits (Knispél et
al, 1991) or rats (Martinez-Pineiro et al, 1993) suggesting the cycﬁc AMP pathway is not
involved in the erectilé response in rodents. However, in rats, it is intrigﬁing that |
papaverine (a phosphodiesterase'inhibitér) produces erection in the presence of methylene
blue, cyclic GMP inhibitor (Maninez-Piﬁeiro et al, 1993). The faét fhat papaverine, via
inhibition of phosphodiesterase activity, results in tumescence when injected i_nto the
“corpus cavernosum of rats indicates pathways which aré not mediatéd by NO can be

stimulated to produce tumescence.
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The following is the text of a manuscript entitled "Androgenié Maintenance of the
Rat Erectile Response Via a Non Nitric Oxide Dependent Pathway," which has been
accepted for publication by the Journal of Andrology. The authors of this manilscript are

Christophér M. Reilly, Ronald W. Lewis, Viviénne S. Stopper and Thomas M. Mills.
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ABSTRACT

Prior studies have demonstrated that the erectile response in the rat penis is androgen
dependent and is mediated by nitric 6xid§ (NO), the neufotransmitter synthesized by the
enzyme nitric oxide syn;hase (NOS).. The present studies qsed L-nitro-L-arginine methyl
ester (L-NAME), an 'inhibitbr of NOS, to déferﬁiine if and%o‘gens also regulate alternative
pathways leading to the erectile respohse but not mediated by NO. Castrated rats which
were treated with L-NAME (L-NAME CASTRATE) exhibited little or no increase in
intracavernosal pressure in response to stimulé.tion of the major pélvic ganglion. This
ganglion controls blood flow into the penis and when stimulated normally leads to
erection. However, when castrated animals were treated with testosterone along with
L-NAME (L-NAME TESTO), the animals responded to the ganglidnic stimulation with
increased intracavernosal pressure. This finding suggests that therev are other_androgen
dependént pathwéys which lead to penile erection but are not mediéted by NO. Erection
occurred in both L-NAME CASTRATE aﬁd L-NAME TESTO rats in response to
intrac;avemosal injection of sodium nitroprusside (a NO donor drug) proving that the NO
responsive meqhanisms were unaffected by the inhibitipn of NbS activity. To investigate
further the nature of this NO independent pathway, L-NAME CASTRATE and L-NAME
TESTO rats were tr_eated With either zaprinast (a specific phosphodiesterase 5 inhibitor)
which would block the breakdown of cGMP to 5'GMP or réts were treated with
methylene blue (an inhibitor of guanylate cyclase) to prevent the synthesis of cGMP.

: 'Zaprinast treatment led to increased erectile response in L-NAME TESTO réts, but not in

- L-NAME CASTRATE rats, demonstrating that androgen sensitive alternative pathways
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increased guénylate cyclase activity. Methylene blue inhibited the erectile response in all
treatment groups showing that cyclic GMP is critical to the NO indépendem pathway as
well as the NO dependent pathway. Taken together, these results support the hypothesis
that androgens maiﬁtain the erectile response by alternate pathways including one which is

independent of NO but involves the synthesis of cyclic GMP.

Key words: Penile erection, testosterone, cGMP, phosphodiesterase 5.
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| INTRODUCTION

It is generally accepted that NO, a neurotransmitter which oﬁgiﬁates in
nonadrenefgic noncholinergic (NANC) nerve fibers of the penis, is the priﬁcipal
vasodilator during the erecﬁle response. Several aﬁthors have demonstrated that inhibitors
of NO abolish erectile function (Reilly et al, 1997; Mills ét al, 1992; Rajfer et al, 1992,
Ignarro et al, 1990; Holmquist et al, '1991'; Pickard et a_ll, 1991)’ or have shown tumescence
in response to NO rélgasing &rugs (Holmquist et al, 1993; Klm et ;11, .1}991; Ignarro et al,
l990;1 Bumétt et al,‘ 1995; Bumnett et al% ‘1992)'. éeveral authors have repofted that
androgéns maintain ere_étile function l;ybreguia_ting levels of NO (see review by Mills et al,
1996a). Recently, we have reportqd that testosterone mqin;ains the» quantity of neurorial
nitric oxide synthdse tnNOS) mRNA in the rat perﬁs (ileilly et al, 1997).

Although NO is considered to be the predomihant vasodilator in the penis, there
are also other vasodilatory pathways in the erectile response. Prostaglandin E, (Hanawa
1991), vasoactive intestinal peptide (Wang ét al, 1993; Gozes and Fridkin 1992),
neuropeptide Y (Kawano ef al, 1993; Carrillo et al, 1991), calcitonin gene related peptide |
(Alaranta et al, 1991; Stief et al, 1990), and endothelin-1 (Holmquist et al, 1992, |
Garcia-Pascual ét al, 1993; Persson et al, 1992) have been proposed as possible vasoactive
neurotransmitters during erection. Although admiﬁistratiqn of prostaglandin E, results in
full tumes@ence in humans, via a cAMP second messenger pathway; (Knispel ét al, 1994;
Shenfeld et al, 1995),. no enhancement of the erectile response has been demonstrated in
rats (Martinez-Pineiro et al, 1993) indicating that cAMP dependent pathways may not be

normally involved. However, in rats, papaverine (a non specific phosphodiesterase
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inhibitor) préduces erection in the presenée of methylene blue, an inhibitor of guanylate
cyclase activity (Martinez-Pineiro et al, 1993). This finding sh@ws that if the cGMP
pathway is inhibited, cCAMP pathways can be stimglated to préduce tumescence. Taken
fogether these studies suggest the possibility that alternate pathways are present that |
become evident only when the predominant nNOS pathway is inhibited. Such alternative
pathways may involve other NOS isoforms including: endothelial NOS (eNOS), or
ineducable NOS (iNOS) or a non NO pathway. The presence of alternaﬁve pathWays
could explain why tfansgenic mice without nNOS gene expression (nNOS knock out -
mice) exhibit normal erections (Huang et al, 1993; Nelson et al, 1995). The present
studies were designed to test the hypothesis that in the absence of NO synthesis,

testosterone supports an alternative, cGMP dependent pathway leading to erection.
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MATERIALS AND METHODS

Animals: Male Holtzman rats (Harlan) retired breeders we1ghmg 400-600 gms were used
in these studies. Testosterone pellets were made in the laboratory using a pellet press.
Each animal was surgically castrated under ether anesthesia ‘and implanted with either a 3
mm (approx 5 mg) pellet composed of 50% testosterone and 50% cholesterol (group
designation SM TESTO), a 5 mm (approx 15 mg) pellet composed of 50% t estosterone
and 50 % cholesterol (group desrgnatnon LG TESTO), ora control pellet of 100 %
cholesterol (group designation CHOL). Additionally, some animals were given
L-nitro-L-arginine methyl ester (L-NAME) in tlieir drinking water for one week at a
concentration of 0.67 g/L starting on the day of castration. This concentration and
duration of L-NAME treatment has been previously determined to abolish NO production
by inhibiting NOS activity (Pollock et al, 1993). Experimental procedures were performed
during the L-NAME treatment 6 - 9 days after pellet implantation. At the end of each
experiment, blood was collected from the carotid artery for the measurement of circulating
levels of testosterone by radioimmumoassay as previously described (Melner and Abney
1980). Animals were maintained in an AAALAC accredited laboratory facility w1th
animals use protocols and justifications approved by the Committee for Animal Use in

Research and Educa_tion at the Medical College of Georgia.

