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Abstract Contraction and relaxation of the smooth 
muscle, including the corpus cavernosum, are mediated 
by changes in the intracellular concentration of cal- 
cium. Since magnesium modulates the movement of 
calcium, it can modify the function of the erectile tissue. 
We designed this study to investigate the effects of 
magnesium in doses ranging from 5 to 30 mM on the 
function of the rabbit corpus cavernosum in vitro. The 
resting tension of tissue strips was significantly reduced 
by exposure to a solution high in magnesium 
(5-30 raM). The contractile response to field stimula- 
tion under resting conditions, and the contraction to 
phenylephrine, were significantly decreased by magne- 
sium (5-30 raM). There were no differences in the con- 
tractile strength of the corpus cavernosum to KC1. 
Although the relaxation induced by field stimulation 
under preincubation with 200 gM phenylephrine was 
abolished in the presence of 30 mM magnesium, there 
were no differences at a concentration of 5 mM or of 
10 mM magnesium. The relaxation induced by sodium 
nitroprusside under precontraction with 200gM 
phenylephrine was further increased by magnesium 
dose dependently. A high concentration of magnesium 
(30mM) enhanced both bethanechol-induced and 
ATP-induced relaxations under precontraction with 
phenylephrine. Our study demonstrated that magne- 
sium reduced the receptor-mediated contraction of the 
rabbit corpus cavernosum and enhanced the relaxation 
of this tissue induced by sodium nitroprusside, be- 
thanechol, and ATP. 
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Introduction 

Erectile function is mediated by the interaction of sev- 
eral forms of neurotransmission, including the local 
production and release of nitric oxide [5, 8, 15, 17, 20]. 
Contraction leading to the detumescence of the corpus 
cavernosum is mediated primarily by c~-adrenergic 
stimulation. An erection is initiated and sustained by 
a relaxation of the corpus cavernosum, primarily 
through the action of nitric oxide. Nitric oxide (endo- 
thelial-derived relaxant factor) can be released directly 
from nerve terminals on smooth muscle, and via 
cholinergic activation of the endothelial cells 
[-5, 8, 17, 20J. Smooth muscle contraction and relaxation 
are mediated by changes in the intraceltular concentra- 
tion of free calcium [3, 4, 7, 11, 16]. The function of the 
penile erectile tissue is also mediated by calcium [14]. 

Magnesium is known to modify smooth muscle con- 
tractility [-10]. Since this agent is reported to be a cal- 
cium channel inhibitor [2, 9, 10], it can be used as an 
adjuvant in treating hypertension [21]. In addition, 
alterations in the extracellular concentration of magne- 
sium could modify the formation and/or the release of 
nitric oxide, with a resultant decrease in tonus of the 
arterial smooth muscle [18]. These findings suggest that 
magnesium may modify the penile erectile function. 

We designed this study to investigate the effect of 
magnesium on the response of the rabbit corpus caver- 
nosum to various kinds of stimulation. 

Materials and methods 

Eleven male Japanese white rabbits obtained from Chubu Kagaku, 
Aichi, Japan (mean weight 3 kg), were used. All rabbits were sedated 
with an intramuscular injection of ketamine (25 mg/kg) and xylazine 
(6 mg/kg). Anesthesia was maintained by intravenous injection of 
sodium pentobarbital (25 mg/kg). The penis was removed at the 
level of attachment of the corporal body to the ischium. The grossly 
dissected organ preparation was then placed in Krebs' solution at 
room temperature. Subsequently, most of the overlying skeletal 
muscle was carefully removed to avoid damaging the underlying 
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tunica albuginea. Once it was fully exposed, a slit was made in the 
proximal end of the tunica and extended distally. The corpus cavern- 
osum was sharply dissected free from the tunica bilaterally. Two 
samples of corporal tissue from each rabbit (total 22 tissue samples) 
were used for the experiments. 

