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Abstract 

Erectile dysfunction and cardiovascular disease share etiologies, and commonly 

coexist.  One unifying concept is that the arterial insufficiency in hypertension is also the 

primary basis for blunted sexual responses.  The objective of these studies was to 

characterize the age-related changes in the structure and function of the pudendal artery 

(the main resistance vessel) in young and old normotensive and hypertensive animals in 

relation to erectile function.  In addition, we assessed the impact of antihypertensive 

treatments and lifestyle modifications, such as exercise and/or caloric restriction, on 

erectile responses and the structure and function of the pudendal artery.   

 In 30 week old hypertensive rats or following re-challenges at 50 and 70 weeks, 

antihypertensive treatment (enalapril or hydralazine) did not prevent the age-related 

decline in erectile function.  Experiments involving cross-over kidney transplantations 

between treated and untreated young hypertensive rats revealed that changes in penile 

vasculature and not the level of arterial pressure were important for normalizing erectile 

responses.  In addition, intervention with exercise and caloric restriction showed that 

these treatments substantially improved erectile responses in normotensive and 

hypertensive rats.   

 The pudendal artery in young normotensive rats was found to have a thick medial 

layer but a relatively small lumen.  With age, the pudendal lumen didn’t change, but all 

components of the medial layer were markedly increased.  Of interest, the smooth muscle 

cells within the pudendal medial layer became more disorganized with aging, although 
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contractions were similar. In contrast, endothelium-dependent relaxation decreased with 

age.  

 Young hypertensive rats also had an increased wall thickness, but not lumen 

diameter or extracellular matrix.  Antihypertensive therapy significantly decreased the 

pudendal wall thickness.  In aging hypertensive rats, the pudendal artery walls were even 

thicker, lumen decreased and extracellular matrix greatly enhanced compared to younger 

rats.  In addition, there were numerous regions of intimal thickening associated with 

marked disruptions of the internal elastic lamina.  Moreover, pudendal smooth muscle 

cells bordering the intima and in the neointima were round in shape, and electron 

microscopy confirmed their synthetic state. 

Taken together, these findings provide key evidence of the importance of the 

structure and function of the pudendal artery in facilitating erectile responses. 
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1.1 Male sexual and erectile dysfunction   

Male sexual dysfunction is a group of conditions that significantly affect the self-esteem, 

self-confidence, and quality life for both the men suffering from this affliction, as well as 

their partners 1-6.  This disorder includes problems associated with libido or desire, 

arousal, ejaculation, orgasm, sexual pain, penile malformations such as Peyronie’s 

disease and priapism, but the most common complaint is erectile dysfunction (ED) 7-9.  

ED, a particular focus of this thesis, has been defined as the persistent inability to achieve 

and/or maintain a penile erection sufficient for satisfactory sexual intercourse 10.    

Epidemiological studies have shown that ED is highly prevalent, and occurs in more than 

20% of men between the ages of 18 and 59, and in 60% of men between the ages of 40 

and 70 in the United States 11.  Thus, there is no doubt that there is an age-related aspect 

to the condition.   

 

Although aging is considered to be one of the most significant contributing risk factors, 

ED is not necessarily an inevitable outcome of the normal aging process.  Other 

identified risk factors for ED include many that are common to cardiovascular diseases 

(CVD) in general, such as hypertension, hyperlipidemia, diabetes, physical inactivity, 

obesity and smoking 12-18.  However, the specific mechanisms by which these risk factors 

negatively impact erectile function have not been fully characterized.  Due to the 

widespread nature of this disease and the multi-factorial underlying basis, it is not 

surprising that 152 million men worldwide report suffering from ED, and that projections 

show that the worldwide prevalence of ED could more than double by 2025 19. 
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Over the past decade, substantial progress has been made in the diagnosis and 

management of ED.  Only a decade ago, sexual problems were believed to be mainly 

psychological in nature, whereas today they are clearly understood to have origins in 

pathophysiological conditions.  Thus, ED has been categorized as having a psychogenic 

cause (central mechanisms), an organic cause (peripheral mechanisms), or a combination 

of the two 20-24.  Some examples of the psychogenic aspects include depression, stress, 

performance anxiety, relationship issues, and sexual arousal difficulties 21, 23.  However, 

the majority of ED is deemed to be organic and has been subdivided into categories such 

as: neurogenic, hormonal (e.g. testosterone deficiency), associated with penile injury (e.g. 

trauma, priapism) or disease (e.g. Peyronie’s), arteriogenic (e.g. atherosclerosis, 

hypertension) and drug-induced 25-27.  Neurogenic ED can result from nerve injury during 

surgery, as well as from general neurogenic deficits associated with spinal cord injuries, 

multiple sclerosis, strokes, Alzheimer’s disease, and Parkinson’s disease 28-32.   

 

As indicated above, it is well documented that ED and CVD share many common risk 

factors, such that ED, particularly of arteriogenic origin, may actually be a sentinel of 

underlying or future systemic vascular disease 33-38.  Arteriogenic ED is often called 

arterial insufficiency-induced ED, and leads to inadequate perfusion pressure or lower 

arterial flow into the penis and the inability to produce an erection. Dysfunctional veno-

occlusive mechanisms, as well as abnormal structural changes in the penile vascular 

smooth muscle and endothelium have all been thought to contribute to this form of ED 39-

41.    Thus, among the primary organic causes of ED, 40% can be attributed to vascular 
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problems 42.  Further complicating the diagnosis and management of ED is the issue of 

the drug-induced or iatrogenic ED 43, 44.  In particular, pharmacological agents such as 

antihypertensive drugs, antidepressants, antipsychotics and many other widely prescribed 

medications have been found to have a negative impact on the neuroendocrine and/or 

neurovascular control of erectile function 45-49.  Thus, ED in a given patient can have a 

complicated, multi-factorial basis.  A common example would be a pharmacologically-

treated, hypertensive patient who is experiencing erectile difficulties.  In the generation of 

ED in this patient, the hypertensive state of this patient could have induced vascular 

structural changes or endothelial dysfunction of the supplying vasculature or of the 

intrapenile vascular tissue itself.  The problem could be further exacerbated by an 

antihypertensive treatment that has ED as an adverse effect.  A possible outcome in these 

cases is that the patient does not comply with his medication and as a consequence both 

the hypertension and ED worsen.   

 

The importance of sexual health to an individual’s quality of life was finally emphasized 

in 2000 by the World Health Organization (WHO), when they formally recognized 

sexual dysfunction as an important medical condition and classified normal sexual 

function as a basic human right.  Evidence for this conclusion came from studies, such as 

those from the United States, showing that men suffering from ED have low levels of 

physical and emotional satisfaction and low general happiness 10.  More recently, studies 

have also stressed that sexual dysfunction not only impacts negatively on the quality of 

life of the individuals with ED, but the presence of the condition also affects their 
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partners 6, 50, 51.  Social awareness and acceptability has increased drastically, in part, due 

to these statements made by the WHO as well by the development of phosphodiesterase-

5 (PDE5) inhibitor drugs such as Levitra®, Viagra® and Cialis®, which have become part 

of the lexicon.  Despite the advent of these treatments, it is important to realize that they 

are not always effective and even when they are successful; they only temporarily restore 

sexual responses 52-54.  Thus, more research is required to further elucidate the physiology 

and pathophysiology of erectile function to develop treatment options that will potentially 

cure or at least attenuate the progression of the underlying problem.   

 

1.2 Anatomy and physiology of an erection 

The penis is made up of three bodies of erectile tissue; the two corpora cavernosa, the 

primary erectile bodies, and the corpus spongiosum, which envelops the urethra (Figure 

1.1).  Functioning as the primary erectile end organs, each corpus cavernosum is 

comprised of a complex network of innervated vascular sinuses lined with endothelium, 

and separated by trabecular smooth muscle and fibroblast containing connective tissue 55, 

56.  The two corpora are anchored to the ischiopubic ramus and are separated by an 

incomplete septum. In addition, the paired corpora are surrounded by multiple circular 

and longitudinal layers of collagen and elastin fibers which make up the tunica albuginea.  

This connective tissue layer provides strength (collagen) and compliance (elastin) 

required for the corpora to expand during an erection 57, but also to facilitate the veno-

occlusive mechanism (see below).  The corpus spongiosum is generally similar to the 

corpus cavernosum, although it has larger sinusoids and there is less intravascular  



Figure 1.1  Anatomy of the penis and cavernosum in erect and flaccid states.  During an 
erection, relaxation of the trabecular smooth muscle and vasodilatation of the arterioles 
results in increased blood flow, which expands the sinusoidal spaces and compresses the 
subtunical venular plexus against the tunica albuginea. In addition, the stretched tunica 
compresses the emissary veins to prevent the outflow of blood. In the flaccid state, inflow 
through the constricted and tortuous helicine arteries is minimal, and there is free outflow via 
the subtunical venular plexus.  Modified from TF Lue NEJM 2000.
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pressure than in the cavernosum. The corpus spongiosum originates from the bulbus 

spongiosum and terminates in the glans penis, an area rich in sensory nerve endings.  The 

arterial blood supply to all three of these erectile tissues comes via the bilateral internal 

pudendal arteries which arise from the internal iliac arteries.   Close to the penis, the 

pudendal artery branches into the bulbourethral, cavernous and dorsal arteries.  The glans 

and the urethra are supplied by the bulbourethral artery. The cavernous artery travels 

down the middle of each corpus cavernosum, branching into the helicine arteries which 

then directly supply the sinusoidal spaces (Figure 1.1).  The dorsal arteries extend the 

length of the penis, running parallel with the dorsal nerve, to supply the superficial 

structures of the penis as well as other parts of the cavernous tissue via the circumflex 

arteries.  The venous drainage of the trabeculae and sinusoids form the subtunical venous 

plexus, which merges to become the emissary veins which empty into the cavernous vein 

(Figure 1.1).  Other veins which contribute to the outflow of the penis include the deep 

dorsal, superficial dorsal and circumflex veins, all of which drain into the internal 

pudendal veins.    