Preparation of Animals for Measurement of Intracavernosal Pressure: The method for
stimulation and measurement of the erectile response in this laboratory has been previously

described (Mills et al, 1992; Mills et al, 1994; Mills et al, 1996). Briefly, the rat was
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anesthetized ‘with an intramuscular injection of ketamine (87 mg/Kg) combined with
xylazine (13 mg/kg) and maintained on supplemental injections of ketamine and xylazine
as needed. The caro‘tid artery was cannulated with a blunted 18 géuge needle with PE 190
tubing attached to a _pressure transducer and connected to a multichannel recorder to
continuously record mean arteriai blood pressﬁre (MAP). The abdominal cavity was
opened, t.he viscera retracted, ’covered in saline soaked spdnges and wrapped iq cellophane
to reduce evaporation and to help maintain body temperature. The right dorsal ﬁrost'ate
was cleared from fat and adhering fascia to expose the right cavemoSal ‘perve and the
major pelvic ganglion. The shaft of 1th'e4 péﬁis was _cleafed of the overlying fascia and the
left corpus cavernosum vjas c;innulated By in'seftiﬁh ;;f.'a séliné ﬁlle& 30 gauge needle
connec\t_e_(i to PE 10 tubing for intracavernosal d'rug delivery, Next, the nght corpus
cavemésﬁm -Was cannulated by insertién ofa 30 gauge needle attached via PE 10 tubing
toa preésure transducer and connected to a rlr;ulfichamel recorder to continuoﬁsly record

intracavernosal pressﬁre (CCP).‘, i

Measurement of the Erectile Response: Stainlvessfsteel bipolar electrodés v;rere positioned
on the pelvic nerve and the ganglion using a micro manipulator and the electrodes were
connected to a Grasé stimulator. When possible, pfoper electrode placement was
established by determining the position of electr?des that 'pfoduced the maximal CCP
with minimal alteration of mean arterial pfessure (MAP) at a 5 volt s;cimulatién (pulse
duration -5 msec, frequency -12 Hz.). After electrode placément, each anirﬁal was

subjected to stimulatory voltages from 1 to 6 volts for one minute with a recovery time of
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1 minute after each stimulation. Previous studies from this laboratory have determined the
maximal erectile response occurs at a stimulatory voltage of 5 or 6 volts (Mills et al,

1992). Simultaneous recordings were made of MAP, CCP and time.

Intracavernosal Drug Administration: The following drugs were injected singly into the
left corpus cavernosum: L-nitro-L-arginine (L-NNA), 200 mg/kg body weight (BW) was
injected in 5 pl saline 10 minutes prior to ganglionic stimulation. Sodium nitroprusside
(SNP), 8 n g’kg BW, was injected in 1 pl of saline 3 minutes prior to ganglionic
stimulation. Zaprinast, 0.1 mg/kg BW, was injected in 25 pl in an alkaline saline solution
(rH 10..5) 3 minutes prior to g<anglionic stimulation. Methy]ene blue, 300 ug/kg BW,
was injected in 30 pl saline five minutes before ganglionic stimulation. For control in the
zaprinast experiment the same volume of alkaline saline was injected. In all other drug
injegtioh experiments, an equal volﬁme of saline was injected as control at the appropriate
time before ganglionic stimulation. In order to minimize the effects of multiple drug
exposure, each animal was injected with no more than two drugs during the experiment.
Furthermore, prior to administration of the second drug, the animal was allowed to

~ recover from the first drug. All experimental procedures were completed within 2 hours

of the initial anesthesia.

Statistical Analysis: Results in the methylene blue and the zaprinast experiments were

compared by paired variable students t-test. ~ All other results were analyzed by one way,
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or2 way analysis of variance (ANOVA), followed by Newman-Keuls post hoc analysis.
Results are expressed as the mean + one standard error of the mean. Statistical

significance was set at P < 0.05.
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RESULTS |

The dose of L-NAME used in these studies was based on published reports by
Pollack et al, (1993) who reported that this conéentration of the drug given in the drinking
water of rats resulted in marked hypertension within a one week period. Preliminary
studies revealed that L-NAME treatmen;t ledﬂ to highly variable blood levels of androgen in
non-castrated rats. Accérdingly, in order to maihtain stable blood androgen levels,
animals were éastrated and implanted with a single large or small testosterone pellet.
Control animals received only a single cholesterol pellet after castration.

The androgen levels in rats one week after _castration and iinplantation of a single
cholesterol pellet - 50 + 10 pg/ml (CASTRATE), after implantation of a small
testosterone peliet - 1050 + 100 pg/ml (SM TESTO), and following implantation of a
large testosterone pellet - 6000 + 350 pg/ml (LG TESTO). L-NAME administration did
not altef testosterone levels in any of the treatment groups.

In several instances during these experiments, individual rats experienced a
spontaneous erection that occurred without ganglionic stimulation. Table 1 shows the
number of rats exhibiting a spontaneous erection in each of the treatment groups. This
table shows that there was no significant difference in the number of animals showing
spontaneous erections in the TESTO, CASTRATE aﬂd L-NAME -TESTO g;oups
whereas the L-NAME-CASTRATE animals had significantly fewer spontaneous erections
with only a single event in one animal. Comparisons of the magnitude of the erectile
response (CCP/MAP) during spontaneous erections and during erections induced by

ganglionic stimulation are shown in Figure 1. There is no significant difference between
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Table 1. The number of rats exhibiting a spontaneous erection compared fo the total
number of rats (SPONT/TOTAL) in TESTO, CASTRATE, L-NAME-TESTO and |
L-NAME-CASTRATE animals. Asterisk indic;ates a significant difference from
TESTO rats (P<0.05). |

TESTO CASTRATE L-NAME-TESTO L-NAME-CASTRATE

7026 27%)  9/27 (33%) /30 (30%) K111 (9%)
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the magnitucie of the spont'aneous:efeétion and the iflc_iuced erectfqn in the TESTO,
CASTRATE, and L.NAME TESTO rats. The r'nagnitude.s of bOthﬂ’le; spontaneous and
induced gré(:tiie responses in the TESTO 'ré_ts were significantly greater than the responses
in CASTRATE and L-NAME-TESTO rats. |
The animals receiving L—NA__ME ln their drinking water had significantly higher
MAP values (153 + 7 mmHg in L-NAME-TESTO and 159 + 8 mmHg in
L—NAME-CASTRATE) than the control animals drinking untreated water (128 + 5
mmHg in TES’fO and 128 + 4 mmHg in CASTRATE) P<0.05. However, thére'was no
difference between TESTO and CASTRATE animals independent bf L-NAME treatment.
The experimental results depicted in Figure 2 show the erectile response to
ganglionic stimulation in CASTRATE and TESTO rats with and without L-NAME
treatment. This figure shows that although the CASTRATE rats show a partiél erectile
responsé to ganglionic stimulétion; the magnitude of the response is nearly doubled whén
the castrated animals are given androgen (SM TESTO). Furthermore, additional
androgen (LG TESTO) did no'tkﬁxrthér énhance_ erectile ﬁmétion,(dé.ta not shown). This
figure also shows that the erectile response in L-NAME-CASTRATE rats is virtually -
absent but when testosterone is given (L-NAME-TESTO), the response partiéliy returns.
In this instance when the L-NAME treated rats were given additional androgen (SM
 TESTO or LG TESTO) the response to ganglionic stimulation was enhanced further.
While the implantation of a largé testosterone pellet increased the blood androgens to
super physiologic levels, it can be argued that elevated steroid hormone levels maSr be

required to exaggerate a subtle hormonal effect. Accordingly,jn all subsequent studies