Longitudinal sections of the rabbit corpus cavernosum having an 
unstretched Iength of about 10 mm were placed in an organ bath 
containing 10 ml Krebs' solution (NaC1 119 mM, KC1 4.7raM, 
MgSO4 1.2raM, KHzPO4 1.2mM, CaCI~ 2.5 mM, NaHCO~ 
25 mM and glucose 11 mM) at 37~ The tissue was allowed to 
equilibrate for 60 min in a mixture of 95% oxygen and 5% carbon 
dioxide at a resting tension of 2 g. One end of each strip was 
connected to a force displacement transducer (Sanei model 45196), 
and changes in muscle tension were measured and recorded on 
a Rectigraph-8k (Sanei). 

Field stimulations utilized platinum electrodes that were set on 
both sides of the muscle strips in the organ baths. Transmural nerve 
stimulation was performed with a DPS-160 field stimulator (Dia- 
Medical System) that delivered biphasic square wave pulses of 50 V, 
0.5 ms in duration. The interval between stimulations was 2 min. 
After an equilibration at 2 g resting tension, field stimulation was 
applied at various frequencies from 2 to 60 Hz. Under resting condi- 
tions without precontraction, the contractile response to field stimu- 
lation was evaluated. 

The frequency response study to field stimulation was repeated 
under precontraction with 200 gM phenylephrine, an c~-adrenergic 
agonist. After the contraction induced by 200 laM phenylephrine had 
plateaued, the relaxation induced by field stimulation was observed. 

The dose-response effects of phenylephrine (0.14-200 gM) and the 
contraction in the KC1-Krebs' solution (KC1, 60 mM) were exam- 
ined at a resting tension of 2 g. The KC1-Krebs' solution was pre- 
pared by replacing NaC1 with an equimolar amount of KC1. We 
observed the relaxation of the corpus cavernosum induced by one 
dose of ATP (adenosine 5'-triphosphate; 2mM), bethanechol 
(600 ~LM), and sodium nitroprusside (100 gM) under precontractile 
conditions with 200 F,M phenylephrine. 

After completing the first study using normal Krebs' solution, we 
changed the incubation medium to one containing 5 mM MgCla. 
This medium was prepared by replacing sodium with an equimolar 
amount of magnesium. A second study was performed after 30 min 
incubation in this solution. This procedure was repeated with MgC12, 
10 mM and 30 raM. A high KC1 solution also contained MgC12 
(5, 10, 30 mM), which was replaced by an equimolar amount of NaC1. 

Preliminary studies demonstrated that, under standard condi- 
tions, the tissue generated similar results for four sequential studies 
produced in normal Krebs' solution at 30-min intervals. The effect of 
magnesium on resting basal tension of the tissue strips was evaluated 
by comparing the tension of these strips after equilibration for 
60 min in normal Krebs' solution versus that at the end of 30 min 
incubation in a solution high in magnesium. 

ATP, phenylephrine, bethanechol, and sodium nitroprusside were 
all purchased from Sigma. The contractile responses to field stimula- 
tion, bethanechol, and KC1 were expressed as grams tension/100 mg 
tissue. The relaxations induced by field stimulation, and by the 
administration of ATP, bethanechol, and sodium nitroprusside, 
were expressed as the percentage relaxation of total tonic tension, 
calculated as the maximum decrease in tissue tension (grams) during 
drug application and field stimulation divided by the total tonic 
tension of the tissue strips under precontraction with 200 gM 
phenylephrine. 

Statistical comparisons were made using the unpaired Student's 
t-test. A probability level of P < 0.05 was accepted as being statis- 
tically significant. 

Results 

The resting tissue tension of the corpus cavernosum 
was significantly and dose dependently reduced by 
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Fig. 1 Effect of magnesium on basal tension of the corpus cavern- 
osum. Each point is the mean 4- SEM of nine duplicate observations. 
CONT control values observed in Krebs' solution. * significant 
difference from the tension in normal Krebs' solution. P < 0.05 
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Fig. 2 Effect of magnesium on the dose-response curve to 
phenylephrine. Each point is the mean + SEM of five individual 
observations. * significant difference from the response in normal 
Krebs' solution. P < 0.05 

