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Erection is the final common pathway of the integrative synchronized action of psychological, neuronal, 
hormonal, vascular, and cavernous smooth muscle systems. In this short review we will discuss the 
advancement of knowledge that the last decade have witnessed. 

HEMODYNAMICS AND MECHANISM OF ERECTION AND DETUMESCENCE 

Corpora Cavernosa 

The penile erectile tissue, specifically the cavernous smooth musculature and the smooth muscles of the 
arteriolar and arterial walls, plays a key role in the erectile process. In the flaccid state, these muscles are 
tonically contracted by the sympathetic discharge, and vasoconstrictors secreted by endothelium allowing 
only a small amount of arterial flow for nutritional purposes. 

Sexual stimulation triggers release of neurotransmitters from the cavernous nerve terminals. This 
results in relaxation of these smooth muscles and the following events: (1) dilation of the arterioles and 
arteries by increased blood flow in both the diastolic and systolic phases; (2) trapping of the blood by the 
expanding sinusoids; (3) compression of the subtunical venular plexuses between the tunica albuginea 
and the peripheral sinusoids, reducing the venous outflow; (4) stretching of the tunica to its capacity, 
which encloses the emissary veins between the inner circular and the outer longitudinal layers and further 
decreases the venous outflow to a minimum; (5) an increase in intracavernous pressure (maintained at 
around 100 mm Hg), which raises the penis from the dependent position to the erect state (the full 
erection phase); and (6) a further pressure increase (to several hundred mm Hg) with contraction of the 
ischiocavernosus muscles (rigid erection phase.) 

Three phases of detumescence have been reported in an animal study.1 The first entails a transient 
intracorporeal pressure increase, indicating the beginning of smooth muscle contraction against a closed 
venous system. The second phase shows a slow pressure decrease, suggesting a slow reopening of the 
venous channels with resumption of the basal level of arterial flow. The third phase shows a fast pressure 
decrease with fully restored venous outflow capacity. 

Erection thus involves sinusoidal relaxation, arterial dilation and venous compression.2 The 
importance of smooth muscle relaxation has been demonstrated in animal and human studies.3,4
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Corpus Spongiosum and Glans Penis 

The hemodynamics of the corpus spongiosum and glans penis are somewhat different from those of the 
corpora cavernosa. During erection, the arterial flow increases in a similar manner; however, the pressure 
in the corpus spongiosum and glans is only one-third to one-half that in the corpora cavernosa because the 
tunical covering (thin over the corpus spongiosum and virtually absent over the glans) ensures minimal 
venous occlusion. 

Smooth Muscle Physiology 

Spontaneous contractile activity of cavernous smooth muscle has been recorded in vitro and in vivo 
studies. Yarnitsky et al.5 found two types of electrical activity recorded from the corpus cavernosum: 
spontaneous and activity-induced. Field stimulation results in a decrease in tension and intracellular 
calcium at low frequencies and an increase in tension with increased intracellular calcium at high 
frequencies. In general, the response to pharmacologic agents correlates with the change in intracellular 
calcium: e.g. phenylephrine produces muscle contraction and an increase in intracellular calcium, while 
nitroprusside causes the opposite. 

NEUROANATOMY AND NEUROPHYSIOLOGY OF PENILE ERECTION 

Peripheral Pathways 

The innervation of the penis is both autonomic (sympathetic and parasympathetic) and somatic (sensory 
and motor). From the neurons in the spinal cord and peripheral ganglia, the sympathetic and 
parasympathetic nerves merge to form the cavernous nerves, which enter the corpora cavernosa and 
corpus spongiosum to effect the neurovascular events during erection and detumescence. The somatic 
nerves are primarily responsible for sensation and the contraction of the bulbocavernosus and 
ischiocavernosus muscles. 

Autonomic Pathways 

The sympathetic pathway originates from the eleventh thoracic to the second lumbar spinal segments and 
passes via the white rami to the sympathetic chain ganglia. Some fibers then travel via the lumbar 
splanchnic nerves to the inferior mesenteric and superior hypogastric plexuses, from which fibers travel in 
the hypogastric nerves to the pelvic plexus. In man, the T10 to T12 segments are most often the origin of 
the sympathetic fibers, and the chain ganglia cells projecting to the penis are located in the sacral and 
caudal ganglia.6

The parasympathetic pathway arises from neurons in the intermediolateral cell columns of the second, 
third and fourth sacral spinal cord segments. The preganglionic fibers pass in the pelvic nerves to the 
pelvic plexus, where they are joined by the sympathetic nerves from the superior hypogastric plexus. 