Figure 1. Comparisons of the magnitude of spontaneous erections to erections resulting
from ganglionic stimulation in TESTO and CASTRATE rats with and without L-NAME
treatment. Each bar represents the mean + 1 SEM of @easurements in at least 7 rats.
Means with different letters are significantly different from éach other. *Since only a
single L-NAME CASTRATE animal elicited an erectile response the animal was not

computed in the statistical analysis.
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Figure 2a. The erectile response (CCP/MAP) to increased levels of ganglionic
stimulation in castrated'rats (CASTRATE) and castrated rats 'recejiying a3mg
testosterone replacement (TESTO). ‘-’Eacl.l péiﬁt 1s the 'r'nean_.i-nl 1 SEM of measurements
made of at least 5 rats. Asterisks indicate values significantly diﬁ‘é;ént:from'TESTO at the
same volt~age'(P<‘0.05). Figure 2b shows the é}eqfile response of CASTRATE and -
TESTO rats that received 0.67 g/l L-NAME in 'ihe drinidng water over the same duration
of time. In this instance theA (CCP/MAP) ratio was inéfeagéd Wlth édditional androgeﬁ
(SM TESTO vs LG TESTO). Each point is the mean + 1 SEM of measurements made in
at least 10 rats. Asterisks indicate values signiﬁcantly differept from LG TESTO at the

‘same voltage (P<0.05).
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reported here', rats received a large testosterone pellet to maintain htgh levels of androgen
in the blood. | . | | |

To insure that 1 week of L-NAME treatment completely suppressed NO synthesrs
L-NAME treated animals were also glven another NOS antagonist. In this experlment
200 mg L-NNA /kg BW was mjected drrectly into the corpus cavernosum of
L-NAME TESTO rats We have prevrously reported that th1s amount of L-NNA nearly
abolished the erectile response in both CASTRATE and TESTO animals (Reilly et al,
1997). Figure 3 demonstrates that when L-NAME-TEST(j rats are,‘given 200 ug
L-NNA/kg BW, the magnitude of the ereetile response remains unchanged confirming
that NOS activity is completely suppressed by L-NAME treatnlent only.

We next sought to determine if one week of treatment with L-NAME altered the
responsiveness to a NO donor drug. | We have previously shown that 8 pg/KgBWof .
SNP injection into the penis results in tumescence (Reilly et al, 1997). Figure 4 shows that
'this dose of SNP results in a similar rise in CCP/MAf in both the L-NAME-CASTRATE
and L-NAME-TESTO animals. Furthermore, while ganglionic stimulation alone failed to
increase the intracavernosal pressure in L-NAME-CASTRATE animals, administration of
SNP to these animals resutted in tumescence similar to that of L-NAME-TESTO rats.
This exp"erimentproves that the tissue remains fully responsive to NO during L-NAME
treatment. |

To determine if testosterone acts to support erectile function by increasing cGMP
levels in the absence of NO, the eﬁ'ect on the erectile response of a specific (Boolell et al,

1996) phosphodiesterase 5 (PDE 5) inhibitor and an inhibitor of guanylate cyclase were



Figure 3. The erectile response (CCP/MAP) following L-NNA administration in
castrated rats receiving a large testosterone replacement pellet and L-NAME for a one
week period. PRE-LNNA indicates the magnitude of the erectile response before
intracavernosal injection of 200 ug/kg BW of the NOS inhibitor L-NNA. POST-L-NNA
 is the erectile response measured 5 minutes after injection. Each bar represents the mean

+ 1 SEM of 6 animals. There was no significant difference.
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Figure 4. The erectile response (CCP/MAP) in L-NAME-TESTO and
L-NAME-CASTRATE rats resulting from ganglionic stimulation (STIM), intracavernosal
injection of 8 mg/Kg BW sodium nitroprusside (SNP), or ganglionic stimulation following
SNP injection (STIM+SNP). Each bar is the + 1 SEM of observations of at least 6

animals. Means with different letters are significantly different from one another (p<0.05).
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investigated in L-NAME-TESTO rats. We reasoned that since PDE 5 is the major PDE in
penile tissue, (Lugnier and Komas 1993) then the administration of a specific inhibitor
would prevent the degradation of cGMP and increase intracavernosal pressure in
L—NAME-TESTO rats during gangliénic stimulation. Figure Sa shows thatlwhen 0.1
mg/Kg BW zaprinast, was irlljected"-iﬁ'to the corpus cavernosum of L-NAME-TESTO
animals, there was a significant inc;easé of CCP in ’L;NAI\/IE-TESTO rats. Zaprinast
administration did-‘not,» howéver, increase the erét:tile respéﬁée to ‘g"anglivo"nic stimulation iﬁ
L-NAME-CASTRATE rats (data not ,shbwn)j Figure 5b shows that iﬁhibition of
guanylate cyclase by injection of meth‘yl‘ene‘ blue into the corpus4 cavernosum resulted in a

: ,signiﬁcant decreaseviin 'intracayemosal prés‘sure.'_ih LéNAME-TEST_O rats. This
observation suggests that in rzits in which NOS aﬁtivity has been suppressed, the

testosterone supported erectile response is cGMP dependent.



Figure 5a. The erectile response in L-NAME-TESTO rats following electrical
stimulation of the major pelvic ganglion before and after zaprinast administration
(PRE-ZAP and POST-ZAP). Each line represents one animal aﬁd shows the change in
CCP/MAP caused by drug administration for that animal. The values after zaprinast |
treatment are significantly different from those before drug injectién (P<0.05). Figure 5b.
The erectile response in L-NAME-TESTO rats following electrical stimulation of the
major pelvic génglion béfore and after methylene blué administration (PRE-MET and
POST-MET). Each line represents one aniniél and shows the change in CCP/MAP caused
by drug administration for that animal. The values;aﬂer methylene b}ue treatment are

significantly different from the values before drug injection (P<0.05).
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DISCUSSION

