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Abstract

In regard to erectile function, Yin is flaccidity and Yang erection. In the past decade, research has
mostly focused on the Yang aspect of erectile function. However, in recent years, the Yin side is
attracting increasingly greater attention. This is due to the realization that penile flaccidity is no less
important than penile erection and is actively maintained by mechanisms that play critical roles in
certain types of erectile dysfunction (ED); for example, in diabetic patients. In addition, there is
evidence that the Yin and Yang signaling pathways interact with each other during the transition
from flaccidity to erection, and vice versa. As such, it is important that we view erectile function
from not only the Yang but also the Yin side. The purpose of this article is to review recent advances
in the understanding of the molecular mechanisms that regulate the Yin and Yang of the penis.
Emphasis is given to the Rho kinase signaling pathway that regulates the Yin, and to the cyclic
nucleotide signaling pathway that regulates the Yang. Discussion is organized in such a way so as
to follow the signaling cascade, that is, beginning with the extracellular signaling molecules (e.g.,
norepinephrin and nitric oxide) and their receptors, converging onto the intracellular effectors (e.g.,
Rho kinase and protein kinase G), branching into secondary effectors, and finishing with contractile
molecules and phosphodiesterases. Interactions between the Yin and Yang signaling pathways are
discussed as well.
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1 Introduction

The Chinese Dau (Tao) philosophy stipulates that all things exist in two opposing yet
complementary states, Yinand Yang. Simply put, Yin is feminine, Yang masculine. And, when
it comes to the penis, flaccidity is Yin and erection Yang. In ancient Egypt, an erect penis,
depicted on wall carvings in several temples, symbolizes power, fertility, and victory (e.g.,
http://www.touregypt.net/featurestories/min.htm). In the modern day, most of us can still recall
the phenomenon that swept across the globe with the debut of Viagra (Pfizer Inc., New York,
USA). So, it can be safely assumed that having a strong Yang in the penis is a universal and
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timeless desire in all human races. However, the fact that every man's penis stays most of the
time in the Yin state tells us loud and clear that, no matter how hard we try, Yin will always
be the dominant force in penises. By recognizing this fact, hopefully we will all agree that,
after decades of research focusing on the Yang side, we should now take a serious look at the
process in which the Yin force operates in the penis. And, as the Yin-Yang philosophy further
proclaims, a better understanding of the Yin should lead to a better management of the Yang.

So, what is the Yin force? Is it simply a static, sort of lifeless, state of the penis? Or is it
something active and dynamic? Once again, just as the Yin-Yang philosophy dictates, whether
itis Yin or Yang, there is always something going on within each state. We all know that the
cavernous smooth muscle (CSM) is contracted when the penis is flaccid. So something must
be in operation to maintain the contracted state of the CSM.

2 Yin and Yang of erectile function

Nature's many activities — such as day and night, or the four seasons — go around and around
like a spinning wheel of Tai Chi. So does the erection cycle (Figure 1), which is initiated by
sexual stimulation and maintained during continuous sexual stimulation. Erection starts to
subside at ejaculation or at the cessation of sexual stimulation and the subsequent flaccidity
state is maintained until the next sexual stimulation or nocturnal erection. Thus, both the
erection and the flaccidity states of the penis exist in two phases, initiation and maintenance.
In Figure 1, erection and flaccidity are equated to relaxation and contraction, respectively, of
the CSM.

Initiation of contraction begins with the release of norepinephrin from sympathetic nerves
[1]. Norepinephrin binds to adrenergic receptor in the cytoplasmic membrane of CSM cells
(CSMC) [2-6]. The adrenergic receptor belongs to the G-protein-coupled receptor (GPCR)
family and, in its guanosine triphosphate (GTP)-bound state, activates phospholipase C-,
which splits phosphatidylinositol (4,5)-bisphosphate into inositol trisphosphate (IP3) and
diacylglycerol. Binding of diacylglycerol to protein kinase C (PKC) could lead to CSM
contraction [7]; however, the detail of this pathway is not well understood and interested readers
are advised to read a recent review by Larsson [8]. In contrast, the other pathway that descends
from 1P has been well characterized: binding of IP5 to its receptor, IP3R, in the sarcoplasmic
reticulum triggers the release of calcium (Ca) from the sarcoplasmic reticulum; calcium binds
to calmodulin (CaM), which then binds to and activates myosin light chain kinase (MLCK);
MLCK phosphorylates myosin light chain (MLC), which then binds to and activates actin,
resulting in contraction (Figure 2).