The cavernous nerves are branches of the pelvic plexus that innervate the penis. The cavernous nerves 
are easily damaged during radical excision of the rectum, bladder and prostate. A clear understanding of 
the course of these nerves is essential to the prevention of iatrogenic erectile dysfunction.7

Stimulation of the pelvic plexus and the cavernous nerves induces erection, whereas stimulation of 
the hypogastric nerve or the sympathetic trunk causes detumescence. This clearly implies that the sacral 
parasympathetic input is responsible for tumescence, and the thoracolumbar sympathetic pathway for 
detumescence. 
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The cerebral impulses normally travel through sympathetic (inhibiting norepinephrine release), 
parasympathetic (releasing nitric oxide and acetylcholine), and somatic (releasing acetylcholine) 
pathways to produce a normal rigid erection. In patients with a sacral cord lesion, the cerebral impulse 
can still travel via the sympathetic pathway to inhibit norepinephrine release, and nitric oxide and 
acetylcholine can still be released via synapse with postganglionic parasympathetic and somatic neurons. 
Because the number of synapses between the thoracolumbar outflow and postganglionic parasympathetic 
and somatic neurons is less than the sacral outflow, the resulting erection will not be as strong. 

Somatic Pathways 

The somatosensory pathway originates at the sensory receptors in the penile skin, glans, urethra and 
within the corpus cavernosum. In the human glans penis, there are numerous afferent terminations: free 
nerve endings and corpuscular receptors with a ratio of 10:1. The free nerve endings are derived from thin 
myelinated and unmyelinated C fibers and are unlike any other cutaneous area in the body.8 The nerve 
fibers from the receptors converge to form bundles of the dorsal nerve of the penis, which joins other 
nerves to become the pudendal nerve. Activation of these sensory receptors sends messages of pain, 
temperature, and touch via the dorsal and pudendal nerves, spinal cord, and spinothalamic tract to the 
thalamus and sensory cortex for sensory perception. Recent evidences clearly demonstrate that the dorsal 
nerve is a mixed nerve with both somatic and autonomic components that enable it to regulate both 
erectile and ejaculatory function.9,10 Onuf's nucleus in the second to fourth sacral spinal segments is the 
center of somatomotor penile innervation. These nerves travel in the sacral nerves to the pudendal nerve 
to innervate the ischiocavernosus and bulbocavernosus muscles. Contraction of the ischiocavernosus 
muscles produces the rigid erection phase. Rhythmic contraction of the bulbocavernosus muscle is 
necessary for ejaculation. 

In summary, the structures above are responsible for the three types of erection: psychogenic, 
reflexogenic and nocturnal. Psychogenic erection is a result of audiovisual stimuli or fantasy. Impulses 
from the brain modulate the spinal erection centers (T11-L2 and S2-S4) to activate the erectile process. 
Reflexogenic erection is produced by tactile stimuli to the genital organs. The impulses reach the spinal 
erection centers; some then follow the ascending tract, resulting in sensory perception, while others 
activate the autonomic nuclei to send messages via the cavernous nerves to the penis to induce erection. 
This type of erection is preserved in patients with upper spinal cord injury. Nocturnal erection occurs 
mostly during rapid-eye-movement (REM) sleep. The mechanism is as yet unknown. 

Neurotransmitters 

Peripheral Neurotransmitters 

Flaccidity and Detumescence 

Adrenergic nerve fibers and receptors have been demonstrated in the cavernous trabeculae and 
surrounding the cavernous arteries, and norepinephrine has generally been accepted as the principal 
neurotransmitter to control penile flaccidity and detumescence.11,12 Receptor binding studies have shown 
the number of a-adrenoceptors to be 10 times higher than the number of ß-adrenoceptors.13

Endothelin, a potent vasoconstrictor produced by the endothelial cells, has also been suggested to be a 
neurotransmitter for detumescence.14,15 In addition, other vasoconstrictors such as thromboxane A2, 
prostaglandin F2a and leukotrienes have also been proposed.16,17
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Erection 

Acetylcholine is required for ganglionic transmission (by nicotinic receptors) and vascular smooth muscle 
relaxation (by muscarinic receptors). Cholinergic nerves have been demonstrated within the human 
cavernous smooth muscle and surrounding penile arteries, and ultrastructural examination has also 
identified terminals containing cholinergic vesicles in the same area.18 It has been suggested that 
acetylcholine stimulates the release of NO from endothelial cells and thus contributes directly to smooth 
muscle relaxation during erection.19

Recent observations strongly suggest that NO released from nonadrenergic/noncholinergic (NANC) 
neurons increases the production of cyclic guanosine monophosphate (cGMP), which in turn relaxes the 
cavernous smooth muscle.20 Kim et al21 have also shown that the NO-mediated responses are 
progressively inhibited as a function of decreasing oxygen tension; reverting to normal oxygen tension 
restores endothelium-dependent and neurogenic relaxation. Currently, NO or an NO-like substance 
appears to be the most likely principal neurotransmitter causing penile erection. 