In prior studies, we have shown that castration results in a marked decrease in the
erectile response, and testoéterone replacement restores the response to that observed in
intact animals (Mills et al, 1992). To characterize further the role of testosterbné in
fnaintaining eréctile function we demonstrate that in the absence of available Nd an
erectile response can be induced, and that high 1ejve1sof androgen are required to maintain
this NO independent erectile response. L-NAME was used to block the production of
NO; this drug has been shown to lead to hypertensioﬁ when added to the drinking water
(Pollock et al, 1993). Additionally, in cavernosal 'tissué, L-NAME blocks NOS activity
measured By arginine conycrsion to NO and .'citrullin_e (Penson et al, 1996; Lﬁgg et al,
1995). Although NO f‘p‘r_oduction was fuilyi bibckéd in the present ’s‘tizl‘ldy, some animals
maintaiﬁed partié.l éfecfile function in rgsbohse té s;'timulation of the MPG ' In‘additibn,
despite ihe L-NAME blockage of NOS.‘ éqtivity there were occasionally spor.lt;aneous |
erebtions in several of the ;ni_mals. These spontaneous erections were' marked by a rapid -
increase in the intracéi;erﬁosal pfesSﬁfé lasfing (I)'nly. a few secdﬁ(is:’foillowed by a rapid -
decline back to baseline values. When direct comparisons were made, we found that the
.magnitude of the spontaneous erectile response (CCP/MAP) was the same as the response
invoked by ganglionic stimulation. This observation suggests that in our exi)_eﬁmental:
procedures, although the electrically induced erections oceur ex copula, the responses are
similar in magnitude to naftural ereéfions. Because of tﬁis, we feel that this model is -

appropriate to study factors which influence erectile function in rats.
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Sevéral authors ﬁave reported‘ that testosterone acts to maintain the enzyme NOS
and the resulting NO leads to _,relaxation of cavernosal and arteriolar smooth muscle
(Reilly et al, 1997; ZVéra et."al, 19‘954’; Charﬁnes's et al; 1995§ :Lu‘gg”»et al, 1995). Others
have even suggested that complete androgen withdrawal reéults in a cessation of erectile
function only by decreasing NOS activity rather than decreasing the: availabilify of NOS
(Penson et al, 1996).

While L-NNA injection into the penis had previously been shown to decrease
intracavernosal ;Sressure in TESTO and CASTRATE animals (Reilly et al, 1997), in the
present stﬁdies injecti,on. of this NOS intiibitor failed to diminish the erectile response
further showing that the L-NAME inhibition of NOS activity was maximal. The action of
testosteroﬁe to maintain partial erectile responsiveness in the NO dépleted animalé can
therefore be interpreted to mean th;lt testosterone is acting to maintain erectile function
through an alternate, NO indepéndent pathway.

PDE 5, a phosphodiesterase which inactivates cGMP by converting it to 5'GMP
has been reported to be the predominant PDE isoenzyme in the penjsv(Boolell et al, 1996).
Several researchers have demonstrated that the erectile response is increased following

| treatment with specific PDE 5 inhibitors (Trigo-Rocha et al, 1993; Rajfer et al, 1992,
Trigo-Rocha et al, 1994). In our expériments, inhibition of PDE 5 likewise increased
erectile responsivéness in CASTRATE and L-NAME—TESTO animals. In CASTRATE
animals this could be due to endogenous NO activation of guanylate cyclase, since
castration does ndt cause complete loss of NQS acfivity (Reilly et al, 1997, Chamness et

al, 1995; Zvara et al, 1995). However, in the L-NAME-TESTO animals in which there is
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no NO prodnction, testosterone appeared to increase production of cGMP leading to
erection by some pathway which Was independent of NO. This increase in cGMP did not
occur in the absence of testosterone (L-NAME-CASTRATE) since lther‘e w‘as.no increase
in intracavernosal pressure following the administre.tion of the cGMP synthesis inhinitOr to
‘these animals.

Methylene blue inhibits guanylafe_ cyclase activity (Lugnier and Kornas 1993;
Kawada et al, 1994; Tﬁgo-Reeha et al, 1.993) and hns been reported to diminish the
erectile response 1n rats.t In addition to in}_iibiting guanylate cyclase_ nctivity, methyiene
blue mny also innibit NOS directly (Mdyer et ‘;'«.il,“ 1993). We nlso observed a decrease in
the erectile response in LNALAE-T‘EST6 rats glven methylene blue suggesting that
testosterone supnorts_ a pathvs{ay whlch includes th'evac.tiyati.on ldf : gnanylate cyclase.

- Although the intracayemosal pressure decrease follovving methylene blue injection was
signiﬁcant, the penile tissue retained partial responsiveness to ganglionic stimulation
suggesting that there may be other testosterone dependent pathways that do not involve
the guanylate cyclase/cGMP second messenger system. Additionally, the role of the
adenylate cyclase/cAMP second messenger pathway remains to be fully eicplored since
papaveﬁne results in fdll tumescence in rats via e cAMP dependent system'
(Martinez-Pineiro et al, 1993).

In summary these studies show that in rats in which NOS activity nas been
completely suppressed, testesterone maintains an erectile response.. It is likely that the
androgen activates pathways-that involve the enzyme gunnylate cyelase but cher

secondary or minor pathways may also depend on the availability of testosterone.



CHAPTER 4

Specific Aim 3: Determine if testosterone enhances the erectile response by decreasing
the cavernosal sensitivity to o adrehergic stimulation.
i’REFACE
Effects of Androgens on the Responsiveness of Vascular Smooth Muscle: In addition
to the actions of vasodilators, a decrease in sympathetic tone is required to permit
increased blood flow into the cavernous sinuses leading to erection (Phoenix and
Chambers 1986). Syrﬂpathetic tone in the penis is the result of norepinephrine release
from adrenergic.nerve fibers that innervate cavernosal tiésue. Norepinephrine binds to the

0., receptors initiating a caécade of events resulting m smooth muscle conttéction. This
process involves the o, adrenergic receptor associating with a G(j protein. The Gq protein
is comprised of an o, B, and y subunit. When the norépiﬁephrine activated réceptor
associates with its G protein it releases GDP allowiﬁg a GTP to bind the o subunit. The
activated Gqa-GTP complex then dissociates from the B.and y subunits and binds toa '
membrane bound enzyme (phosphohpase C) that catalyses the conversion of phosphatidyl
inositol to mosrcol 1,4,5, tnphosphate (IP ,) and dlacyl glycerol (DAG) IP, then releases
Ca? from the sarcoplasnnc retlculum, mtracellular storage vacuoles, and opens ion gated
Ca’ channels to increase the mtracellular levels of Ca?*. The Ca®* then complexes w1th
calmodulm to activate myosm light chain kinase a]lowmg ATP to bind the myosin light

chain resultmg in contraction. of the smooth muscle cell (Barada and McKimmy 1994).
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Numerous reports confirm that norepinephrine is the detumescent factor that causes
contraction of the vascular smooth muscle in the arterioles and trabeculae of the corpus
cavernosum and point to the necessity for a decreasé in sympathetic tone for erection to
occur (Giuliano et al; 1993a; Susset et al, 1989; Kirkeby et al, 1989;: Diéderichs and Lue
1991; Blum et al, 1985;4Holmquist et al, 1990; Christ et al, 1992; 55; Adaikan and
Ratnam. 1988; Truss et al, 1994; Levin et al, 1994)‘.