 

An erectile response results from a complex interplay between psychological, neuronal 

(cerebral and spinal), hormonal, vascular, and cavernous smooth muscle systems (Figure 

1.2).  An erection is initiated by a stimulus in the central nervous system, particularly 

involving activation of oxytocinergic neurons in the medial preoptic area (MPOA) and 

paraventricular nucleus (PVN) of the hypothalamus 58-60.  Much of the pro-erectile 

initiation occurs through dopaminergic and adrenergic signalling and is terminated, at  



 

 8 

 

 
 
Figure 1.2  Flow chart of the mechanisms required for an erectile response.  NANC, non-
adrenergic non-cholinergic. 
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least in part, via inhibitory serotonergic signalling 61-63.  In the periphery, the erectile, 

ejaculatory and orgasmic responses involve an interplay between autonomic 

(sympathetic, cholinergic and non-adrenergic, non-cholinergic; NANC) and somatic 

(sensory and motor) innervation 8, 61, 64.  The dorsal penile nerve and the pudendal nerves 

are somatic nerves which are primarily responsible for mediating sensory signalling as 

well as the contraction of the bulbocavernosus and ischiocavernosus muscles 65.  

Autonomic innervation controls penile tumescence, detumescence and ejaculation.  

Sympathetic and parasympathetic pre-ganglionic neurons converge in the major pelvic 

ganglion and continue towards the corpora cavernosa and corpus spongiosum of the penis 

together with the bilateral cavernous nerves.  Activation of the sympathetic nervous 

system maintains the penis in a flaccid state (i.e. detumescence) via the contractile effects 

of norepinephrine acting on α1-adrenoceptors expressed on corporal and arteriole smooth 

muscle cells (SMC) 66, 67.  During the initiation of an erection, the parasympathetic 

nervous system is dominant and initiates pre-penile and cavernosal SMC relaxation via 

the increased firing of cholinergic nerves 68.  These nerves from the pelvic plexus contain 

neuronal nitric oxide synthase which synthesizes and releases nitric oxide into the corpus 

cavernosum to relax SMC 69-71.  In addition, the release of acetylcholine acts on 

endothelial cells that produce NO and cause further cavernous SMC relaxation.  Overall, 

the net effect is a decrease in the pre-cavernosal and pre-spongiosal vascular resistance as 

well as relaxation of the smooth muscle in the sinusoidal tissue, leading to a rapid 

increase in blood flow into the trabecular spaces of the corpora cavernosa and corpus 

spongiosum.  When there is sufficient inflow, the rapid filling of the corpora causes 
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expansion sufficient to compress the plexus of subtunical veins against the more rigid, 

tunica albuginea.  This veno-occlusive mechanism impedes the venous outflow and 

thereby facilitates further filling and increased intracavernosal pressure, a change which 

generates the rigidity required for a full erectile response 72, 73.  Thus, penile smooth 

muscle tone is regulated by a coordinated balance between contractile and relaxation 

factors and pathways (Figure 1.3).   

 

The key vasoactive factors have already been mentioned but other factors have also been 

reported to play a role in the erectile response. That is, factors such as endothelin, 

angiotensin II (Ang II) and various prostaglandins (thromboxane A2, prostaglandin H2 

and F2α) have all been shown to have the capacity to stimulate contractile responses in 

penile vascular tissue.  Endothelin, synthesized predominantly by endothelial cells, can 

evoke contractions via the endothelin A (ETA) receptor 74-76.  Thromboxane is produced 

in cavernous tissues as a product of the arachidonic acid-cyclooxygenase pathway and 

binds to the thromboxane receptors to mediate contraction 77, 78.  Interestingly, it has been 

suggested that the contractile prostaglandins are produced to balance the effects of 

vasodilating prostaglandins, such as prostacyclin (PGE1).  The renin-angiotensin system 

(RAS) also been suggested to contribute to penile smooth muscle tone.  Ang II, a potent 

vasoconstrictor that can bind to angiotensin type 1 (AT-1) receptors, has been shown to 

have activity in the penile vasculature and in trabecular smooth muscle 79.  These 

contractile events occur as a result of activation of G protein coupled receptors (GPCRs), 

which link to pathways leading to the activation of phospholipase C (PLC), generation of  



Figure 1.3  Schematic representation of the processes of relaxation and contraction in 
cavernous smooth muscle cells.  The tone of penile smooth muscle is regulated by a 
balance between relaxant and contractile factors and pathways.  ACh, acetylcholine; 
BK, bradykinin; NO, nitric oxide; O2, oxygen; eNOS, endothelial nitric oxide 
synthase; nNOS, neuronal nitric oxide synthase; VIP, vasoactive intestinal peptide; 
VIP-R, vasoactive intestinal peptide receptor; EP-R, prostaglandin receptor; NE, 
norepinephrine; α1, α1 adrenoceptor; ET, endothelin; ETA, endothelin type A 
receptor; AngII, angiotensin II; AT-1, angiotensin type 1 receptor; TP, thromboxane 
receptor; sGC, soluble guanylyl cyclase; cGMP, guanoside-3’,5’-monophosphate; 
cAMP, adenosine-3’,5’-monophosphate; DAG, diacylglycerol; IP3, inositol
triphosphate; PDE, phosphodiesterase; Ca2+, calcium ion; AC, adenylate cyclase.
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inositol triphosphate (IP3), and increases in intracellular calcium.  Activation of calcium-

calmodulin dependent myosin light chain kinase (MLCK) mediates phosphorylation of 

the myosin light chain and the resulting cross-linking of the contractile proteins to cause a 

contraction.  This process also involves changes in the calcium sensitizing pathways.  

That is, RhoA, a small monomeric G protein, activates Rho-kinase to facilitate 

maintenance of the contractile state by preventing the dephosphorylation of the myosin 

light chain filaments 80-82.  In fact, both RhoA and Rho-kinase have a 17-fold higher 

expression in penile tissue compared to aortic vascular smooth muscle and inhibition of 

these has been shown to elicit cavernosal relaxation and penile erections 83-85.   

 

As indicated above, the full relaxation of corporal smooth muscle and penile arteries is 

critical in the development of a full erectile response.  Thus, to account for the full 

relaxation signal, the contribution of inhibitory vasoactive substances released into the 

circulation, from endothelial cells, from within the smooth muscle cells and those from 

adjacent nerves need to be understood.  The role of endothelial cells in establishing an 

appropriate milieu is well established 86-89.  The endothelium is made of flat epithelioid 

cells which line both the pre-penile and intra-penile blood vessels as well as the 

trabecular sinusoids.  Endothelium-dependent vasorelaxation can occur in response to 

factors such as acetylcholine and bradykinin, binding to muscarinic and bradykinin 

receptors, respectively.  In general, this signal increases the intracellular levels of calcium 

in the endothelial cells, which activates nitric oxide synthase (NOS), and results in the 

increased production of nitric oxide from molecular oxygen and L-arginine.  Of the three 
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different isoforms of NOS, the two constitutive forms are neuronal NOS (nNOS) and 

endothelial NOS (eNOS) which are mainly present in the nervous system and the 

vasculature, respectively.  There is also an inducible form of NOS (iNOS) which has 

increased expression following injury or inflammation.  Regardless of its source, once 

NO is released from nerve terminals, or is produced in endothelial cells, it can readily 

diffuse into smooth muscle cells to activate the enzyme soluble guanylate cyclase (sGC).  

Activated sGC catalyzes the formation of guanosine 3’, 5’ cyclic monophosphate 

(cGMP) from guanosine-5’-triphosphate (GTP).  Increased intracellular cGMP can 

modulate various processes including inhibition of the cAMP degrading enzyme, PDE3, 

as well as downstream activation of cGMP-dependent protein kinases (PKG) 90-92.  These 

processes would induce a loss of contractile tone by decreasing the intracellular calcium 

concentrations.   

 

Other vasodilator signalling involves activation of the other cyclic nucleotide pathway.  

In this process, adenylate cyclase (AC) is activated by a GPCR-linked event to catalyze 

the formation of a different vasodilating second messenger, adenosine 3’, 5’ cyclic 

monophosphate (cAMP).  Substances such as vasoactive intestinal protein (VIP) and 

calcitonin-gene related peptide (CGRP) can be released from nerve terminals, and certain 

prostaglandins (e.g. prostacyclin) can be secreted in a paracrine or autocrine manner from 

smooth muscle and endothelial cells 93-95.   It is generally agreed that although cAMP can 

initiate relaxation in a similar manner to cGMP, overall the cAMP pathway appears to be 

a lesser contributor to the physiology of an erectile response 96.   



 

 14 

As described above, the levels of cGMP and cAMP are both rendered inactive by 

phosphodiesterases (PDE), albeit different isoforms.  The initiation and maintenance 

phase of an erection are generally thought to involve high concentration of cGMP 97, 98.  It 

is not surprising that penile tissue was found to have substantial expression of PDE5, 

given its essential role in terminal hydrolysis of cGMP 99, 100.  However, it was the 

remarkable effectiveness of PDE5 inhibitors, such as sildenafil, tadalafil and vardenafil, 

in men with ED that confirmed the importance of the NO-cGMP pathway, the erectile 

response pathway.  

 

There is no doubt that an imbalance in the contractile-relaxation equilibrium within the 

penile tissue will impair the ability to achieve an erection.  In many disease states or 

health conditions (e.g. hypertension, diabetes, depression, stress) there is evidence for 

increased levels of contractile substances and/or their receptors.  In one study, 

experimental evidence revealed increased adrenergic sensitivity and increased 

RhoA/Rho-kinase activity were the underlying cause that made it very difficult to 

generate an erectile response 84.  From the other side of the vasoactive balance, other 

studies have revealed that endothelial dysfunction associated with various diseases and 

conditions, can lead to a sufficient decrease in NO production to impair or even prevent 

the generation of penile erection 86, 87, 89, 101.  
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1.3 Cardiovascular disease and sexual dysfunction  

Cardiovascular diseases (CVD) such as stroke, congestive heart failure, coronary artery 

and peripheral vascular disease, are disorders of the heart and blood vessels that are the 

number one cause of death globally 102.  Although the rates of CVD have declined in 

Canada by 50% over the last 20 years, more than 72,000 deaths in 2004 were attributable 

to CVD 103.  Annually, heart disease and stroke costs the Canadian economy over $18 

billion in physician services, hospital costs, lost wages and decreased productivity 104.  