Three extracellular molecules, adrenalin [1], endothelin-1 [9-14], and angiotensin |1 [15-18],
are primarily responsible for the maintenance of CSM contraction. Each of them binds to a
different GPCR in the cytoplasmic membrane, leading to the activation of guanine exchange
factor, which converts RhoA-guanosine diphosphate (GDP) to RhoA-GTP. RhoA-GTP
dissociates from GDP dissociation inhibitor and migrates to the cytoplasmic membrane, where
it binds to and activates Rho kinase (ROCK). ROCK phosphorylates and inactivates myosin
light chain phosphatase (MLCP), allowing MLC to stay phosphorylated and consequently
actin-contracted. This ROCK signaling pathway (Figure 3) is responsible for the maintenance
of smooth muscle contraction [19].

The contracted state is disrupted by sexual stimulation, which triggers the release of nitric oxide
(NO) from cavernous nerves in the penis (Figure 4) [20]. NO diffuses into CSMC and activates
soluble guanyl cyclase [21], which then catalyzes the conversion of GTP to cyclic guanosine
monophosphate (cGMP) [22]. cGMP activates protein kinase G (PKG) [23], which in turn

phosphorylates gap junctions, potassium (K) channels, and Ca channels [24]. Phosphorylation
of the K and Ca channels leads to an increase of potassium efflux and reduction of Ca influx,
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respectively [25]. When the cytoplasmic calcium concentration falls below 500 nmol, Ca
dissociates from CaM, which in turn dissociates from the MLCK, thus inactivating it. With its
kinase being inactivated and its phosphates being removed by phosphatase, the MLC becomes
dephosphorylated. Dephosphorylated MLC inhibits the binding of the myosin head to actin,
resulting in the relaxation of CSMC [26]. A more detailed discussion of this Yang pathway
can be found in the authors’ earlier review article [27].

The initial phase of smooth muscle relaxation results in reduced peripheral resistance of
cavernosal arterioles and thereby allows blood to flow into the penis under the driving force
of systemic blood pressure. The increased blood flow causes shear stress that causes endothelial
cells to release additional NO [28], which augments the ongoing PKG signaling pathway. As
a result, sinusoidal spaces are filled with blood, creating a pressure to compress the venules
against the tunica albuginea, limiting venous outflow [29]. This veno-occlusion mechanism,
together with the ongoing arterial inflow, leads to a dramatic increase of the intracavernosal
pressure and therefore a sustained erection.

After ejaculation or discontinuation of the sexual impulse, NO release from cavernous nerves
and endothelial cells ceases or declines, resulting in a drop of cGMP production in CSMC.
Meanwhile, the pre-existing cGMP is hydrolyzed to guanosine monophosphate by
phosphodiesterase 5 [30], thereby depleting the cGMP store and returning its downstream
targets to the deactivated state in CSMC. As the Yang forces retreat, the Yin forces advance
(see above), and the erection cycle is completed.

The above-described contraction/relaxation processes are responsible for “normal” erectile
function, but alternative Yin and Yang mechanisms do exist. For example, intracavernosal
prostaglandin E (PGE) injection is one of the most effective treatments for erectile dysfunction
(ED) [31]. However, PGE signals through the cyclic adeno-sine monophosphate (CAMP), not
cGMP, pathway. Binding of PGE to its receptor, also belonging to the GPCR family, activates
adenyl cyclase, which converts adenosine trisphosphate to cAMP [32]. Binding of cAMP to
protein kinase A results in protein kinase A activation, which phosphorylates Ca and K
channels, with subsequent events that are similar to the above-described cGMP pathway.
Another example is the identification of natriuretic peptide receptors in CSMC [33,34]. These
receptors are called particulate guanyl cyclase (pGC) because they are cytoplasmic membrane-
bound GC. Soluble guanyl cyclase is activated by NO (see above), but pGC is activated by
natriuretic peptides. Activated pGC converts GTP to cGMP, which activates PKG, and so forth,
as described above for the NO-cGMP pathway.