Androgens have been demonstrated to influence smooth muscle cells in various
ways. Zhang and coworkers (1991), suggested steroid hormones regulate anion
metabolism and Ca>* transport across smooth muscle cell membranes. Others have
‘demonstrated an androgenic regulation on smooth muscle cell division (Clark et al, 1984),
a direct relaxation effect of testosterone on smooth muscle cells (Yue et al, 1995), and a
change in the number of receptors for sympathetic affecter molecules (Colucci et al, 1982;
Leipheimer and Sachs 1993). With regard to this latter possibility, it has beén
demonstrated that androgens (Leipheimer and Sachs 1993) as well as estrogens (Colucci
et al, 1982) influence the sensitivity of smooth muscle cell o adrenergic receptors. It has
also been reported that elderly men and men suffering from diabetes possess heightened
sensitivity to o adrenergic' agonists; men in these two groups also show a higher frequency
of erectile dysﬁmcﬁon (Kaiser and Korenman 1988). Therefore, studies were performed
to investigate if one of the mechanisms by which testostérone maintains erectile function is.
by altering the responsiveness of smooth muscle cells to adrenergic stimulation.

The following is the text of a manuscript entitled "Androgens Modulate the

o-Adrenergic Responsiveness of Vascular Smooth Muscle in the Corpus Cavernosum."



This manuscript was published in the Journal of Andrology 1997: 18;26-31, and the

authors included Christopher M. Reilly, Vivienne S. Stopper, and Thomas M. Mills.
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ABSTRACT
Rat penile erection is an éndrogeﬁ.dépeﬂdent process with castration ’ieading toa
| loss of potency. The present study was designed to determine if one of the. mechanisms by
which androgens méint_aiﬁ thé efe;tiié fespéﬁSé.'iS the rgguiafién bf the adrenergic
responsiveness of cavernosal smooth muscle. Electrical stimulation of the major pelvic
ganglion (MPG) was used to elicit erection in un&eéted—castfatgd rats (CASTRATE) or
castrated rats given testo§terone replacement (TESTO). The effects of phenyléphrine (ém
a, -adrenergic agonist) and prazosin (an a., - adrenergic anta‘gonist)‘ on the erectile
response were invéstigated. 'Phenylephri'né, when adnﬁnistered to both TESTO and
CASTRATE animals duﬁng erection, resulted in a dose-dependcnt de_creése in the
intracavernosal pressure (CCP) with an ED,, value of 1.8 + 0.48 ug/kg BW for TESTO
rats; in the CASTRATE animals, the ED,, was signiﬁéantly reduced to 0.29 £ 0.08 ug/kg
BW. Tﬁe increases in mean arterial pressure (MAP) reéultingfrom phenyléphﬁne
injection 1n TESTO and CASTRATE animals were of similar magnitﬁde and were not
significantly diﬁ'ereﬁt. Prazosin admini‘stration resulted in an enhanceﬁ-lent of thQ erectile
response in CASTRATE but not in TESTO animals. | Taken together these results
demonstrate that the cavernosal vasculature in CASTRATE animals possesses increased
reactivity to o adrenergic stimulation as compared to the sensitivity in TESTO rats.
_ Based on these findings we conclude that one 6f the mechanisms by which androgens'
maintain erectile function is by regulating the q‘ , adrenergic respc;nSiveness of the
‘cavernosal smooth muscle.

Key words: penile erection, testosterone, adrenergic, pfazosin, phenylephrine



INTRODUCTION

Penile erection results from a decrease in sympathetic tone of caverhdsa smooth
muscle coupled with the release of local vasodilators that leaid to increased blood flow
into the cavernous sinuses. Under the driving force of the mean arten'a‘l‘ pressure (MAP)
_the sinuses fill with blood causing expansion of the cavernous sinuses and this expansion
leads to compression of the cavernous veins which reduces outflow. The combined
increase in inflow and decrease in outflow result in efection. .Detvumescence is produced
by a re-establishment of sympathetic tone and a depline in the release of vasodilating
agents. For recent reviews of this topic see (Bui‘ne;tt 1995; Ande_rséon and Wagner 1995,
Argiolas and Melis ‘1995). | |

Prior studies from fhis laboratofy;" have démonstrate'd. that rat penilé erection is
androgén dependeﬁt (Mills et al, 1996b; Millr; et al, 1994; Mills et Val‘,~1992). In other
publishéd reports, Heaton and Vardﬁ, jtlé94)_, &éscribed a centrally mediated fole for
testosterone in thé erectile response aﬁd Leiphéii;ler and Sacﬁs (1993), have demonstrated
androgen sensitivity in the yééclilar musc,le} involved in erection. While it is widely held
that androgens are requnsible for erectile function both centrally and peripherally, the
precise mechanisms of how androgens act to 'fna‘intain the erectile process remains an.
enigma. Studies in casfrated dogs have suggested that androgen deficiency could result in
higher smooth muscle tone leading to 'uiédmplete trabecular smooth muscle relaxation

(Muller et al, 1988). The present studies were designed to determine if rat cavernosal



smooth muscle tone is under androgenic regulation by testing the hypothesis that
androgens modulate the adrenergic responsiveness of the vascular smooth muscle

controlling blood flow in the penis.
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MATERIALS AND METHODS

Animals: Six to nine‘months old male Harlan Sprague Dawley (Indianapolis, IN) retired
breeders were used in these studies. The animals are housed in environmentally controlled
quarters in separate hanging cages on a 14 h light: 10 h dark cycle and provided food and

~ water ad libitum.

" Castration and testosterone. replacemént: Animals yve’re castrated under ether anesthesia
and immediately implanted'subcutaneously’ with a 3 mm (approi;. 3 :rng). pellet composed
of cholesterol (group designation: CASTRATE) or 50% testosterone and 50%
cholesterol (group designation: TESTQ)». Experimental procednres were performecl 6-9
days after castration and pellet implantation. At termination of the experiment, blood from
the carotid artery was collected and analyzed for .cir.culating levels of testosterone by
radioiminunoassay. Testosterone levels in CASTRATE rats averaged 80 + 40 pg /ml,
while TESTO animals had blood levels of 1050.ﬂ: 500 pg/ml. We have previously shown
that this method of testosterone replaeement fully restores the erectile function to that

observed in an intact animal (Mills et al, 1992).

Preparation of animals for measurement of intracavernosal pressure: The method for

stimulation and measurement of the erectile response is standardly used in this laboratory
(Mills et al, 1996b; Mills et al, 1994; Mills et al, 1992). Briefly, the rat was anesthetized

with an intramuscular injection of ketamine (87 mg/Kg) combined with xylazine (13

mg/kg) and maintained on supplemental injections of ketamine and xylazine as needed.
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The carotid értery was caﬁﬁulated with a bluntéd 18 gauge needle With PE 200 tubing
attached to a pressure transducer and connécted to a multichannel recordef to |
continuously monitor mean arterial blood pressure (MAP). Via the femoral artery, a fine -
tipped cannula was insertéd into the dorsal aorta for drug delivery. The abdominal cavity
was next opened, the viscera retracted, covered in saline soaked sponges and wrapped in
cellophane to reduce evaporation and to help maintain bod& temperature. The tissue
overlying the right aspects of the dorsal prostate was cleared of fat and adhering fascia to
expose the right cavernosal nerve and major pelvic ganglién (MPG). Thg Shaft of the
penis was cleared of the overlying %aséia' and the right corpus cavernosum was exposed.
The cavernosum vwas cannulated with insertion of a 30 gauge needle which was attached
to PE 200 tubing (drawn to a fine tip) and attached to a pressure traﬁsducer for

measurement of intracavernosal pressure (CCP).