Often, there are no recognizable warning signs or symptoms of the underlying disease 

until there is a heart attack or stroke.   

 

However, despite the early stages of CVD often being thought of as asymptomatic, over 

the last decade a number of studies have now shown that ED may actually be a sentinel 

manifestation of CVD 34, 38, 105, 106.  In a study by Schouten et al, a group of men aged 50-

75 years old suffering from ED, but who appeared to be free of CVD, were followed for 

8 years 107.  Their findings revealed that the severity of ED increased in a manner 

associated with the incidence of myocardial infarction, stroke or sudden death.  

Moreover, other studies have confirmed that cardiovascular symptoms, in general, 

become evident with 3-5 years following the development of ED 108, 109.  Of interest, 

traditional cardiovascular screening such as cholesterol, blood pressure or exercise stress 

testing do not always identify the silent progression of CVD, such that the onset of ED 

could be used as a harbinger of impending CVD and thereby mark the time point where 

intervention for CVD risk reduction should be aggressively instituted 110.  Although the  
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specific link between ED and CVD has not been fully established, the commonality of 

risk factors suggests a remarkable similarity in the likely mechanisms (Table 1.1) 107, 111-

113.  In the present thesis, the risk factors that are most relevant to consider include aging, 

hypertension, obesity and physical inactivity.   

 

As indicated earlier, aging is one of the most significant risk factors of ED, with 

epidemiological studies showing the occurrence of severe ED increasing 3-fold between 

the ages of 40 and 70 years or older 114.   Importantly, prospective clinical and 

experimental evidence has now corroborated these finding of the age-related decline in 

erectile function 115-117. Although a number of mechanisms have been proposed to explain 

the deleterious effect of age on erectile function, it has been difficult to distinguish the 

impact of aging per se on erectile function, from the effect of the other co-morbidities 

that occur frequently in an aging population (e.g. poor lifestyle habits, increased use of 

pharmacotherapy) 118.  Thus, more clinical and experimental studies are needed in order 

to characterize quantitatively the specific age-related influence of these confounders. 

 

In hypertensive men, the prevalence of ED is approximately twice that seen in the age-

matched normotensive males 119.   Experimentally, although there is an age-related 

decline in erectile function in normotensive animals, we and others have previously 

shown that ED occurs earlier and to a greater extent in hypertensive rats 115, 120.  Although 

the specific etiology of this linkage has not been established, a potential cause for the 

exacerbated ED in hypertensive subjects has been suggested to result from pathological  



 

 17 

 

 

 

 

 

 

 

Common Risk Factors of CVD and ED 

• Age  
• Dyslipidemia 
• Hypertension 
• Diabetes 
• Kidney Disease 
 

 

 

 

• Coronary artery disease 
• Peripheral vascular disease 

• Smoking  
• Sedentary lifestyle 
• Obesity 
• Depression  
• Alcohol  
 

 

 

 

• Congestive heart failure 
• Stroke 

Table 1.1  Relationship between risk factors of cardiovascular 
diseases and erectile dysfunction. 

CVD as Risk Factors of ED 
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structural changes in the corporal and penile vascular tissue.  The changes that have been 

suggested include increased media-to-lumen ratio, decreased number of smooth muscle 

cells and increased collagen of both the cavernosal and arterial vasculature 121-123. 

 

The current prevalence of obesity is already high and yet the incidence is still increasing 

globally.  It is estimated worldwide that approximately 1.6 billion adults are overweight 

and 400 million adults are obese 124.  A number of epidemiological studies indicate that 

obesity is a significant, independent risk factor for ED 125-128.  The Health Professionals 

Follow-up Study found that men with a BMI greater than 28.7 carry a 30% higher risk for 

ED than those with a normal BMI (≤25) 129.  However, despite the lack of knowledge of 

fundamental mechanisms, the deleterious impact on the vasculature is most often 

proposed to be a key predisposing factor linking obesity and the pathogenesis of ED.   

 

1.4 Vascular structure and sexual dysfunction 

Appropriate regulation of regional vascular resistance is critical to ensure tissues have 

sufficient blood flow to meet their metabolic needs and/or functions.  Arterial blood 

pressure is controlled acutely by changes in cardiac output and vascular tone while long-

term control is achieved by renal mechanism regulating blood volume and/or vascular 

structure 130-133.  Short term “steady-state” regulation of arterial pressure is maintained on 

a second-to-second, minute-to-minute, and day-to-day basis via changes in neural and 

local factors which can rapidly increase or decrease vascular resistance and cardiac 

output as required.  In the long term, the kidney is particularly dominant in establishing 
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the level of arterial pressure by maintaining fluid and electrolyte balance, in part, via the 

pressure-natriuresis mechanism 134-137.  In particular, the structural basis of vascular 

resistance of renal vessels appears to be important in establishing the level of arterial 

pressure 137-139.  In hypertension, adaptive structural changes involving increased wall 

thickness and decreased lumen diameter occur to allow vessels to withstand the increased 

wall stress.  Poiseuille’s law states that resistance is proportional to the inverse of the 

radius raised to the fourth power (R ∝ 1/r4).  Thus, a 7% decrease in the average lumen 

radius would result in a 34% increase in vascular resistance 140.  Accordingly, these small 

changes in lumen size significantly impact vascular resistance and result in an increased 

blood pressure.   

 

Both experimentally and clinically, many studies have demonstrated that a hypertensive 

state results in an increased vascular structure throughout the body 141-145.  Furthermore, 

there is considerable evidence that arterial insufficiency is an important underlying cause 

of ED in many patients with hypertension and/or atherosclerosis 33, 106, 112, 146-148.  

Experimentally, we and others have shown in spontaneously hypertensive rats (SHR) that 

there is altered vascular structure, in both conduit and resistance arteries, compared to the 

normotensive counterparts, the Wistar Kyoto (WKY) rats 149-151.  In fact, in SHR, 

changes in vessel structure have been shown to occur before the full development of 

hypertension and have been considered to contribute to the initiation and maintenance of 

hypertension.  In hypertensive humans and animals, there is an increase in the vascular 

wall-to-lumen ratio, in part, due to a thickening of the medial smooth muscle layer with 
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or without a narrowing of the vessel’s lumen.  The enlarged medial layer is thought to 

occur as a result of smooth muscle cell (SMC) hyperplasia, hypertrophy, or 

rearrangement of SMC around a smaller lumen 151-153.  The types of changes are specific 

to different vascular beds and are generally acknowledged to have the greatest impact on 

resistance vessels, which are believed to play a larger role in overall vascular resistance 

140, 154, 154.  The consequence of these changes, to ensure normal blood flow, is the 

necessity for an increase in perfusion pressure even under conditions of maximum 

dilation (i.e. minimal level of vasoconstrictor tone) 140, 154, 155.  Despite the evidence, it is 

still widely disputed whether the structural changes are causally-linked to the 

development of hypertension/circulatory disorder or are a compensatory response of the 

increased hemodynamic load 156, 157.   

 

Regardless of the cause, structural changes throughout the vasculature can impact beyond 

the level of arterial pressure, for example, in the development of erectile dysfunction.  In 

particular, as previously mentioned, the bilateral internal pudendal arteries are the 

primary vessels supplying the penile tissue.  Furthermore, the pudendal artery is 

responsible for over 70% of the resistance to blood flow during flaccidity as well as 

throughout an erectile response 158.  Previous studies from our laboratory have 

demonstrated that the penile vasculature is not protected in hypertension and is 

structurally increased similar to other vascular beds 121.  These hypertension-associated 

structural changes suggest that basal flow to penile tissue would be reduced and produce 

a lesser ability to initiate and/or maintain an erectile response.  In addition, chronic 
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insufficiency of arterial inflow into the cavernous spaces could lead to ischemia-related 

changes in cavernosal tissue, promoting fibrosis, and thereby potentially worsen erectile 

difficulties 159, 160.   

 

1.5 Antihypertensive therapy and erectile dysfunction  

Understanding the link between ED and hypertension is further complicated by evidence 

indicating that erectile function can be compromised in patients receiving certain 

antihypertensive treatments 161-163.  That is, drug-induced ED has been reported with 

specific classes of antihypertensive agents, an adverse event that might also contribute to 

the low patient compliance with antihypertensive treatment 164, 165.  In particular, clinical 

and experimental studies have demonstrated that central acting sympatholytics (e.g. α2-

receptor agonist, clonidine), diuretics (thiazides) and β-adrenoceptor antagonists are all 

linked to a high incidence of ED 165, 166.  Although the link between diuretics and β-

blockers, in particular, and the exacerbation of ED in hypertensive patients is widely 

known, the pathophysiological mechanisms involved remain unresolved.  Thiazide and β-

blockers were once the most commonly prescribed treatments for hypertension, but with 

the advent of the newer drugs with improved tolerability profiles these older drugs have 

been replaced in primary therapy.  Similarly, centrally acting sympatholytics, such as 

clonidine, have also fallen even further out of favor, in part, because of the high incidence 

of adverse effects including ED.  In contrast, calcium channel antagonists, angiotensin 

converting enzyme (ACE) inhibitors and AT-1 receptor antagonists have better treatment 

compliance and lower frequency of ED 167-170, 171.   
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The frequency of ED appears to be the lowest with agents that inhibit the RAS 45, 46, 163.  

In fact, many studies have suggested that inhibitors of the RAS might actually benefit 

erectile function.  For example, separate studies by Fogari and Llisterri have shown 

improved sexual function and satisfaction in hypertensive patients after treatment with 

AT-1 receptor antagonists, valsartan and losartan or the ACE inhibitor lisinopril 169-171.  

Recently, Baumhakel et al has also shown that treatment with irbesartan alone, as well as 

in combination with hydrochlorothiazide was associated with improved sexual desire, 

frequency of sexual contacts and erectile function in hypertensive patients with the 

metabolic syndrome 172.  Experimentally, our lab and others have shown that treatments 

with RAS antagonists improve erectile responses in different animal models of 

hypertension and diabetes 173-175. 