Nitric Oxide and cGMP in Relaxation of Smooth Muscle 

Nitric oxide was first described in 1979 as a potent relaxant of peripheral vascular smooth muscle, with an 
action mediated by cGMP.22 Subsequently, endothelium-derived relaxing factor was identified as NO or 
chemically unstable nitroso precursor.23,24 Nitric oxide is synthesized from endogenous L-arginine by NO 
synthase (NOS) located in the vascular endothelium.25 Nitric oxide may be synthesized and released as a 
neurotransmitter by the NANC neurons after their excitation by either electrical or chemical stimulation. 
In this regard Ignarro et al26 have suggested that NO is highly labile; therefore, it cannot be stored as a 
preformed neurotransmitter. There are at least three distinct forms of NOS (neuronal, endothelial and 
macrophage).27 The three forms of NOS display about 50% identity in amino acid sequence. The 
constitutive isoforms are generally regulated by Ca++-calmodulin, while inducible forms are not. Most of 
the isoforms require NADPH, tetrahydrobiopterin, FAD and FMN. 

Other investigators believe that VIP may be one of the neurotrans-mitters responsible for erection. 
VIP-immunoreactive nerve fibers have been identified within the cavernous trabeculae and surrounding 
penile arteries, and neurostimulation-induced cavernous smooth muscle relaxation has been shown to be 
blocked by a VIP antagonist or anti-VIP serum.28,29 Other potential candidates include calcitonin-gene-
related peptide (CGRP)30 peptide histidine methionine,31 pituitary adenylate cyclase-activating 
polypeptide 32, and prostaglandins 33,34. Prostaglandin E1 receptor density is reported to be lower in 
impotent men.35 Although these neurotransmitters may participate in the erectile process, they are 
unlikely to play a major role. Nevertheless, because of the multiplicity of putative transmitters present in 
the corpus cavernosum and in perivascular nerves, further investigation is needed to elucidate the 
interactions between neurotransmitters and neuromodulators at the neuromuscular junction, and between 
the neural and endothelial control of vascular tone.36

Central Neurotransmitters 

A variety of neurotransmitters, including dopamine, norepinephrine and serotonin, have been identified in 
the medial preoptic area "MPOA" and paraventricular areas of hypothalamus.37 It is suggested that 
dopaminergic and adrenergic receptors may promote sexual drive, and that serotonin receptors inhibit it.38
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PHARMACOLOGY OF PENILE ERECTION 

Intracavernous and Topical Drugs 

The introduction of intracavernous injection of vasoactive drugs has revolutionized the diagnosis and 
treatment of erectile dysfunction. Most researchers agree that erection results from relaxation of the 
smooth muscle of the arterioles and the cavernous trabeculae, whereas detumescence is the result of 
contraction of these smooth muscles. Therefore, vasoactive drugs, injected intracavernously, can be used 
to induce erection (muscle relaxants) or detumescence (a-adrenergic agonists) through their effect on 
smooth muscle. 

The mechanism of smooth muscle relaxation in response to various vasodilators is complex and is not 
completely understood, especially when a combination of drugs such as papaverine, phentolamine and 
prostaglandin E1 is used. 

Recently, several studies of the transdermal application of vasoactive drugs, including nitroglycerin 
cream or paste, minoxidil and stearyl-VIP,39 have been reported. Transurethral application of vasoactive 
agents such as prostaglandin E1 and E2 has also shown promise.40

Inhibitors of phosphodiesterase, which normally degrades cGMP and cAMP, are an interesting group 
of compounds.41 They comprise seven subtypes, and the specific cGMP inhibitor (type 5) (Sildenafil; 
Pfizer) has been shown to enhance penile erection when given orally. The success in oral drug therapy 
represents another major advance in the treatment of erectile dysfunction. 

Centrally Acting Drugs 

Drugs that activate central adrenergic receptors have been reported to increase the libido of patients who 
take L-dopa, amphetamines and deprenyl. On the other hand, prazosin (an a1-antagonist) and clonidine 
(a2-agonist) suppress mating behavior, whereas yohimbine (a2-antagonist) increases it.42

Dopamine agonists (apomorphine and pergolide) and dopamine uptake inhibitors (nomifensine and 
bupropion) have been reported to enhance sexual drive in patients.43 In animal studies, selective activation 
of D2-dopaminergic receptors by the systemic administration of agonists such as apomorphine and 
quinelorane increases sexual behavior, and this effect can be counteracted by centrally acting antagonists. 

Serotonin (5-hydroxytryptamine [5-HT]) is believed to be an inhibitory transmitter in the control of 
sexual drive.44 Suppressed libido in patients taking fenfluramine, a 5-HT-releasing agent, and elevated 
libido in patients taking buspirone, a 5-HT neuron suppressor, have been reported.45 Clinically, trazodone 
has been reported to enhance nocturnal penile erection and cause priapism in men.46
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