Measurement of the Erectile Response: Sfainless steel bipolar eleqtrodes connected to a

. QGrass Stimulator, were positioned on the pelvic nerve and the ggnglion using a micrq
manipulator. Proper eleAc_:tr'ode‘lplacemgntL 'v:\"a‘slel,sta'blishe:d ;t)y dé}terﬁiiping the position of
electrodes that pro'dﬁged the maximal CCP' with minimal alte.ratio:n‘ of MAP atas §olt

- stimulatio‘n‘(puls'e‘duration -5 msec, fr¢q121”enbcyv -12 Hz) After electrode plé;ement; each |
animal was subjectéd to a seﬁes of stimulations of :the MPG ranging from 1 to 6 volts
-while CCP and MAP were continuously measﬁ;ed. '.,S‘titnulgitipns‘lasted one minute with a |
recovery time of one nilimdlte b;tween sfimulationé. i’revious ﬁtudiés from this'laboratory

have determined that 5 or 6 volts gives the maximal erectile response (Mills et al, 1992).
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Administration of Phenylephrine During induced Erection: After determining the optimal V
voltage and electrode placement, the eﬁ‘éct; of intra-aortié administﬁtion of phenylephrine
bn intracavernosal pressure was d’etgnﬁn_ed. In thesg experinients, the CCP was allowed
to rise to a maximum (aﬂef about 30 second) and then phenylephi"i_.ne"was administered
into the aorté in a single bolus in doses of 0.0:1; 0.05, 0.1, 0.5, 1.0,5.0,10.0, and 50.0
ng/kg body weight (BW) in',250 ul of saline. An equal volume of saline was administered
as a control. Stimu]ation was continued for a total Qf 2 min followed by a2 -3 min

recovery between phenylephrine doses.

Administration of Prazosin: Since prazosin is sparingly soluble in saline, it was dissolved
in distilled water at a concentration of 1 mé/ml. After a control injection (intra-aortié) of
250 pl of water into the dorsal aoﬁa followed by a 5 min equilibration period, the animal
waé subjected tb séquential stimulatory voltages from 1 - 6 volts for one minute With a
récovery time of 1 minute between stimulations (PRE-PRAZOS]N)'. Five-hundred pg
prazosin/kg BW was then injected in.250 ul water and, 5 minutes after prazosin injection,
the series of stimulation of the MPG (1 - 6 volts) was repéated (POST-PRAZOSIN). To
determine if the rate at which blood drained ouf of the cavernous}sinuses was altered byl
prazésin treatment, the iﬁtracavernosal pressure at the time that the ganglionic stimulation
was terminated was bompared to the intfacavernosal pressure 12 seconds later. This
comparison was made in the PRE-PRAZOSIN and POST—PRAZOS]N animals in both

treatment groups.
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Statistical Aﬁalysis: To analyze the 'results. of the phenylephrine injection experiment,
polynomial regression was used to determirlle‘the best fit through the data points and the
resulting regression lines were used to determine the ED,, value for the drugn in each B
animal. The ED;, values for TESTO and CASTRATE animals were then compared by
students t-test. To compare the eﬁ'ects of praiésin oh the erectile response iﬁ TESTO and
CASTRATE rats, repeated measures ANOVA was employed with post hoc atialysis by
the method of least squares. The rate of outflow was analyzed statistically using repeated
measures ANOVA follo§ved by post hoc analysis with Du_nng:tt's test (Winer 1971). -P<

0.05 was considered statistically significant.
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RESULTS

" Figure 1 shows a representative tracing of intracavernosal pressure (CCP) and
mean arterial pressure (MAP) responses to stimulation of the MPG in a TESTO and
CASTRATE rat. After the CCP had reached a maximum, phenyiephn'ne was injected
causing a rapid decline in CCP but an increase in MAP. While the MAP values increase to
about the same extent in the TESTO and C.ASTRATE animals, this traeing shows three
differences between the CCP response m CASTRATE rats and TESTO animals. The first
difference is the magmtude of the erectrle response The CCP mcrease relative to the
MAP rise (CCP/MAP ratlo) in CASTRATE ammals is about 03 wh11e the ratro in .
TESTO ammals is about 0.6. Secondly, the magmtude of the dechne in the CCP/MAP
ratio resultmg from administration of an equal dose of phenylephnne is greater in
CASTRATE rats than in TESTO ammals In th1s tracmg ata dose of 1 ug
phenylephrme/kg BW the CCP in the TESTO animal was reduced by about 50 %
whereas ina CASTRATE animal at the same dosage, the CCP was decreased by nearly
90%. Thirdly, the degree of recovery of the CCP after drug administration in
CASTRATE anirnals is less than the recovery in TESTO anirnals in which the CCP returns
and often overshoots the on'ginal pressure. These differences suggest that the response of -
the cavernosal smooth musele in TESTO and CASTRATE.animals‘. is not the same.

Analysis‘of the effects of phenylephrine on CCP is shown in Figure 2. The

maximal intracavernosal pressure decrease follotving phenylephrine administration was set
: to 100% and the responses to other doses of the drug expressed as_nercent of this

maximum. Figure 2 shows a dose dependent decline in the CCP in both groups with |



Figure 1. Representative tracings of intracavernosal pressure (CCP) and mean arterial
pressure (MAP) responses to ganglionic stimulation (solid horizontal bar) at 5 volts and
injection of 1 pg phenylephrine/kg BW () into the aorta of a CASTRATE and TESTO

animal.
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Figure 2. The effects of increasing doses of phenylephrine on the intracavernosal pressure
(CCP) during electrical stimulation of the major pelvic ganglion in CASTRATE and

TESTO animals. Each point is the mean + SEM of measurements made in 7 -11 animals.
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administration of increasi.ng amounts of phenyl;ephrine and also shows a greater
responsiveness in CASTRATE animals thél; in TESTO rats. Further analysis of the 'reéults
with the determination of the ED,, for the response (the dose of phenylephrine which

- causes a 50% reduction in CCP) reveals that the CASTRATE animals are more responsive
to the drug than the TESTO rats. Our calculations show that the ED,, for CASTRATE |
animals was 0.29 + 0.08 ug/kg BW, whereas the ED,, value in TESTO animals was
significantly increased to 1.8  0.48 pg/kg BW This shows that the responsiveness to
phenylephrine is nearly 6 times greater in CASTRATE animals than in the TESTO rats.

To establish that the differenées in phenylephrine sensitivity was specific to the
corpus cavernosum and not due to g_eneraliéed effects acting on the systemic vasculature,
changes in MAP following Vdrug adn;inisfratior'_l Were:m.easure_d.(F igure '3). These results
demonstrate that .‘thtza dose dependeﬁt incrgése in the MAP folléWihg phenylephrine in
CASTliATE animals is not different from the inérea_se in TESTO animals. o

| To confirm that CASTRATE animals afemore responsive to o adrénergic agonists
than rats in the TESTO grgiup; studi:ésv;werg _complgted"to ‘,'détermi'ne if the; sensitivity of
the corpus caver;xosum to prazosin; an q, adreneréic antagonist, was different in thé two
~ treatment groups. Table 1 shows that in both ¥he CASTRATE’ahd TESTO groupé, the
MAP decreased immediately following prazosin injection and remained low for the
duration of the experiment. Figure 4 demonstrates the effect of prazosin administration on
the erectile response (CCP/MAP) in CASTRATE -aﬁd TESTO animals and shows that -
there was an overall significant enhancement in thé eregtile response (CCP/MAP) in

CASTRATE animals (PRE-PRAZOSIN vs. POST-PRAZOSIN) but not in the TESTO



Figure 3. The effects of inbreasing doses of phenylephrine on the mean arterial pressure
(MAP) during electrical stimulation of the major pelvic ganglion in CASTRATE and
TESTO rats. Each point is the mean + SEM of measurements made in 7 - 11 animals.