 

The improvement in erectile function from RAS inhibition does not appear to be related 

to the magnitude of the decrease in blood pressure per se as Fogari has shown β-blockers 

that equivalently lowered blood pressures did not improve erectile function 169, 170.  

Previous experimental studies have shown that after only two weeks of treatment with the 

ACE inhibitor enalapril there is a persistent decrease in arterial pressure and a 12% 

regression in penile vascular structure in the previously treated SHR 173.  In addition, this 

RAS-based intervention was also found to decrease α-adrenoceptor sensitivity of penile 

vasculature.  These findings of improved erectile and vascular function have been 

confirmed by studies from Toblli et al, who showed that treatment involving RAS 
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inhibition decreased intra-penile collagen deposition and cavernous vascular smooth 

muscle content, and improved corporal endothelial function 176, 177.  Taken together, the 

evidence suggests that there might be a multi-factorial impact on penile vascular structure 

and function, although to date these findings have related primarily to the end tissue.  

 

1.6 Lifestyle modifications and erectile function 

Recently, a number of studies have shown that lifestyle modifications, such as increasing 

physical activity and implementing a healthy diet, can have beneficial effects on both 

cardiovascular and ED risk factors, as well as on erectile function itself 178-184.  This is not 

surprising given the underlying concept that ED and CVD have similar risk factor 

profiles and therefore common underlying etiologies (Table 1.1).  However, one aspect 

that remains to be elucidated is whether both conditions are equally amenable to these 

preventative measures. 

 

Several epidemiological studies have shown that there is an inverse association between 

physical activity and erectile dysfunction 17, 125, 129, 185.  In one study, frequent vigorous 

exercise was associated with 30% lower risk for ED 129.  Despite the ample 

epidemiological evidence for this beneficial impact of exercise on cardiovascular health, 

only one lifestyle intervention study to-date by White and colleagues (1990) 

prospectively assessed the effect of exercise alone on some aspects of sexual function in 

men 178.  Specifically, they found that a 9 month exercise intervention (60 min/day, ~3.5 

days/week at 75-80% maximum aerobic capacity) significantly enhanced the frequency 
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of intercourse, orgasms and maintained erections as recorded in sexuality diaries of the 

exercising group, compared to the control group prescribed a low-intensity walking 

program.  However, the optimal level of exercise intensity, duration, and frequency 

required to maintain or improve erectile function still remains to be established 186.  

Regardless of the parameters of the exercise program, the mechanism(s) involved in the 

improvement in erectile function also remain to be elucidated.  In this regard, short and 

long term changes in the vasculature (e.g. improved endothelial function) and long term 

changes related to body composition (e.g. weight-loss, decrease in visceral adipose tissue 

(VAT)) have been proposed to be part of the process.  This evidence, coupled with the 

findings that physical activity improves other risk factors of ED (e.g. hypertension, 

insulin resistance) suggests that exercise may be an ideal strategy for the treatment of ED, 

as well as for overall vascular health.  

 

The combined effects of changing diet, caloric intake and physical activity on body 

composition and overall cardiovascular health have now been discussed in a number of 

studies 183, 187-189.  Esposito et al. (2006) assessed the dietary intake of men with and 

without ED both qualitatively and quantitatively 190.  Specifically, they assessed the 

impact of a Mediterranean-style diet (i.e. rich in whole grain, fruits, vegetables, legumes, 

walnut, and olive oil) versus a Western-diet (i.e. meat, poultry, dairy products, refined 

grains). It was determined that Mediterranean-style dietary patterns were more prevalent 

in subjects without ED compared to men with ED (based on the International Index of 

Erectile Function, IIEF-5).  Furthermore, in a 2 year follow-up study on men with both 
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ED and metabolic syndrome, Esposito et al. further determined that switching to a 

Mediterranean-style diet produced marked improvement in erectile responses (IIEF-5) 

and endothelial function, as well as a significant reduction in systemic markers of 

inflammation 191.  In addition, the positive effects of caloric restriction (CR) alone on 

overall health have also been known for quite some time, in that chronic CR has been 

associated with overall enhanced health and prolongation of life-span 192, 193.  Taken 

together, although the mechanisms remain unresolved, the findings to date reveal that a 

healthy diet can benefit erectile function even though a number of key issues (i.e. the 

optimal dietary composition and quantity) still need to be determined. 

 

Based on these studies it may be that combining the effects of increased physical activity, 

changes in dietary composition and/or CR would further improve erectile function.  

Indeed, one study performed a two year intervention involving both, and showed an 

improvement in existing erectile function among obese men, but also a third of men with 

severe ED regained sexual function as measured by the IIEF-5 184.  Similar to the later 

studies by this group, the improvements were suggested to be linked to enhanced 

endothelial function and a reduction in markers of systemic vascular inflammation. 

 

1.7 Current treatment of erectile dysfunction 

The current oral pharmacotherapy of ED involves an intervention that facilitates erectile 

responses in an acute scenario, but does not treat the underlying disease.  In the past, 

before the advent of oral therapy, the primary approach involved cavernosal injections of 
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vasoactive substances (e.g. alprostadil, papaverine, phentolamine, yohimbine) or urethral 

suppositories (e.g. alprostadil).  These treatments would induce vasodilation directly (e.g. 

prostaglandins, nitric oxide donors), via decreasing the breakdown of cAMP and cGMP 

(e.g. papaverine) or by blocking α-adrenoceptors (e.g. phentolamine, yohimbine) 194-196. 

 

In the last decade a number of oral agents have become available.  The current, most 

widely prescribed drugs are the PDE5 inhibitors.  As previously mentioned, the 

NO/cGMP pathway is an essential mechanism in an erectile response 197.   During sexual 

arousal, the NO released from nerves and endothelial cells binds to guanylate cyclase in 

corporal SMC to produce cGMP which activates cGMP-dependent kinase (PKG) (Figure 

1.4).  PKG in turn proceeds to phosphorylate several proteins which can result in 

decreased intracellular calcium levels, corporal smooth muscle relaxation, venous 

occlusion and a penile erection.  PDE5 is the predominant phosphodiesterase in the penis 

and normally inhibits penile erection through the degradation of cGMP 198.  PDE5 can 

also become phosphorylated by PKG which increases its level of enzymatic activity and 

its affinity for cGMP 199.  The PDE5 inhibitors work by competitively binding the 

catalytic site of PDE5 to prevent the inactivation of cGMP, thereby, leading to greater 

relaxation of the corporal smooth muscle and penile feeder arteries.  Sexual arousal is 

required to initiate the cGMP production and as a result of this response being localized 

in the penile tissue, PDE5 inhibitors have little effect in other smooth muscle tissues.  

There are currently three different PDE5 inhibitors on the market (sildenafil, vardenafil, 

tadalafil) which differ in the time of onset of action and half-life.   
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Figure 1.4  Nitric oxide-cGMP pathway for relaxation and the mechanism of 
phosphodiesterase type 5 (PDE5) inhibition in cavernosal smooth muscle.  NO, nitric 
oxide; GTP, guanosine triphosphate; cGMP, guanosine-3’,5’-monophosphate; 5’-GMP, 
5’-guanosine monophosphate; PKG, cGMP-dependent protein kinase; ATP, adenosine 
triphosphate; ADP, adenosine diphosphate; Ca2+, calcium ion; PDE5I, phosphodiesterase 
5 inhibition.  Modified from JD Corbin IJIR 2004. 
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Another orally available drug that was marketed until 2006 was the dopaminergic agonist 

apomorphine.  This substance has been presumed to act within the MPOA and PVN of 

the hypothalamus, by stimulating dopamine (D2, D4) receptors on oxytocinergic neurons, 

to centrally initiate the autonomic nervous system cascade involved in the erectile 

response 63, 200.  This drug was effective in a sub-group of ED patients but was taken off 

of the market as the PDE5 inhibitors began to dominate the sales for this indication.  If 

the oral therapies fail and/or the injection of vasoactive substances is not desired, the 

alternatives that remain include the use of vacuum constriction devices, or more invasive 

and terminal measures such as the implantation of a penile prosthesis. 

 

Unfortunately, patients suffering from ED with severe arterial dysfunction as the primary 

cause have the poorest response to pharmacotherapy.  That is, as the severity of vascular 

dysfunction progresses in an ED patient, they often become unresponsive to any erectile 

specific therapies 201.  Thus, since both sexual dysfunction and CVD have common risk 

factors and often co-exist, a treatment that targets the underlying vascular abnormality 

may be beneficial to both conditions.  Further studies are required to elucidate the 

damaging mechanism of the risk factors behind these diseases and find a better 

prevention and treatment strategy. 

 

1.8 General hypothesis and objectives 

The overall working hypothesis of the research presented in this thesis is that ED 

associated with aging, hypertension, and obesity, is due to pathological changes in the 
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structure of the pudendal vasculature; and that the ability of antihypertensive treatments 

or lifestyle modifications to prevent or reverse ED is based on the ability to improve 

pudendal vascular structure and function.   

 

The specific research hypotheses were as follows: 

1. Hypertension, aging and obesity will produce greater pathological changes in the 

structure and function of the pudendal artery than in other non–penile vessels.    

2. Benefits to erectile function from antihypertensive treatment or lifestyle 

modification will result from improved structure and/or function in the 

vasculature supplying the penile tissue.   

 

To test these hypotheses, the studies were designed to determine:  

1. The age-related changes in the internal pudendal artery in young and old 

normotensive and hypertensive rats. 

2. Whether antihypertensive drug treatment could impact on erectile function in 

aging animals. 

3. Whether improved erectile function from antihypertensive treatment or lifestyle 

modifications correlates with improved pudendal vascular structure and function. 