The Yin-Yang philosophy also stipulates that Yin and Yang are interdependent and interact
with each other, or “cross-talk”, as molecular biologists would say. Evidence for Yang
intercepting the Yin pathway is presented with the discovery that PKG phosphorylates and
thereby inhibits RhoA [35], thus suppressing the Yin forces. However, ROCK (a Yin molecule)
can inhibit both the expression and activity of endothelial nitric oxide synthase (eNOS; a Yang
molecule) [36-38], thus decreasing NO production.

3Yin and Yang of ED

By far the most important concept in the Yin-Yang philosophy is that, in order for an entity
to be wholesome, Yin and Yang must exist in balance in that entity. In fact, traditional Chinese
medicine, be it diagnostic or therapeutic, is entirely based on this concept. So, for the penis to
be wholesome, Yin and Yang must exist in balance — too much Yin, one gets ED; too much
Yang, priapism. ED is known to be associated with aging and several pathological conditions
such as diabetes, hypertension, hypogonadism, hypercholesterolemia, and prostatectomy-
caused injuries. Aging is associated with decreased neuronal nitric oxide synthase (nNOS)
expression in the corpus cavernosum [39]. Diabetes is associated with inactivation of eNOS
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[40] and decreased PKG activity [41]. Hypogonadism is perhaps associated with decreased
nNOS and eNOS expression [42-44], although contradictory findings also exist [45,46].
Hypercholesterolemia does affect nNOS or eNOS expression [47] but is associated with a
decreased level of phosphorylated (functional) eNOS [48]. Finally, injury to the cavernous
nerves results in decreased nNOS expression [49,50].

The above examples are medical conditions in which lowered levels of Yang molecules are
associated with ED, but increased levels of Yin molecules have also been identified in these
conditions. For example, MLCP phosphorylation is markedly increased [51], thus in favor of
contraction, in the penis of aged rats. RhoA/ROCK activity and MLCP phosphorylation are
increased in the penis of diabetic rabbits and rats, respectively [13,38]. RhoA expression and
RhoA/ROCK activity are increased in the penis of hypertensive [52,53] and castrated rats
[54].

Sickle cell anemia is a well-known risk factor for priapism [55]. The possible underlying
mechanism is that sicklemia causes tissue ischemia, which inhibits CSM contraction [56]. In
support of this hypothesis, we have previously reported that CSMC express much lower levels
of phosphodiesterase 5 when cultured under low oxygen (hypoxia) conditions [57]. More
recently, we discovered that hypoxia also causes lowered expression of RhoA, ROCK, and
MYPT1 (the regulatory subunit of MLCP) in CSMC and CSM (Lin et al., unpublished data,
2007). Thus, it appears that insufficient expression of Yin molecules is a possible cause of
priapism.

4 Concluding remarks

Despite being thousands of years old, the Yin-Yang philosophy is still applicable to modern
medicine in which all sorts of health problems are being investigated for their underlying causes
at the molecular level. Although the penis is undoubtedly a Yang organ, it might come as a
surprise to some that it actually contains both Yin and Yang molecules, and Yin is actually the
dominant force. Thus, it is advisable that we carry out our research by looking not only at the
Yang side but also the Yin. Although boosting the Yang has been the preferred route to treat
ED, it is possible that reducing the Yin could work just as well. By balancing the Yin-Yang
seesaw, one should be able to achieve the Tai Chi state of perpetual happiness.

References

1. Saenz de Tejada I, Kim N, Lagan I, Krane RJ, Goldstein I. Regulation of adrenergic activity in penile
corpus cavernosum. J Urol 1989;142:1117-21. [PubMed: 2795742]

2. Traish AM, Netsuwan N, Daley J, Padman-Nathan H, Goldstein |, Saenz de Tejada I. A heterogeneous
population of alpha 1 adrenergic receptors mediates contraction of human corpus cavernosum smooth
muscle to norepinephrine. J Urol 1995;153:222—7. [PubMed: 7966778]

3. Tong YC, Cheng JT. Subtyping of alphal-adrenoceptors responsible for the contractile response in
the rat corpus cavernosum. Neurosci Lett 1997;228:159-62. [PubMed: 9218632]