The responses in the two treatment groups are not significantly different. -
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Table 1. Effects of the duration of prazosin treatment (0-15 minutes) on MAP (mmHg) in

CASTRATE and TESTO animals.*

0 1 5 10 15
Treatment  minutes minutes minutes minutes minutes
CASTRATE - 81+6 67+7 66+5 6613 68+2

TESTO 82+5 - 7183 70+3 69+4 - 7045

* Each value is the mean of measurémgnts made in 44-.'5 ammals;t 1 SEM. The MAP
following prazosin adlﬁhﬁst£ation is significantly diﬁerent ﬁc;m that of pre-injection (0
minu‘tes)ﬁ_a.t all time observed (P < 0;05). Hbvfe\}er, there was no significant difference
befween the mean blood pressure values ln the éASTRATE and TESTO animals at any of |

the specific times (P > 0.05). e '
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rats (Figure 4).

Following prazosin administration, ';he rate at which blood drained from the corpus
cavernosum was sigm'ﬁcaﬁtly altered in both treatment groups. Figure 5 shows that when
ganglionig stimulation (3 - 6 volts) was discontinued, drainage from the cavernous sinuses
was significantly decreased in both CASTRATE and TESTO animals but the rates of

drainage were not different in the two treatment groups.



Figure 4. Effects of stimulation of the major pelvic ganglion in CASTRATE and TESTO
animals before and after prazosin administration (PRE-PRAZOSIN and
POST-PRAZOSIN). Each value is the mean + SEM of measurements made in 4 - 5
animals. At 5 and 6 volts the CCP/MARP ratio is significantly greater in the CASTRATE

group after receiving prazosin (P< 0.05), while the TESTO group remains unchanged.
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Figure 5. Effects of prazosin administration on the rate of drainage in the corpora
cavernosa aﬁer'stirﬁulation in CASTRATE and TESTO animals. Each value is the mean
+ SEM of measurements made in 4 -5 animals. Tﬁe rate of drainage in both CASTRATE
and 'TES,TO animals is significantly decreased with prazosin administration (*P <0.05)

after 3-, 4-, 5-, or 6-.volt stimulation.



% DECREASE IN CCP

% DECREASE IN CCP

84

100
TESTO [ PRE-PRAZOSIN
BN POST-PRAZOSIN
75 -
50 -
25 |
0
3 5 6
VOLTS
100
CASTRATE [ PRE-PRAZOSIN
B POST-PRAZOSIN
75
50
25 -
0 ]
3 5 6

VOLTS



85

DISCUSSION

While the role of the muscarinic chdli’nergic system in the erectile response remains
| controversial, the adrenergic system has been shown to be critically important. Both o
and B adrenergic tebeptors have been identiﬁed in the corpus cavernosum, with o

| receptors outnumbering B receptors 10Ato' 1 &Christ et al, 1990; Levin and Wein 1980).
Systemic' administration of B adrenergic antagonists either failed to affect, or in some
instances inhibited, Apenil‘e ftmcti_on.‘ On the other hand, a ladren_ergic antagonists
substantially enhaneed erectile function when used m conjunction with non-adrenergie
non-cho]inergic vasodilators (Truss et'. al, 1994; Levin et al, 1994; Adaikan and Ratnam
1988 Blum et al, 1985; Wagner and Brlndly 1980). Specifically a tn-lnjectlon cocktail
contalmng papavenne and PGE (to faclhtate vasodllatlon) and phentolarmne (to decrease
sympathetic tone) has been used successfully to elicit erectlon sufficient for intercourse in
otherwise lmpetent men. In other clinical studles, intracavernous mjectlonbof the o«
adrenergic antagonist, ma;osm (Christ et' al, 1992; Holmqnist et al, 1990; Blum et al, '
1985) or the ocl,-ot2 adrenergic antagonist, phentolamine (Diederichs and Lue 1991)
resulted in an increase in CCP and pattial erection. Idazoxin (an o, antagonist ) has little'
effect suggesting--that the o, subtype is the predominant i'eeeptor involved (Argiolas and
Melis 1995). In casee of priapism, injection of phenylephrine (an a, agonist) into the
corpus cavernosum is often used to re-establish detumescence (Dittrich et al, 1991) |
Taken together these reports confirm that elevated sympathetic tone maintains
detumescence and the necessity for a decrease in sympathetlc tone for erection to occur.

Furthermore, the target of o adrenergic agonists in the regulation of cavernosal blood
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flow would have to be the smooth muscle of the cavernosal arterioles since arteriolar flow
controls organ blood flow (Berne and Levy, 1992) ' |

Previous. studtes ﬁ'om this laboratory have demonstrated that the magmtude of the |
erectile response in castrated animals recelvmg testosterone replacement is similar to that
of intact animals, whereas untreated-castrate animals display a signiﬁcant decrease in the
erectile response (Mills_etal, 1996b; Millset al, 1994; Mills et al, l992). The present
studies were undertaken to investigate the underlying mechanisms by which androgens act
to maintain the erectile response. The results in Figure 2 show that cavernosal smooth
muscle from CASTRATE rats is nearly 6 times more responsive to phenylephrine than
smooth muscle from TESTO rats. However, it is not apparent from these findings how
the loss of testosterone leads to the increase in responsiveness to the a agonist. There are
several possible mechanisms by which the androgen could exert this action: Zhang and
coworkers (1991), suggested steroid hormones could regulate anion metabolism and Ca **
transport across smooth muscle cell‘membranee. Other possible mechanisms include
androgenic regulation of smooth muscle cell division (Fujimoto et al, 1994), a direct
relaxation effect of testosterone on srridoth muscle cells (Yue et al, 1995), or a change in
the number of receptors for sympathetic affecter molecules. With regard to this latter
possibility, it is known that androgen (Leipheimer and Sachs 1993), as well as estrogens
(Colucci et al, 1982), inﬂuence the sensitivity of srnooth 'muscle cell adrenergic receptors.
Also reported was the ﬁnding that elderly men and men suffering from diabetes, possess
heightened sensitivity to o adrenergic-agonists; menv in these two groups also show a

higher frequency of erectile dysfunction (Christ et al, 1992). We suggest that testosterone
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could regulate the number of o receptors either by down regulation_ of receptor synthesis
or by increasing the rate of receptor tumover although there is no evidence in the present -
report to support either possibility. Normally in the corpus cavernosum, the number of a
receptors outnumbers the number of B receptors by 10 to 1 (Levin and Wein 1980) and
the number of B receptors in smooth muscle decreases with age (Hishmoto et al, 1995).
“The loss of testosterone support could alter the ratio of o and  adrenergic receptors
and thereby alter the sympathetic tone of the tissue; If castration leads to a decline in the
number of srhooth mﬁscle cells in the corpora cavernosa, then a reduction in cell number
‘would limit the amount of NO produced resulting in a reduced erectile response.