MgC12, 5-30 mM (Fig. 1). The contraction of the cor- 
poral tissue produced by phenylephrine was signifi- 
cantly decreased dose dependently by a solution that 
contained a high concentration of magnesium (Fig. 2). 
Under 2 g resting tension without precontraction, the 
contraction induced by field stimulation was decreased 
significantly as the concentration of magnesium was 
increased (Fig. 3). Although field-stimulated relaxation 
under precontraction with 200 gM phenylephrine was 
abolished in a solution containing 30 mM magnesium, 
no differences were observed at magnesium concentra- 
tions of 5 m M  or 10mM (Fig. 4). Under precon- 
traction with 200 p.M phenylephrine, the relaxation 
induced by sodium nitroprusside was further increased 
by magnesium dose dependently (Fig. 5). The relax- 
ations induced by bethanechol and ATP were en- 
hanced by exposure to 30 mM magnesium (Figs. 6, 7). 
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Fig. 3 Effect of magnesium on the contraction to field stimulation 
under 2 g resting tension without precontraction. Each point is the 
mean _+ SEM of five individual observations. * significant difference 
from the response in normal Krebs' solution. P < 0.05 
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Fig. 4 Effect of magnesium on the relaxation induced by field stimu- 
lation under precontraction with 200 gM phenylephrine. Each point 
is the mean _+ SEM of five individual observations. * significant 
difference from the response in normal Krebs' solution. P < 0.05 

There  was no change in the response of the corpus  
cave rnosum to KC1 in the presence of any concentra-  
t ion of MgClz (Fig. 8). 

Discussion and conclusion 

The corpus  cave rnosum is contracted by c~-adrenergic 
neurotransmiss ion,  which leads to detumescence.  An 
erection is main ta ined  by the cont inuous  relaxat ion of 
the corpus  cave rnosum induced by a decrease in c~- 
neurotransmiss ion,  the act ivat ion of muscar inic  
cholinergic receptors,  and the act ivat ion of non-ad-  
renergic and non-cholinergic  neuro t ransmi t te rs  (nitric 
oxide and ATP)  [5, 8, 15, 17, 20]. Cholinergic st imula- 
t ion initiates the local release of the endothel ial-derived 
relaxat ion factor, which is nitric oxide, and which 
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Fig. 5 Effect of magnesium on the relaxation induced by sodium 
nitroprusside under precontraction with 200 gM phenylephrine. 
Each point is the mean _+ SEM of six individual observations. 
CONT control values observed in Krebs' solution. * significant 
difference from the response in normal Krebs' solution. P < 0.05 
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Fig. 6 Effect of magnesium on the relaxation induced by be- 
thanechol under precontraction with 200 btM phenylephrine. Each 
point is the mean _+ SEM of five individual observations. CONT 
control values observed in Krebs' solution. * significant difference 
from the response in normal Krebs' solution. P < 0.05 

mediates  direct relaxation of the corpus  cavernosum 
[17]. 

The response of smoo th  muscle, including the corpus  
cavernosum,  to various forms of s t imulat ion depends 
mainly  on changes in the concentra t ion  of intracellular 
free calcium [-3, 4, 7, 11, 14]. The s tudy using Fura-2  
calcium fluorescence demons t ra ted  that  the contrac-  
tions of the corpus  cave rnosum in response to bo th  ~- 
adrenergic s t imulat ion and field s t imulat ion were me- 
diated by an increase in the intracellular concentra t ion  
of free calcium. However ,  calcium m o v e m e n t  was in- 
consistent during relaxat ion [14]. 

Magnes ium exerts its effect on smoo th  muscle as 
a nonspecific calcium channel  inhibi tor  [-2, 9, 10]. In 
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Fig. 7 Effect of magnesium on the relaxation induced by ATP under 
precontraction with 200 gM phenylephrine. Each point is the 
mean _+ SEM of seven individual observations. CONT control 
values observed in Krebs' solution. * significant difference from the 
response in normal Krebs' solution. P < 0.05 
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Fig. 8 Effect of magnesium on the contraction induced by a solution 
high in KC1. CONT control values observed in Krebs' solution. 
Each point is the mean _+ SEM of six individual observations 

addition, this agent reduces the release of intracellular 
calcium from the sarcoplasmic reticulum [10]. Magne- 
sium is an essential cofactor for activation of various 
enzyme systems [-10]. There is evidence for involvement 
of the endothelium in the vasodilatation induced by 
magnesium [1, 19]. 