 

1.9 Rationale and approach 

To date ED research has focused primarily on the changes in the corpus cavernosum in 

animal models of different pathological states with or without treatment interventions.  A 
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previous study from our laboratory has shown that the majority of the vascular resistance 

during an erectile response is not found within the penile tissue but lies upstream in the 

vasculature supplying it.  We have previously demonstrated using isolated penile 

perfusion methodologies that the penile vasculature is structurally altered in hypertension 

and aggressive antihypertensive treatment can decrease the overall vascular resistance of 

this bed 158.  This hemodynamic approach provided an index of the overall changes in the 

penile vascular bed but did not allow for the determination of the location of specific 

structural changes in these vessels.  Thus, the main objective of the present work was to 

examine in detail the predominant resistance vasculature supplying the penile tissue, the 

internal pudendal artery.   

 

Previous investigations have shown that antihypertensive treatments can recover erectile 

function in aged hypertensive rats; however no one has examined the ability of these 

treatments to delay the onset of erectile dysfunction.  In Chapter 2, using a conscious rat 

model of erectile function, we determined if antihypertensive therapy could prevent the 

onset of erectile dysfunction in 30 week old SHR.  Multiple treatments which did or did 

not inhibit RAS were also assessed at different ages to determine when treatment should 

be administered to provide the most benefit to erectile function.  In order to elucidate if 

the benefit to erectile function after antihypertensive therapy is due to lower arterial 

pressure or structural changes, cross-over kidney transplantations were performed 

between treated and untreated SHR.  These transplants resulted in one group of SHR with 

lower blood pressure due to their donor treated kidney with untreated vasculature and 
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another group who underwent treatment but operate at a high blood pressure from their 

untreated donor kidney.  Continuous blood pressure recordings were performed by radio-

telemetry and apomorphine (APO)-induced erectile responses were assessed. 

 

To expand on the studies by Hale et al., the pudendal artery’s morphology was 

characterized in Chapters 3 and 4.  Using light microscopy, immunohistochemistry and 

electron microscopy, proximal, middle and distal segments of the internal pudendal artery 

were assessed and compared to sections of thoracic aorta, renal and first order mesenteric 

arteries.  Young and old Sprague-Dawley rats and SHR were assessed in Chapters 3 and 

4, respectively.  The physiological activity of the pudendal artery from young and old 

Sprague-Dawley rats was also examined with a wire myograph in Chapter 3.  The impact 

of antihypertensive treatment on remodelling the pudendal artery was assessed in young 

SHR in Chapter 4. 

 

The final chapter takes a different approach to treating ED and examines the impact of 

exercise and reducing caloric intake on improving erectile function.  In 2004, Esposito et 

al. showed that modifications in exercise and diet improved erectile function and overall 

sexual satisfaction in men suffering from the metabolic syndrome 184.  Using a similar 

approach, normotensive and hypertensive rats were monitored as their erectile function 

declined and an intervention of exercise and decreased caloric intake attempted to recover 

erectile function.  The findings from these studies will provide further understanding of 
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the vascular aspect of ED and shed light on the mechanisms in which treatment 

interventions improve erectile function. 
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Chapter 2:   
 
Impact of antihypertensive treatments on erectile responses in aging 
spontaneously hypertensive rats 
 

J.L. Hannan, C. Smallegange, T.M. Hale, J.P.W. Heaton, M.A. Adams. Journal of 
Hypertension 2006; 24:159-168. 
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2.1 Introduction 

Over 30 million men in North America between the ages of 40 and 70 are affected by 

erectile dysfunction (ED) 114, with a higher proportion also having some form of 

cardiovascular disease 106, 200.  In many cases, sexual dysfunction appears to precede the 

conventional signs of cardiovascular disease and thereby acts as a diagnostic indicator 113. 

In the hypertensive male population, the prevalence of erectile dysfunction is 

approximately twice that seen in the normotensive group, with the main cause found to 

be arterial dysfunction in 89% of these patients 119, 202.  The link between ED and 

cardiovascular disease is complicated by the understanding that some antihypertensive 

agents induce sexual dysfunction.  Specifically, although antihypertensive drugs such as 

beta-blocking agents, diuretics and central sympatholytics are very effective at lowering 

blood pressure, all have been shown to deleteriously impact on sexual function 166, 203, 204. 

  

The magnitude of the reduction in blood pressure does not appear to account for the 

antihypertensive drug-induced ED, as effective agents such as calcium channel blockers 

and inhibitors of the renin–angiotensin system (RAS) do not appear to impair sexual 

function 170, 174, 205.  In fact, more recently, results from clinical and experimental studies 

using RAS-inhibiting drugs show improvements in sexual function.  Specifically, 

treatment of hypertensive men with ED using AT-1 receptor antagonists resulted in 

increased sexual function, satisfaction and frequency of sexual activity 169, 171.  Similarly, 

brief, aggressive treatment with an ACE inhibitor in spontaneously hypertensive rats 

(SHR) was able to recover erectile function 205.  
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Treatment of SHR with inhibitors of the renin–angiotensin system also persistently 

reduces arterial pressure and regresses vascular structure long after treatment is stopped 

137, 138, 205-210.  More relevant to the effect on sexual function is the finding that short-term 

antihypertensive treatment also induces structural remodelling of the penile vasculature 

even in aged SHR 173, 205.  

 

In the present study, the time course of changes in ED was characterized in aging SHR 

(older than 30 weeks) with and without antihypertensive treatment.  The antihypertensive 

treatment strategies used targeted both the prevention and the recovery of erectile 

function using various agents.  An additional complication of aging is that there is 

diminished activity within the hypothalamic–pituitary–gonadal axis, resulting in 

decreased testosterone 211-214.  Androgen supplementation has been found effective in 

improving sexual function both clinically in aging males 215, 216 and following 

experimental castration in rats 202, 203.  To address this issue, supplementation with 

testosterone was performed in the aged SHR to assess whether hormonal deficiencies also 

contributed to the ED.  Finally, using a kidney transplantation approach, involving a 

cross-over between treated and untreated rats, we determined whether antihypertensive 

drug-induced improvement in sexual function was dependent on changes in arterial 

pressure or on effects specific to the penile vasculature. 

 

 

 



 

 36 

2.2 Methods  

2.2.1 Animals 

Twenty-six male SHR were purchased at 13 weeks of age (Charles River Laboratories, 

Montreal, Quebec, Canada) and housed individually at a temperature of 22–24°C with a 

12-h light/dark cycle.  All rats were provided with free access to regular rodent chow 

(0.4% Na+) and tap water.  Procedures were performed in accordance with the guidelines 

of the Canadian Council on Animal Care.  

 

2.2.2 Antihypertensive treatments 

At 30 weeks of age, rats were randomly divided into three groups.  The control animals 

received tap water and regular rodent chow (n=12).  The other groups received a 2-week 

treatment with enalapril maleate (30mg/kg per day, n=7) or hydralazine (45mg/kg per 

day, n=7) and regular rodent chow.  All drugs were supplied by Sigma Chemical Co. (St 

Louis, Missouri, USA) and administered in the drinking water.  Aspartame (100mg/l) 

was added to the hydralazine solution to improve palatability.  Drug concentrations were 

adjusted bi-weekly to account for fluctuations in body weight or fluid intake.  Based on 

the results of the initial treatment cycle, a second 2-week antihypertensive treatment was 

performed at 50 weeks of age using the same drugs in a further attempt to restore erectile 

function.  
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Subsequent to the second treatment, all rats still had demonstrable signs of ED and 

therefore underwent a third, 2-week antihypertensive treatment at 68 weeks of age, in 

which rats were re-allocated into four new treatment groups (Table 2.1).  The previously  

untreated rats (n=12) received enalapril (30mg/kg per day, n=6) or losartan (LOS) 

(30mg/kg per day, n=6; Merck Frosst Canada Inc., Point-Claire, Quebec, Canada) with a 

low-sodium diet (0.04% Na+).  The rats that had previously been treated with two cycles 

of either enalapril or hydralazine were also subdivided for the third round of treatment.  

Table 2.1 shows that groups 2A and 3A received enalapril with a low-sodium diet (n=7), 

whereas groups 2B and 3B received a triple treatment (n=7) combining hydralazine 

(45mg/kg per day), nifedipine (200mg/day) and hydrochlorothiazide (100mg/l) (all drugs 

supplied by Sigma Chemical Co.) 207, 208.  In the case of the animals receiving a low-salt 

diet, on day 6 of treatment the rats were given daily 4 hour access to regular chow (0.4% 

Na+) containing normal levels of salt to stabilize the depressor response as previously 

described 205, 207.  Drugs were mixed into the drinking water, excluding nifedipine that 

was mixed into ground chow.  Aspartame (100mg/l) was added to the hydralazine 

solution to improve palatability. 

 

2.2.3 Testosterone treatment 

At 47 and 67 weeks of age, each rat received a single dose of testosterone (480µg/kg) 

administered via subcutaneous injection 36 hours prior to erectile testing according to a 

previously optimized protocol 202, 204.  Testosterone was prepared from a stock solution of 

testosterone propionate (Taro Pharmaceuticals, Bramalea, Ontario, Canada) in peanut oil.  
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Table 2.1  Summary of antihypertensive treatments throughout study   

 Treatment #1 Treatment #2 Treatment #3 n= 

Group 1A 

Group 1B 

⎯⎯⎯ 

⎯⎯⎯ 

⎯⎯⎯ 

⎯⎯⎯ 

    Enalapril LS 

    Losartan LS 

6 

6 

Group 2A 

Group 2B 

Enalapril 

Enalapril 

Enalapril 

Enalapril 

    Enalapril LS 

    Triple Therapy 

4 

3 

Group 3A 

Group 3B 

Hydralazine 

Hydralazine 

Hydralazine 

Hydralazine 

    Enalapril LS 

    Triple Therapy 

3 

4 

n is the number of animals in each group for Treatment #3. 
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2.2.4 Assessment of erectile response 

Erectile responses are assessed at numerous time points before, during and after 

treatments using the well-established bio-assay rat model of centrally-induced erections 

using the dopaminergic agonist, apomorphine (APO) 205, 206.  The rats were placed in 

separate, hanging wire cages with clear Plexiglas bottoms in a dimly lit, quiet room and 

allowed to acclimatize for 20 min.  Each rat received subcutaneous injection of APO in 

saline (80µg/kg with 100µg/ml ascorbic acid, 1ml/kg) in the loose skin of the neck or 

back.  Erections and yawns were counted over a 30 minute period (scored in 5-min 

intervals) via videomonitoring in an adjacent room.  Erectile responses were 

characterized from the overall physical and behavioural changes, including concave 

arching of the back, pelvic thrusts followed by the emergence of the engorged glans penis 

and the distal shaft and immediate grooming of the genital area.  APO-induced yawns are 

recorded to confirm drug delivery to the central nervous system 207. 