- The quantity of prazosin injected into the animal. was snmlar to the dose used by
Waeber et al, (1 983), who showed that this dose of the a adrenerglc antagomst caused a
15 -20 mm Hg decrease in MAP for a perlod of 30 45 min. Studies from this and other

: laboratorles reported that when MAP is increased or decreased during erectlon, CCP |
changes proportlonally ﬂ\/hlls et al, 1994 Sachs and Liu, 1992). We find that after |
prazosin mjectlon, the response to ganghomc stlmulatlon changed little in TESTO animals
whereas the response mcreased 51gn1ﬁcantly in CASTRATE rats. This finding, in
conjunction with the findings of other i mvestlgators, shows that the supp,ressmnof
sympathetic tone is essehtial to full erectile ﬁinctioq (Giuliano et al, 1993a; Costa etv al,
1993; Clark et al, 1988; Diederichs ahd Lue, 1991). |

Following the cessation of ganglionic stimulation of prazo'sih treated rats, blood
drained from the penis at a decreased rate in both CASTRATE and TESTO ammals

Thus, the sympathetic tone of cavernosa smooth muscle also influences the rate of
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drainage of Blood from the penis. Although we could not establish a direct relationship
between androgen administration and the raLte of outflow, it is evident that sympathetic
activity is involvg:d; Poésibly, thé___ prazosfn treatm_énf s}owe‘d the rate at which sympathetic
toneiwas re-established in Athe cavernosal arteries. This could result in continued high .
rates of flow of bldod into the cavérﬁous sinuses td partially maintain the veno-occlusive
mechaniém and slow the rate of drainage. Alfematively, the ﬁndingé could reflect a direct
action .of pﬁeﬁyléph:ing on the vaso-occlusivejmechmiisms aithough this seems unlikely
based on our publiSﬁéd ﬁndings detailiﬁg thé_ ﬁnreSponSive nature of the veno-occlusive
mechanism to vasoactive drugs (Mills et al, 1994).

In summary, these studies suggest that sympathetic activity in the corpus
cavernosum is regulated, in part, by testosterone. Tes}osterone acts to reduce the

responsiveness to o, adrenergic agonists and the reduced sympathetic tone permits greater

blood inﬂow and higher intracévemosal pressure.



CHAPTER 5

SUMMARY AND:CONCLUSIONS

In recent years there have been many advances in the understanding of Aerectile
function. Based on these advances, it can be boncluded that a balance between smooth
muscle relaxation and cdnfraction is required fqr normal erectile function. The result_s
from clinical and experimental studies indicate that a critical degree of smooth muscle
relaxation is required to convert the tonically contracted flaccid penis to-fhe erect state, A
considerable amount of data have derﬁonstratéd that NO.acts as the principal mediator of
penile erection. NO is produced and released primarily by penile nerves and this
neurotransmitter diffuses locally to stiﬁulate smooth muscle relaxation by a cGMP
dependent mechanism. Evidence also vsi.xggest’s that the release of NO by sinusoidal
endptheiiﬁm may contribute té felaxaﬁon of the cavernosai smooth muscle. Although NO
has been dete'mlined to be the pfedominant'Vastila{‘ory,heurotransmitter invol{red in
erectile function there are other ‘path‘way_s that can be initiated to elicit an erectile
response. 'fhe po‘ssible intera&iqﬁ of thé§e other vasodilatory neurotransmitters is still
poorl.y‘ characteﬁzed and their role in erectile function and physiélogic importance remains
controversial despi_tféi:the fgct that other pgptides oﬁex:} éxéft potent effects on penile tissue.

With regafd' to tissué (v:o'n.traActili»ty,. quepinephrine binding to post-junctional o,
adrenergic receptors on cavernosal SI"IlOOth muscle cells is the primary medi_ator of

detumescence. Therefore, a decrease in sympathetic tone is required for vasodilation. In -
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addition to norepinephrine release resulting in smooth muscle contraction, corporal
endothelial cells have been shown to synthesize and release endothelin, a potent
vasoconstrictor of cavernosal smooth muscle cells; endothelin-1 may also be partially |
responsible for flaccidity of the penis. Depicted in Figure 1 is a schematic representation
of how these neurotransmitters are thought to control the state of contraction and
relaxation of cavernosal smooth muscle dunng erection.

Testosterone plays a cntlcal role in mamtammg erectlle function in rats.
Traditionally, androgens have been thought to mediate only central nervous system
processes allowing erectile function. More recently, it has become apparent . that
androgenS" tnﬂuence penile tissue direct_ly. Tne objective of this s’tttdy was to.determine
how androgens mamtam erectile function in peripheral tissne using castrated male rats
with or without testosterone replacement. | |

In the first set of studies, the importance of NO in mediating the erectile function
was demonstrated By using inhibitors of NO as well as NO donating drugs these studies
conﬁrmed that the IIlElel‘ vasodilating neurotransmitter in penile tissue is NO. These |
studies also demonstrated that in castrated rats, the amount of tNOS mRNA was
decreased by 50% as compared to castrated rats receiving testosterone replacement.
These studies together with others show that androgens enable erectile function, in part,
by maintaining nNOS gene expression or by suppressing the degradation of nNOS mRNA.

The second set of experiments were designed to determine if androgens could also
support erectile function by biochemical pathways which do not include NO synthesis.

L-NAME was administered chronically to abolish all endogenous NO production in these -
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animals and ﬁarfié.l-erectﬂe résponsi?eness was demonétrated in testosterone supplemehted
castrated rats. Furthermore, though the usé of stimulators and inhibitors of the soluble
guanylaté cyclase enzyme, testosterone wés found to enhance guanylate cyclase activity.
In the third study, the actions of testosterone on sympathetié tone in cavernosal
tissue was investigated. In these experiments an o adrenergic agonist and an o,
adrenergic éntagonist were injected into the aorta or corpora cavernosa of castrate and
castrate rats supplémentgd with testosterone: Intracavernosal pressure was measured to
determine if testosterone altered the tissue sensitivity to these vésoactive drugs. These
results suggest that testosterone decreases the sensitivity to o adrenergic stimulation.
Thus, it can be concluded that testosterone acts to maintain the erectile response in
the rat penis in a variety of ways. Androgens act to increase the availability of NO, as well
as mediate other non NO pathways and support the sensitivity to o adrenergic agonists.
The conﬁbination of the increased action of vasodilatory neurotransrrﬁtteré along with the
androgen mediated decrease in contractile stimulation leads to a greater increase in
intracavernosal pressure. The multiple sites of andro génic action exemplify how multiple

physiological processes are activated which lead to the erectile reépdnse in the penis.



Figure 1. Schematic representation of the neuronal control of erectile function.
NANC- non-adrenergic non-cholinergic
NE- norepinephrine
ACh- acetyicholine
NO- nitric oxide

nNOS- neuronal nitric oxide synthase
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