4. Veronneau-Longueville F, Rampin O, Jardin A, Benoit G, Giuliano F. Expression of alpha 1
adrenoceptor subtypes in rat corpus cavernosum. IntJ Impot Res 1998;10:187-94. [PubMed: 9788109]

5. Goepel M, Krege S, Price DT, Michelotti GA, Schwinn DA, Michel MC. Characterization of alpha-
adrenoceptor subtypes in the corpus cavernosum of patients undergoing sex change surgery. J Urol
1999;162:1793-9. [PubMed: 10524937]

6. EI-Gamal OM, Sandhu DP, Terry T, Elliott RA. Alpha-Adrenoceptor subtypes in isolated corporal
tissue from patients undergoing gender re-assignment. BJU Int 2006;97:329-32. [PubMed: 16430640]

7.Husain S, Young D, Wingard CJ. Role of PKCalpha and PKCiota in phenylephrine-induced contraction
of rat corpora cavernosa. Int J Impot Res 2004;16:325-33. [PubMed: 14961054]

8. Larsson C. Protein kinase C and the regulation of the actin cytoskeleton. Cell Signal 2006;18:276-84.
[PubMed: 16109477]

Asian J Androl. Author manuscript; available in PMC 2010 June 28.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Linetal.

Page 5

9. Holmquist F, Andersson KE, Hedlund H. Actions of endothelin on isolated corpus cavernosum from

11.

12.

13.

14.

15.

16.

rabbit and man. Acta Physiol Scand 1990;139:113-22. [PubMed: 2192537]
10.

Saenz de Tejada I, Carson MP, de las Morenas A, Goldstein I, Traish AM. Endothelin: localization,
synthesis, activity, and receptor types in human penile corpus cavernosum. Am J Physiol
1991;261:H1078-85. [PubMed: 1656784]

Christ GJ, Lerner SE, Kim DC, Melman A. Endothelin-1 as a putative modulator of erectile
dysfunction: I. Characteristics of contraction of isolated corporal tissue strips. J Urol 1995;153:1998—
2003. [PubMed: 7752383]

Becker AJ, Uckert S, Stief CG, Truss MC, Hartmann U, Jonas U. Systemic and cavernosal plasma
levels of endothelin (1-21) during different penile conditions in healthy males and patients with
erectile dysfunction. World J Urol 2001;19:371-6. [PubMed: 11760787]

Chang S, Hypolite JA, Changolkar A, Wein AJ, Chacko S, DiSanto ME. Increased contractility of
diabetic rabbit corpora smooth muscle in response to endothelin is mediated via Rhokinase beta. Int
J Impot Res 2003;15:53-62. [PubMed: 12605241]

Mumtaz FH, Lau DH, Siddiqui EJ, Thompson CS, Morgan RJ, Mikhailidis DP. Pharmacological
properties of endothelin-1 in the rabbit corpus cavernosum. In Vivo 2006;20:243-6. [PubMed:
16634525]

Kifor I, Williams GH, Vickers MA, Sullivan MP, Jodbert P, Dluhy RG. Tissue angiotensin 1l as a
modulator of erectile function. I. Angiotensin peptide content, secretion and effects in the corpus
cavernosum. J Urol 1997;157:1920-5. [PubMed: 9112563]

Comiter CV, Sullivan MP, Yalla SV, Kifor I. Effect of angiotensin Il on corpus cavernosum smooth
muscle in relation to nitric oxide environment: in vitro studies in canines. Int J Impot Res 1997;9:135—
40. [PubMed: 9315490]

17. Park JK, Kim SZ, Kim SH, Park YK, Cho KW. Renin angiotensin system in rabbit corpus cavernosum:

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

functional characterization of angiotensin 1l receptors. J Urol 1997;158:653-8. [PubMed: 9224386]
Becker AJ, Uckert S, Stief CG, Scheller F, Knapp WH, Hartmann U, et al. Plasma levels of angiotensin
11 during different penile conditions in the cavernous and systemic blood of healthy men and patients
with erectile dysfunction. Urology 2001;58:805-10. [PubMed: 11711372]

Jin L, Burnett AL. RhoA/Rho-kinase in erectile tissue: mechanisms of disease and therapeutic
insights. Clin Sci (Lond) 2006;110:153-65. [PubMed: 16411892]