 

2.2.5 Assessment of blood pressure and heart weights 

Based on previously established protocols, surgeries were performed to examine 

conscious blood pressure in randomly selected rats at 79 weeks of age 208.  Briefly, single 

lumen catheters were implanted into the abdominal aorta distal to the kidneys and 

secured in place with cyanoacrylate glue.  Catheters were filled with heparinized saline 

(50U/ml), tunneled subcutaneously, exteriorized and sutured into place at the nape of the 

neck.  The rats were allowed 3 days recovery prior to blood pressure assessment.  The 

catheter was connected to a pressure transducer for arterial pressure recording, which was 
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continuously recorded for 1 hour on a data acquisition system (MacLab; AD Instruments, 

Houston, Texas, USA).  Following the blood pressure measurements, rats were 

anesthetized with pentobarbital (65mg/kg, intraperitoneal).  Hearts were removed and 

blotted dry, and the right and left ventricle plus septum were then separated and weighed. 

Analysis of the left-ventricle-to-body-weight (LV/BW) ratio was used as an index of 

change in cardiac structure 209. 

 

2.2.6 Kidney transplantation  

Cross-over kidney transplantations were performed in a separate group of male SHR 

(n=16) using established methods described by Smallegange. 137, 138.  At 15 weeks of age, 

SHR were treated for 2 weeks with losartan (LOS, 30mg/kg per day; Merck Frosst) and a 

parallel control group (CON) that did not receive treatment.  Transplants were performed 

at 19 weeks.  SHR previously treated with losartan received a control kidney (LOSK=CON, 

n=4x2 donor/recipient) whereas control animals were given a previously treated kidney 

(CONK=LOS, n=4x2 donor/recipient).  All animals were implanted with radio-telemetric 

pressure transducers and were uninephrectomized 1 week after transplantations (i.e. the 

only remaining kidney comes from the donor).  Mean arterial pressures (MAP) were 

determined from data collected for each animal (15s every 5min, at 150Hz).  APO-

induced erectile responses were assessed in all rats starting at 8 weeks post-

transplantation.  All animals underwent another 2-week losartan treatment at 29 or 38 

weeks of age and erectile responses were assessed before, during and after treatment was 
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withdrawn.  At the study’s end, the hearts were removed and the right and left ventricles 

were separated and weighed. 

 

2.2.7 Statistical analysis 

Erectile function data are expressed as the erection response rate (i.e. the proportion of 

animals responding per test period) and the average number of erections per test period 

(±SD).  Statistical analysis of erectile responses and yawns between and within treatment 

groups was performed using the Mann–Whitney rank sum test and one-way analysis of 

variance, with a comparison of means using a Newman–Keuls post-hoc test (p<0.05). 

Differences in erectile responses and yawns during testosterone treatment were 

determined using Student’s t test (p<0.05).  Arterial pressure and heart weight data are 

presented as the mean±SD and were assessed by analysis of variance followed by a 

Newman–Keuls post-hoc test (p<0.05).  

 

2.3 Results 

2.3.1 Impact of age on apomorphine-induced sexual responses 

To demonstrate the changes in erectile function with increasing age, the data are 

presented as the average number of erections per group, the percentage of animals 

responding and the time course of drug-induced erectile responses (Figure 2.1).  Between 

30 and 50 weeks of age, the number of erectile responses had diminished by 85%.  As 

would be expected, the proportion of animals with severe ED was also found to increase 

with age.  Whereas a small proportion of rats had mild dysfunction at 30 weeks, two- 
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Figure 2.1 (A) The age-related decrease in erectile responses was examined in untreated 
animals.  (B) The severity of erectile dysfunction was classified as no dysfunction (≥2.0 
erections), mild (≥1.0 erection), moderate (0.5<1.0 erection) or severe (<0.5 erection) 
dysfunction.  (C) There was a significant age-related delay in the timing of the 
apomorphine induced erectile response whereas aging minimally altered (D) the timing 
of the yawning response.  Data are expressed as total number of responses per time 
interval.  Prop.=proportion. *P<0.05 versus 30-32 weeks of age.  †P<0.05 versus 35-41 
weeks of age.  NR = no response. 
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thirds of the rats had severe dysfunction by 65 weeks (Figure 2.1B). Degree of erectile 

dysfunction was defined as: no dysfunction (≥2.0 erections), mild dysfunction (≥1.0 

erection), moderate dysfunction (0.5 to <1.0 erection) or severe dysfunction (<0.5 

erection) (Figure 2.1B).  In addition, the timing of the APO-induced responses was 

significantly altered with increasing age (Figure 2.1C).  At 30 weeks the peak response 

period occurred within the first 10 min of the test period, whereas by 50 weeks the peak 

responses were more delayed and shifted to the 10–20 min time interval.   Overall, 

throughout all three treatments, yawns did not change with age (Figure 2.1D). Although 

in all groups there appeared to be fewer yawns at the 30-week time point, the majority of 

the yawns occurred after the 10-min mark in the 30-min testing period. 

 

2.3.2 Impact of antihypertensive therapy 

In contrast to our previous findings in which brief aggressive antihypertensive therapy 

was shown to recover erectile responses in 40-week-old SHR 205, in the present study the 

initial, more conventional, treatments were found to not be as effective.  Specifically, in 

30-week-old SHR treatment for 2 weeks with enalapril or hydralazine did not prevent or 

attenuate the fall in erectile responses (Figure 2.2A).  In addition, the treatments did not 

alter the proportion of animals responding (i.e. the number of animals responding with 

one or more erections did not change).  In contrast, yawns were not affected by treatment 

or aging and remained at an average 14.3±7.5 throughout all test periods within all three 

groups.  The yawning response rate was always 100%. 
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Figure 2.2  (A) Treatments with enalapril or hydralazine at 30 weeks of age did not 
prevent the age-related decline in erectile function seen in untreated (CON) animals.  (B) 
A rechallenge with identical treatments at 49 weeks of age significantly increased erectile 
responses in comparison to untreated animals of the same age.  Erectile responses were 
determined before (Pre), during (On) and after (Off) withdrawal of treatment.  Data are 
presented as mean ± SD.  *P<0.05 versus 30 and 32 weeks of age.  †P<0.05 versus 35-41 
weeks of age.  ‡P<0.05 versus CON 52-53 weeks of age.  #P=0.06 versus CON 52-53 
weeks of age. 
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2.3.3 Impact of second treatment 

Although the initial treatment did not prevent the age-associated fall in erectile responses, 

a second treatment was found to be effective in recovering erectile function (Figure 

2.2B).  In fact, overall the erectile responses in previously treated animals were nearly 3-

fold greater compared with age-matched controls.  Consistent with this finding, the 

erectile response rate in treated SHR was determined to be 65%, compared with only 

25% of the control animals responding.  The treatments again had no significant impact 

on yawns.  

 

2.3.4 Aggressive antihypertensive treatment 

Based on the incomplete effect of the previous two treatments, at 68 weeks of age the 

impact of a third more aggressive antihypertensive treatment was determined (Figure 

2.3).  In the previously untreated rats, the brief aggressive therapy involving enalapril or 

losartan combined with a low-salt diet had only a small effect on erectile responses (i.e. 

there was a 2-fold increase in erectile responses, which was significant only in the 

enalapril plus low-salt diet group, going from 0.26 to 0.58 post-treatment).  In the 

previously treated animals, the effect of the aggressive treatment was dependent on the 

drugs used.  There were no statistically significant treatment-induced changes in the 

temporal pattern of erectile responses during the test period.  Although there was a 

significant improvement overall in erectile responses in the post-treatment period, the 

degree of erectile dysfunction was not found to be associated with increased MAP or  
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Figure 2.3  (A) Apomorphine induced erectile responses were examined before (Pre), during (On) 
and after (Off) withdrawal of treatment in the aged SHR (treatment at 68 weeks of age).  Overall, 
there was a significant increase in the number of erections after treatment withdrawal (all treated 
animals pooled).  (B) The severity of erectile dysfunction was determined before and after 
treatment by classifying animals as having no dysfunction (≥2.0 erections), mild (≥1.0 erection, 
white), moderate (0.5-<1.0 erection, grey) or severe (<0.5 erection, black) dysfunction.  After 
treatment, there was a small decrease in those in the severe category and a corresponding increase 
in the number of rats with mild dysfunction.  (C) In the individual group assessments of the 
previously untreated rats (top 2 graphs) and the previously treated rats (bottom 2; ELS1, Triple1), 
there was significant increase (post-treatment) in erectile responses in the triple therapy group.  
LLS is losartan plus a low salt diet, ELS is enalapril plus a low salt diet.  *P<0.05 versus 65-66 
weeks of age.   
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elevated LV/BW ratio (Figure 2.4).  That is, across all three classifications of erectile 

dysfunction, similar values for the MAP and LV/BW ratio were found (see below). 

 

2.3.5 Testosterone supplementation in aging SHR 

Overall, the erectile responses were not found to be improved following testosterone 

supplementation at 47 and 67 weeks of age (Table 2.2).  Only at one time point (47 

weeks) in enalapril-treated rats was there any evidence of increased numbers of erections 

(there was no effect of testosterone treatment in these same rats at 67 weeks).  Similarly, 

there was no change in the number of yawns, and the yawning response rate remained 

100% in all animals. 