This study demonstrated that magnesium reduced 
the basal tonus of erectile tissue, consistent with results 
of studies conducted in vascular smooth muscle 
[12, 22]. These studies suggest that magnesium reduces 
the resting calcium permeability via the smooth muscle 
cell membrane. 

Magnesium nonselectively inhibits both the voltage- 
dependent calcium channels and the receptor-operated 
calcium channels, whereas calcium channel blockers 

inhibit the voltage-dependent calcium channels rela- 
tively selectively [10]. Magnesium significantly inhib- 
ited the contractions of corpus cavernosum in response 
to phenylephrine and to field stimulation without pre- 
contraction. However, the contractile response to KC1 
was unaffected by an increase in extracellular concen- 
tration of magnesium (5 30 mM). In our previous 
study, the magnesium significantly reduced the re- 
sponse of the rat detrusor to KC1 [13]. The sensitivity 
of the arteries to magnesium showed a considerable 
difference based on animal species as well as the part 
from which the artery was taken [10]. The sensitivity of 
the corpus cavernosum to magnesium in the response 
to KC1 may be extremely low. 

The contraction and relaxation to field stimulation 
were completely abolished in the presence of 30 mM 
magnesium. However, a direct stimulation of the recep- 
tor gave a significant response. These observations 
suggested that 30mM magnesium may disturb the 
nerve-mediated response. The relaxations induced by 
sodium nitroprusside, bethanechol, and ATP were en- 
hanced by an increase in the extracellular concentra- 
tion of magnesium. Bethanechol-induced relaxation 
was endothelium dependent (via an effect on the release 
of nitric oxide) [17]. Since changes in the extracellular 
concentration of magnesium can modify the formation 
and release of the endothelial-dependent relaxing factor 
known to be nitric oxide [18], magnesium can augment 
the relaxation induced by bethanechol enhancing the 
formation and/or the release of nitric oxide. Sodium 
nitroprusside and nitric oxide are each thought to pro- 
duce smooth muscle relaxation by activating soluble 
guanylate cyclase, and by increasing the cyclic GMP 
[-6, 10, 16]. The effect of sodium nitroprusside on vascu- 
lar smooth muscle was also attenuated by a solution 
that was free of magnesium [-10]. These studies suggest 
that magnesium may enhance the activation of intracel- 
lular guanylate cyclase. 

ATP in the corporal tissue is thought to induce 
a response via the purinergic receptors [20]. ATP- 
induced relaxation increases the intracellular calcium 
concentration [14]. Since magnesium is a nonselective 
calcium channel inhibitor that decreases intracellular 
calcium concentration [10], the ATP-induced relax- 
ation of the corpus cavernosum should be inhibited by 
magnesium. However, the present study showed that 
the ATP-induced relaxation was enhanced by magne- 
sium. In the presence of bethanechol, which relaxes the 
corporal tissue, ATP contracted the corpus cavern- 
osum with an increase in the intracellular concentra- 
tion of calcium [-8, 14]. The controversy remains as to 
the mechanisms involved in the ATP-mediated cor- 
poral relaxation and contraction. 

In conclusion, magnesium decreased tension and de- 
creased the contractile strength of the corpus cavern- 
osum to ~-adrenergic stimulator and to nerve-mediated 
stimulation. The relaxations induced by sodium nitro- 
prusside, bethanechol, and ATP were enhanced. 