Ignarro LJ, Bush PA, Buga GM, Wood KS, Fukuto JM, Rajfer J. Nitric oxide and cyclic GMP
formation upon electrical field stimulation cause relaxation of corpus cavernosum smooth muscle.
Biochem Biophys Res Commun 1990;170:843-50. [PubMed: 2166511]

McDonald LJ, Murad F. Nitric oxide and cyclic GMP signaling. Proc Soc Exp Biol Med 1996;211:1—
6. [PubMed: 8594612]

Murad, F. Cyclic GMP: synthesis, metabolism, and function. Introduction and some historical
comments. Adv Pharmacol 1994;26:1-5. [PubMed: 8038102]

Lincoln TM, Cornwell TL. Intracellular cyclic GMP receptor proteins. FASEB J 1993;7:328-38.
[PubMed: 7680013]

Christ GJ. The penis as a vascular organ. The importance of corporal smooth muscle tone in the
control of erection. Urol Clin North Am 1995;22:727-45. [PubMed: 7483125]

Christ GJ, Melman A. Molecular studies of human corporal smooth muscle: implications for the
understanding, diagnosis, and treatment of erectile dysfunction. Mol Urol 1997;1:45-54.

Murray, RK. Muscle.. In: Murray, RK.; Granner, DK.; Mayes, PA.; Rodwell, VW., editors. Harper's
Biochemistry. 24th edn. Appleton and Lange; Stamford: 1996.

Lin CS, Lin G, Lue TF. Cyclic nucleotide signaling in cavernous smooth muscle. J Sex Med
2005;2:478-91. [PubMed: 16422842]

Burnett AL. Novel nitric oxide signaling mechanisms regulate the erectile response. Int J Impot Res
2004;16(Suppl 1):S15-9. [PubMed: 15224130]

Fournier GR Jr, Juenemann KP, Lue TF, Tanagho EA. Mechanisms of venous occlusion during canine
penile erection: an anatomic demonstration. J Urol 1987;137:163-7. [PubMed: 3795360]

Lin CS, Lin G, Xin ZC, Lue TF. Expression, distribution and regulation of phosphodiesterase 5. Curr
Pharm Des 2006;12:3439-57. [PubMed: 17017938]

Asian J Androl. Author manuscript; available in PMC 2010 June 28.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Linetal.

31.
32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

Page 6

Lue TF. Erectile dysfunction. N Engl J Med 2000;342:1802-13. [PubMed: 10853004]

Narumiya S, FitzGerald GA. Genetic and pharmacological analysis of prostanoid receptor function.
J Clin Invest 2001;108:25-30. [PubMed: 11435452]

Kim Sz, Kim SH, Park JK, Koh GY, Cho KW. Presence and biological activity of C-type natriuretic
peptide-dependent guanylate cyclase-coupled receptor in the penile corpus cavernosum. J Urol
1998;159:1741-6. [PubMed: 9554404]

Kuthe A, Reinecke M, Uckert S, Becker A, David I, Heitland A, et al. Expression of guanylyl cyclase
B in the human corpus cavernosum penis and the possible involvement of its ligand C-type natriuretic
polypeptide in the induction of penile erection. J Urol 2003;169:1918-22. [PubMed: 12686873]

Sauzeau V, Le Jeune H, Cario-Toumaniantz C, Smolenski A, Lohmann SM, Bertoglio J, et al. Cyclic
GMP-dependent protein kinase signaling pathway inhibits RhoA-induced Ca2* sensitization of
contraction in vascular smooth muscle. J Biol Chem 2000;275:21722-9. [PubMed: 10783386]

Laufs U, Liao JK. Post-transcriptional regulation of endothelial nitric oxide synthase mMRNA stability
by Rho GTPase. J Biol Chem 1998;273:24266-71. [PubMed: 9727051]

Ming XF, Viswambharan H, Barandier C, Ruffieux J, Kaibuchi K, Rusconi S, et al. Rho GTPase/
Rho kinase negatively regulates endothelial nitric oxide synthase phosphorylation through the
inhibition of protein kinase B/Akt in human endothelial cells. Mol Cell Biol 2002;22:8467-77.
[PubMed: 12446767]