 

2.3.6 Mean arterial pressure and heart weights 

Conscious arterial pressure and LV/BW ratios were determined in some of the SHR at 79 

weeks.  The control rats that were aggressively treated with enalapril low-salt or losartan 

low-salt, during weeks 69 and 70, had similar MAP (154±27.2 and 152±0.1 mmHg) and 

LV/BW ratios (2.76±0.12 and 2.77±0.14 mg/g).  The SHR that had previously received 

treatments at both 30 and 50 weeks, followed by a third treatment at week 69 (enalapril–

low-salt or triple therapy), had slightly increased MAP (167±27.3 and 179±17.3 mmHg) 

but similar LV/BW ratios (2.78±0.34 and 2.77±0.21 mg/g) compared with the other 

groups. 
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Figure 2.4  The severity of erectile dysfunction (top) did not correlate with the level of mean 
arterial pressure (middle) or left ventricular mass (bottom).  Animals were classified as having no 
dysfunction (≥2.0 erections), mild (≥1.0 erection), moderate (0.5<1.0 erection) or severe (<0.5 
erection) dysfunction.  Data are presented as mean ± SD. 
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Table 2.2  Impact of Testosterone Supplementation on Erections and Yawns 

           Control            Enalapril                         Hydralazine  

Erections Yawns Erections Yawns Erections Yawns 

44-48 weeks       

Pre-Testosterone 0.5±0.72 15.8±8.22 0.3±0.49 13.6±7.26 0.7±0.86 16.4±6.53 

On Testosterone 

Off Testosterone 

0.5±0.53 

0.3±0.46 

15.3±7.54 

19.4±7.48 

1.0±0.63*

0.3±0.52 

17.3±6.28 

18.1±7.82 

0.6±0.53 

0.9±1.22 

20.0±9.17 

21.0±8.17 

65-68 weeks       

Pre-Testosterone 0.3±0.56 9.2±4.76 0.2±0.38 13.5±7.54 0.6±0.72 15.6±6.76 

On Testosterone 

Off Testosterone 

0.4±0.67 

0.2±0.39 

11.1±10.87

8.1±7.12 

0.3±0.49 

0.4±0.79 

21.9±9.81* 

15.4±4.89 

0.7±0.82 

0.5±0.84 

15.5±7.99 

13.0±8.17 

Erections and yawns were examined before (Pre), during (On) and after (Off) 
testosterone supplementation.  Data are expressed as mean ± SD.  *P<0.05 vs. pre-
testosterone. 
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2.3.7 Kidney transplantation 

The initial 2-week losartan treatment induced a significant, persistent decrease in arterial 

pressure (-12 mmHg; Figure 2.5A).  Following kidney transplantation, this persistent 

lowering of MAP was completely transferred to untreated SHR (i.e. pressure in untreated 

control rats was decreased following kidney transplantation from a previously treated 

rat).  Furthermore, treatment-induced decreases were completely reversed by transferring 

an untreated kidney from a control SHR into a previously treated rat.  Regardless of the 

source of the kidney received during transplantation, SHR previously treated with 

losartan had significantly increased erections compared with untreated SHR (Figure 

2.5B).  The positive impact of losartan on erectile responses, specifically, was confirmed 

when the final losartan treatment increased erections (2-fold) in the previously untreated 

SHR (with a treated kidney) (Figure 2.5C).  Re-treatment of SHR that had already 

received losartan treatment did not further improve erectile responses (i.e. both groups 

were now at the same level of erectile function).  

 

2.4 Discussion 

Taken together with our previous studies, a main finding of the present study is that 

although age-related progression of ED in SHR can be attenuated, in part, by relatively 

brief antihypertensive therapy, a more aggressive or longer therapy is needed in older 

animals.  As previously established, the present data confirmed that the antihypertensive 

treatments induced improvements in erectile responses that persisted after therapy was  
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Figure 2.5  (A) Cross-over of mean arterial pressure (MAP) after cross-transplantation of kidneys 
between animals with AT-1 receptor antagonist-induced persistent lowering of pressure and 
control animals.  LOSK=CON indicates previously treated animals that received a control kidney 
(CON).  CONK=LOS indicates control animals that received a treated kidney (LOS).  Day 0 is at 19 
weeks of age and is the time point at which transplantation and uninephrectomy occurs.  The 
pressures prior to transplantation are from uninephrectomized control and treated animals.  (B) In 
the LOS K=CON animals there was a significant increase in the number of APO-induced erections 
still occurred at least 8 weeks after transplantations versus the CONK=LOS animals (left).  (C) 
Erectile responses were determined before (Pre), during (On) and after (Off) withdrawal of the 
second round of treatment (right).  There was a significant increase in erectile function in the 
CONK=LOS animals after treatment cessation which was similar to pre-treatment levels of the LOS 
K=CON animals.  A second treatment only marginally increased the number of erections of the LOS 
K=CON animals.  **P<0.01 overall versus control.  †P<0.01 overall versus CONK=LOS.  ‡P<0.05 
versus CONK=LOS.  ψP<0.05 vs Pre and On CONK=LOS.   
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stopped.  In contrast, short-term testosterone administration was not found to be 

particularly efficacious in these aging, hypertensive rats.  It is somewhat surprising that 

the improvements in erectile responses were found to occur even though arterial 

pressures were at hypertensive levels in most of the animals.  No correlation was thus 

found between the magnitude of the hypertension (or cardiac hypertrophy) and the 

severity of ED.  Consistent with this finding, the results of the kidney cross-over 

transplantation study revealed that the drug-induced benefits to erections were not related 

to changes in arterial pressure, but more likely to the direct pharmacological targeting of 

the penile tissue.  

 

The present finding of an age-related decrease in erectile responses confirms the results 

of previous studies that have shown that erectile responses are diminished in adult SHR 

115, 174, 205.  Common to both hypertension and ED is the development of abnormalities in 

vascular structure and function.  For example, numerous studies have established that 

resistance vessels in aged hypertensive patients and in SHR have a structurally-based 

increase in the media-to-lumen ratio, an associated encroachment on the vascular lumen 

149, 154, 225, 226 and accelerated collagen deposition in small arteries 227.  In the penile 

vascular bed, specifically, aging-induced changes in the extracellular matrix and vascular 

smooth muscle function could promote fibrous proliferation of the intima, medial fibrosis 

and calcification 228.  In addition, it may be that in the aging rat the markedly diminished 

erectile function is linked to degeneration of elastic fibres resulting in abnormal corporal 

compliance 122, 229 as well as damage to the innervation traversing the interstitium 122. 
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 Although in the present study an initial single, 2-week antihypertensive treatment did not 

prevent the development of ED in SHR, a subsequent re-challenge did provide some 

incremental benefit.  These data appear to contrast with previous findings in which 40-

week-old SHR were successfully recovered, at least in part, following a brief, aggressive 

treatment 205.  Some of the difference in the impact of the early treatments probably 

results from using a less intense treatment than in the prior investigation.  The 

improvements in older rats may also reflect either cumulative impact of the second cycle 

of treatment or age-associated change in susceptibility of the penile tissue to drug-

induced effects.  The partial success using the more aggressive treatment strategy at 68 

weeks emphasizes that improvement is still possible even when erectile function has 

markedly declined.  Defining the optimal treatment duration and whether any particular 

agent will be found to have specific benefit remains to be established. 

 

Agents that inhibit the RAS have been found to be very efficacious in inducing a 

reduction in arterial pressure and regression of vascular structure in SHR that persist long 

after cessation of treatment 137, 138, 205-207, 230-233.  Evidence regarding the efficacy of other 

single agents in inducing these persistent changes has been equivocal. For example, 

although monotherapy treatment with hydralazine or an angiotensin-converting enzyme 

inhibitor attenuates hypertension in SHR, following withdrawal of treatment only the 

angiotensin-converting enzyme-inhibitor groups are found to have persistently 

downregulated arterial pressure and vascular structure 234, 235.  Our own studies using 

hydralazine confirm that there is a lesser effect on penile vascular structure than with an 
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ACE inhibitor 173.  Previous studies have indicated that the rank order for the 

effectiveness of antihypertensive agents for inducing persistent lowering of arterial 

pressure is enalapril combined with a low-salt diet, enalapril alone and then triple therapy 

173.  However, the substantial effectiveness of triple therapy given in 68 week old SHR 

suggests that other mechanisms may require assessment. 

 

The data revealed that although there were some improvements in erectile responses, the 

SHR remained quite hypertensive, regardless of treatment, at the end of the study.  It was 

thus important to investigate whether the effect was mediated via changes in arterial 

pressure or by drug-induced improvements in the penile vascular function.  To 

accomplish this we determined whether receiving, via transplantation, a kidney from a 

previously treated animal similarly impacts on the recipient SHR by lowering the level of 

arterial pressure and improving erectile function.  The opposite was in fact found.  That 

is, SHR that were previously treated with losartan and then received an untreated kidney 

had higher arterial pressure but twice the number of erections in comparison with the 

other SHR with lower arterial pressure.  Taken together with the finding that there was no 

correlation between blood pressure and erectile responses, these data suggest that the 

treatment-induced improvement in erectile responses is tissue specific, and not based on 

changes in blood pressure per se.  This concept was reinforced when the second cycle of 

treatment doubled the number of erections only in the SHR with a previously untreated 

penile vasculature and had no further impact on erectile responses in SHR that had been 

previously treated.  
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Testosterone deficiency as a potentially important contributor to the aging-induced ED 

was largely ruled out due to the lack of overall improvement following testosterone 

administration.  This finding is somewhat counter to evidence indicating that there is 

commonly a progressive decline in androgen production in aging men, which is often 

accompanied by decreased libido and sexual dysfunction 212, 213, 236.  Numerous studies 

have demonstrated the androgen dependence of penile erections in rats, since castration is 

widely known to markedly decrease erections 217, 237 and testosterone administration will 

recover them.  The effects of antihypertensive agents on testosterone levels are equivocal.  

In hypertensive males, the β-blocker atenolol, but not the angiotensin receptor antagonist 

valsartan, has been found to decrease plasma testosterone levels and reduce sexual 

activity 170.  Furthermore, although the angiotensin-converting enzyme inhibitor lisinopril 

has been found to decrease levels of free testosterone, no measure of sexual function is 

reported 238. 