37 

References 

1. Aloamaka CP, Ezimokhai M, Morrison J, Cherian T (1993) 
Effect of pregnancy on relaxation of rat aorta to magnesium. 
Cardiovasc Res 27:1629 

2. Altura BM, Altura BT (1974) Magnesium and contraction of 
arterial smooth muscle. Microvasc Res 7:145 

3. Ashley CC, Caldwell PC (1974) Calcium movements in relation 
to contraction. Biochem Soc Syrup 39:29 

4. Batra S, Sjogren C, Andersson K-E, Fovaeus M (1987) Source of 
calcium for contraction induced by depolarization and musca- 
rinic receptor stimulation in rabbit urinary bladder. Acta 
Physiol Scand 130:545 

5. Benson GS, Boileau MA (1991) The penis: sexual function and 
dysfunction. In: Gillenwater JY, Grayhack JT, Howards SS, 
Duckett JW (eds) Adult and pediatric urology, 2nd edn. Vol II. 
Mosby, Philadelphia, p 1599 

6. Blatter LA, Weir WG (1994) Nitric oxide decreases [Ca z +]i in 
vascular smooth muscle by inhibition of the calcium current. 
Cell Calcium 15:122 

7. Bolton TB (1979) Mechanisms of action of transmitter and other 
substances on smooth muscle. Physiol Rev 59:606 

8. Broderick G, Hypolite JA, Levin RM (1991) In vitro contractile 
response of the rabbit corpus cavernosa to field stimulation and 
autonomic agonists and antagonists: a qualitative study. Neur- 
ourol Urodyn 10:507 

9. Ebeigbe AB, Aloamaka CP (1986) Extracellular magnesium and 
contractile responses to noradrenaline in the rat tail artery. 
Comp Biochem Physiol C 83:123 

10. Karaki H (1988) Magnesium as a modifier of smooth muscle 
contractility. Microcirc Endothelium Lymphatics 5:77 

11. Karaki H, Weiss GB (1988) Minireview. Calcium release in 
smooth muscle. Life Sci 42:111-122 

12. Karaki H, Hatano K, Weiss GB (1983) Effects of magnesium on 
~SCa uptake and release at different sites in rabbit aortic smooth 
muscle. Pflugers Arch 398:27 

13. Kato T, Saito M, Kondo A, Miyake K (1995) Effects of magne- 
sium ion on the contraction of the rat detrusor muscle. Urol Int 
54:204 

14. Levin RM, Tong Y-T, Hypolite JA, Broderick G (1991) Correla- 
tion of calcium movements with the contractile response of the 
rabbit corpus cavernosum using Fura-2 calcium fluorescence. 
Int J Impotence Res 3:141 

15. McConnell J, Benson GS, Wood J (1979) Autonomic innerva- 
tion of the penis: histochemical and physiological study. J Neu- 
ral Transm 45:227 

16. Papapetropoulos A, Marczin N, Snead MD, Cheng C, Miliei A, 
Catravas JD (1994) Smooth muscle cell responsiveness to nit- 
rovasodilators in hypertensive and normotensive rats. Hyper- 
tension 23:476 

17. Saenz de Tejada I, Blanco R, Goldstein I, Azadzoi K, de las 
Morenas A, Krane RJ, Cohen RA (1988) Cholinergic neurotran- 
smission in human corpus cavernosum. I. Responses of isolated 
tissue. Am J Physiol 254:H459 

18. Szabo C, Farago M, Dora E, Horvath I, Kovach AG (1991) 
Endothelium-dependent influence of small changes in extracel- 
lular magnesium concentration on the tone of feline middle 
cerebral arteries. Stroke 22:785 

19. Szabo C, Farago M, Dora E (1992) Effect of small changes in 
extracellular magnesium concentration on the tone of feline 
mesenteric arteries: involvement of endothelium. Acta Physiol 
Hung 79:295 

20. Tong Y-T, Broderick G, Hypolite JA, Levin RM (1992) Correla- 
tion of purinergic and adrenergic functions in rabbit corporal 
cavernosal tissue. Pharmacology 45:241 

21. Touyz RM (1991) Magnesium supplementation as an adjvant to 
synthetic calcium channel antagonists in the treatment of hyper- 
tension. Med Hyopotheses 36:140 

22. Turlapaty PDMV, Altura BM (1978) Extracellular magnesium 
ions control calcium exchange and content of vascular smooth 
muscle. Eur J Pharmacol 52:421 