Bivalacqua TJ, Champion HC, Usta MF, Cellek S, Chitaley K, Webb RC, et al. RhoA/Rho-kinase
suppresses endothelial nitric oxide synthase in the penis: a mechanism for diabetes-associated erectile
dysfunction. Proc Natl Acad Sci USA 2004;101:9121-6. [PubMed: 15184671]

Dahiya R, Lin A, Bakircioglu ME, Huang ST, Lue TF. mMRNA and protein expression of nitric oxide
synthase and adrenoceptor alpha 1 in young and old rat penile tissues. Br J Urol 1997;80:300-6.
[PubMed: 9284206]

Musicki B, Kramer MF, Becker RE, Burnett AL. Inactivation of phosphorylated endothelial nitric
oxide synthase (Ser-1177) by O-GlcNAc in diabetes-associated erectile dysfunction. Proc Natl Acad
Sci USA 2005;102:11870-5. [PubMed: 16085713]

Chang S, Hypolite JA, Velez M, Changolkar A, Wein AJ, Chacko S, et al. Downregulation of cGMP-
dependent protein kinase-1 activity in the corpus cavernosum smooth muscle of diabetic rabbits. Am
J Physiol Regul Integr Comp Physiol 2004;287:R950-60. [PubMed: 15205187]

Park KH, Kim SW, Kim KD, Paick JS. Effects of androgens on the expression of nitric oxide synthase
mRNAs in rat corpus cavernosum. BJU Int 1999;83:327-33. [PubMed: 10233504]

Marin R, Escrig A, Abreu P, Mas M. Androgen-dependent nitric oxide release in rat penis correlates
with levels of constitutive nitric oxide synthase isoenzymes. Biol Reprod 1999;61:1012—-6. [PubMed:
10491638]

Liu WJ, Xin ZC, Xin H, Yuan YM, Tian L, Guo YL. Effects of icariin on erectile function and
expression of nitric oxide synthase isoforms in castrated rats. Asian J Androl 2005;7:381-8.
[PubMed: 16281085]

Traish AM, Park K, Dhir V, Kim NN, Moreland RB, Goldstein I. Effects of castration and androgen
replacement on erectile function in a rabbit model. Endocrinology 1999;140:1861-8. [PubMed:
10098525]

46.ShenZ,Chen Z, Lu Y, Chen F, Chen Z. Relationship between gene expression of nitric oxide synthase

47

48.

49.

and androgens in rat corpus cavernosum. Chin Med J (Engl) 2000;113:1092-5. [PubMed: 11776143]

. Bakircioglu ME, Hsu K, El-Sakka A, Sievert KD, Lin CS, Lue TF. Effect of a Chinese herbal medicine

mixture on a rat model of hypercholesterolemic erectile dysfunction. J Urol 2000;164:1798-801.
[PubMed: 11025772]

Ryu JK, Shin HY, Song SU, Oh SM, Piao S, Han JY, et al. Downregulation of angiogenic factors
and their downstream target molecules affects the deterioration of erectile function in a rat model of
hypercholesterolemia. Urology 2006;67:1329-34. [PubMed: 16750245]

Bakircioglu ME, Lin CS, Fan P, Sievert KD, Kan YW, Lue TF. The effect of adeno-associated virus
mediated brain derived neurotrophic factor in an animal model of neurogenic impotence. J Urol
2001;165:2103-9. [PubMed: 11371936]

Asian J Androl. Author manuscript; available in PMC 2010 June 28.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Linetal.

Page 7

50. Podlasek CA, Gonzalez CM, Zelner DJ, Jiang HB, McKenna KE, McVary KT. Analysis of NOS
isoform changes in a post radical prostatectomy model of erectile dysfunction. Int J Impot Res
2001;13(Suppl 5):S1-15. [PubMed: 11781741]

51.Jin L, Liu T, Lagoda GA, Champion HC, Bivalacqua TJ, Burnett AL. Elevated RhoA/Rho-kinase
activity in the aged rat penis: mechanism for age-associated erectile dysfunction. FASEB J
2006;20:536-8. [PubMed: 16396994]

52. Chitaley K, Webb RC, Mills TM. RhoA/Rho-kinase: a novel player in the regulation of penile erection.
Int J Impot Res 2001;13:67-72. [PubMed: 11426341]

53. Wilkes N, White S, Stein P, Bernie J, Rajasekaran M. Phosphodiesterase-5 inhibition synergizes rho-
kinase antagonism and enhances erectile response in male hypertensive rats. Int J Impot Res
2004;16:187-94. [PubMed: 15073608]

54. Wingard CJ, Johnson JA, Holmes A, Prikosh A. Improved erectile function after Rho-kinase
inhibition in a rat castrate model of erectile dysfunction. Am J Physiol Regul Integr Comp Physiol
2003;284:R1572-9. [PubMed: 12573976]

55. Bochinski DJ, Deng DY, Lue TF. The treatment of priapism —when and how? Int J Impot Res 2003;15
(Suppl 5):S86-90. [PubMed: 14551583]

56. Broderick GA, Gordon D, Hypolite J, Levin RM. Anoxia and corporal smooth muscle dysfunction:
a model for ischemic priapism. J Urol 1994;151:259-62. [PubMed: 8254824]

57. Lin G, Xin ZC, Lue TF, Lin CS. Up and down-regulation of phosphodiesterase-5 as related to
tachyphylaxis and priapism. J Urol 2003;170:S15-8. discussion S19. [PubMed: 12853767]

Asian J Androl. Author manuscript; available in PMC 2010 June 28.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Linetal. Page 8

Sexual stimulation

!

Maintenance Initiation

CSM contraction

CSM relaxation

Initiation Maintenance

t

Ejaculation

Figure 1.

The erection cycle. Erection is initiated by sexual stimulation and maintained during
continuous sexual stimulation. Erection starts to subside at ejaculation and the subsequent
flaccidity is maintained until the next sexual stimulation. CSM, cavernous smooth muscle.
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Figure 2.

Signaling pathways leading to cavernous smooth muscle (CSM) contraction. Norepinephrin
binds to adrenergic receptor, which then activates phospholipase C-p (PLCp), and which splits
phosphatidylinositol (4,5)-bisphosphate (PIP5) into inositol trisphosphate (IP3) and
diacylglycerol (DAG). Binding of DAG to protein kinase C (PKC) leads to cavernous smooth
muscle contraction. IP3 binds to sarcoplasmic reticulum and triggers the release of calcium
(Ca). Calcium (Ca) binds to calmodulin (CaM), which then binds to and activates myosin light
chain kinase (MLCK); MLCK phosphorylates MLC, which then binds to and activates actin,
resulting in contraction.

Asian J Androl. Author manuscript; available in PMC 2010 June 28.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnue\ Joyiny Vd-HIN

Linetal. Page 10

Ag: Norepinephrin, Endothelin, Angiotensin, etc

Ca

[ MLCP | [ MLCP

e 4

Y

Contraction

Figure 3.

Signaling pathways maintaining cavernous smooth muscle (CSM) contraction. Norepinephrin,
endothelin-1 and angiotensin Il bind to their respective receptors, leading to the activation of
guanine exchange factor (GEF), which converts RhoA-guanosine diphosphate (GDP) to RhoA-
guanosine triphosphate (GTP). RhoA-GTP dissociates from GDP dissociation inhibitor (GDI)
and migrates to the cytoplasmic membrane, where it binds to and activates Rho kinase (ROCK).
ROCK phosphorylates and inactivates myosin light chain phosphatase (MLCP), allowing MLC
to stay phosphorylated and consequently actin-contracted. Ag, agonists.
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Figure 4.

Signaling pathways leading to cavernous smooth muscle (CSM) relaxation. Sexual stimulation
triggers the release of nitric oxide (NO) from cavernous nerves in the penis. NO diffuses into
CSM cells (CSMC) and activates guanyl cyclase, which then catalyzes the conversion of
guanosine triphosphate (GTP) to cyclic guanosine monophosphate (cGMP). cGMP activates
protein kinase G (PKG), which in turn phosphorylates potassium (K) and calcium (Ca)
channels. Phosphorylation of K and Ca channels leads to an increase of potassium efflux, a
reduction of calcium influx, and the dissociation of calcium from calmodulin (CaM), which in
turn dissociates from the myosin light chain kinase (MLCK), thus inactivating it. Inactivation
of MLCK and removal of phosphates by myosin light chain phosphatase (MLCP) lead to
dissociation of myosin from actin and relaxation of actin.
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