 

The present findings suggest that aggressive antihypertensive treatments may be more 

beneficial in the persistent improvement in erectile function in aged SHR.  Although a 

more conventional treatment may help to minimize the progression of ED, it appears that 

with the severe changes evident in animals older than 60 weeks of age, a very strong 

antihypertensive challenge is needed.  Taken together with previous studies it appears 

that the antihypertensive treatment-induced improvement in erectile responses is tissue 

specific, and not based on changes in blood pressure.  Whether the improvements are 

causally linked to changes such as regression of penile vascular structure, improved 
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endothelial function and/or decreased inhibitory sympathetic tone remains to be 

established.  The potential dual benefits of a therapeutic approach involving 

antihypertensive agents in patients with both hypertension and ED warrants further 

investigation. 
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Chapter 3: 
 
Evidence that morphological and functional changes in the pudendal 
artery contribute to aging-induced erectile dysfunction 
 

J.L. Hannan, M.C. Blaser, L. Oldfield, J.J. Pang, S.C. Pang, M.A. Adams.
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3.1 Introduction 

Age is the most significant risk factor for erectile dysfunction (ED) as the prevalence and 

severity of ED increases 3-fold from 40 to 70 years of age 114, 239.  With the expanding 

aging population it has been projected that by 2025 the number of men with ED will 

more than double to 322 million men 19.  Further complicating the etiological basis of ED 

in the aging population is the concomitant increase in cardiovascular and metabolic 

conditions in this group including hypertension, coronary artery disease, chronic kidney 

disease, diabetes, hyperlipidemia and obesity 17, 20, 36, 106, 147, 240-242.  

 

During aging, impaired neural signalling, decreased androgen levels and pathogenic 

vascular remodelling have all been shown to occur 214, 243-246.  Since an erection is 

dependent upon the appropriate integration of neurological, hormonal and vascular 

pathways, alterations in one or more of these can lead to ED.  Specifically, relevant to the 

current study, systemic vascular changes involving calcification, fibrosis, degeneration of 

elastic fibers, endothelial dysfunction and changes in the content of smooth muscle and 

extracellular matrix (ECM) have been found with aging, although most of this work 

involves non-penile tissues 247-250.    Even small changes in vascular structure and 

function can produce dramatic changes in the capacity for arterial inflow, alterations that 

could negatively impact erectile responses 140.   

 

Although many studies have focused on the pathological changes within the penile 

vascular tissue, particularly alterations in the corpus cavernosum, an earlier study 
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demonstrated that the critical location for control of resistance properties was external to 

the penis 158.  Specifically, they found that 70% of the total resistance of the penile 

vasculature was located in the bilateral internal pudendal arteries.     

 

Previously, the internal pudendal artery in the rat was described solely from an 

anatomical perspective 251-253.  Akyurek et al, described its origin from the dorsomedial 

surface of the internal iliac artery (hypogastric trunk), from which it passed between the 

flexor cauda brevis and the abductor cauda internus muscles and travels along the medial 

surface of the pelvis 252.  For much of this region the vessel runs parallel to the internal 

pudendal vein and the pudendal nerve, emerging from the ischiorectal fossa to supply the 

urethra, corpus spongiosum and the ischiocavernosus and bulbocavernosus muscles 

before dividing into the dorsal and deep penile arteries supplying the penis 252.  Despite 

this previous gross anatomy characterization, the morphology and physiological aspects 

of this vessel have not been well characterized. 

 

In the present study, pharmacologically-induced erectile responses were assessed in 

young (15 week old) and aged (77 week old) normotensive rats prior to tissues being 

taken for histological assessment.  The left and right internal pudendal arteries, first order 

branches of the mesenteric bed (similar lumen diameter as pudendal artery), both renal 

arteries (similar wall thickness as pudendal artery) and the aorta were excised and 

processed for morphological characterization.  In addition, the contractile and relaxation 
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properties of the pudendal artery from young and old rats were assessed using a wire 

myograph. 

 

3.2 Methods 

3.2.1 Animals 

Male Sprague-Dawley rats (n=9) were purchased at 12 weeks of age (Charles River 

Laboratories, Montreal, Quebec, Canada) and housed individually in room set at 22–

24°C with a 12-h light/dark cycle. All rats were provided with regular rodent chow 

(LabDiet® 5001, Ren’s Feed and Supply Ltd, Oakville, Ontario, Canada) and tap water 

ad libitum.  All procedures were performed in accordance with the guidelines of the 

Canadian Council on Animal Care and the project was approved by the Queen’s 

University Animal Care Committee.  

 

3.2.2 Assessment of erectile response 

Prior to sacrifice, erectile function was assessed.  This procedure involves monitoring 

erectile responses (and yawns) using a well-established procedure of pharmacologically 

initiating responses using the centrally acting dopaminergic agonist, apomorphine (APO) 

205, 220, 254.  Specifically, rats were placed into one of four individual, hanging cages (with 

clear Plexiglas inserts used to replace the wire floor) in an isolated, quiet, dimly lit room 

adjacent to the holding room.  After a 20 minute period of acclimation, each rat received 

subcutaneous injection of APO in saline (80 μg/kg with 100 μg/ml ascorbic acid, 1 

ml/kg) in the loose skin of the neck or back.  Erectile responses and yawns were counted 
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over a 30-min period via videomonitoring in an adjacent room.  A full erectile response 

was recorded following identification of characteristic physical and behavioural 

responses including concave arching of the back, pelvic thrusts followed by the full 

emergence of the engorged glans penis and shaft, and immediate oral grooming of the 

genital area.  APO-induced yawns were also recorded as an index of delivery and to 

confirm bioavailability of the drug within the central nervous system 222.  Administration 

of saline does not induce these responses 220, 255. 

 

3.2.3 Tissue preparation and morphometry 

At 15 and 77 weeks of age, animals were anaesthetized with sodium pentobarbital 

(65mg/kg, intraperitoneally) followed by intravenous doses of the ganglionic blocker 

hexamethonium and heparin (30mg/kg and 1000 units/kg, Sigma Aldrich Chemical Co., 

St Louis, Missouri, USA) to allow for perfusion under maximally relaxed conditions.  

After the heart was excised, the animals were perfused at 70mmHg through the thoracic 

aorta with saline (0.9% Na+, Baxter Corp., Mississauga, On, Canada) containing the 

vasodilator sodium nitroprusside (300mg/L, Sigma Aldrich Co.) to facilitate flushing out 

the blood.  The animals were then perfusion fixed with 2% paraformaldehyde, 2% 

gluteraldehyde, 4% sucrose, and 0.05% calcium chloride in a 0.1M cacodylate buffer.  

Segments of the thoracic aorta, first-order mesenteric branches, right and left renal and 

pudendal arteries were excised and stored in fixative overnight.  Figure 3.1 demonstrates 

the specific sample sites from which the pudendal arteries were obtained.  
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Figure 3.1 Illustration of the bilateral internal pudendal arteries (IPA) in the male rat.  
The IPA branches off the internal iliac (Int Il) and travels along the inside of the pelvic 
medial fossa towards the penis.  Arrows indicate where proximal (A), middle (B) and 
distal (C) pudendal segments were sampled.  Drawing in collaboration with Lauren 
Oldfield. 
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Subsequently, the vessels were rinsed several times with buffer, post-fixed in cacodylate 

buffered 1% osmium tetroxide, and stained en bloc with aqueous 4% uranyl acetate for 1 

hour 256.  The vessels were further dehydrated through a graded series of alcohols, 

infiltrated with propylene oxide, and embedded in Epon 812.  From each tissue bloc, 1μm 

thick sections were cut with glass knives, subsequently stained with 0.1% azure 

methylene blue, and catalogued according to orientation.   

 

In a separate group of 15 week old male Sprague-Dawley rats (n=6), tissues were 

embedded in paraffin for further morphological and histological analysis.  Specifically, in 

this part of the study, animals were anaesthetized and perfused as before, but using 4% 

paraformaldehyde (Sigma, Aldrich Co.) in 10X phosphate buffered saline (PBS).  

Pudendal arteries were excised, stored overnight in fixative and processed routinely for 

paraffin embedding (1 hr each in graded ethanols [70% x 2, 95% x 2, 100% x 3], 

Slidebrite x 2 [xylene substitute; Jones Scientific Products, Kitchener, ON, Canada], 

paraffin x 3) 257.  Vessels were cut into 5 µm sections and placed on glass slides.  The 

pudendal artery sections were stained with hematoxylin and eosin stain (H&E stain).  

Immunohistochemistry was carried out using the Vector® M.O.M. immunodetection kit 

(Vector Laboratories, Inc., Burlingame, CA) to stain for smooth muscle α-actin and 

visualize cell nuclei.  To assess alpha (α-) smooth muscle actin in the vascular sections a 

Vector FITC-linked Immunodetection Kit for monoclonal antibody (Cedarlane 

Laboratories, Canada) was used.  Briefly, 5 µm thick paraffin sections of rat pudendal 

arteries were de-waxed in toluene and rehydrated through reverse graded series of ethanol 
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solutions.  Sections were then washed in PBS prior to blocking with avidin/biotin 

blocking solution to reduce background staining.  Immunostaining was achieved by 

incubating sections with a monoclonal antibody against α-smooth muscle actin (1:800 

dilution) as the primary antibody at 4°C overnight, washed in PBS, incubated with 

biotinylated horse anti-mouse secondary antibody (1:200 dilution) for 10 min, washed in 

PBS, stained with FITC-linked avidin for 5 min, washed in PBS, mounted with 

VectaShield 4,6-diamidino-2-phenylindole dihydrochloride (DAPI) mounting medium.   

Photomicrographs were viewed and captured using a Zeiss fluorescence microscope 

(Axio Imager M1, Canada).   

  

3.2.4 Morphological quantification 

Quantification of blood vessels was performed with Image-Pro Plus 6.0 (Media 

Cybernetics). Wall thickness and lumen diameter of each vessel was measured for every 

octant and quadrant, respectively. Total wall cross-sectional area (CSA) was measured by 

manual and automatic edge detection in Image-Pro to produce an area of interest around 

the vessel wall, and total CSA was calculated.  Determination of the proportion of smooth 

muscle within the CSA of the vessel was performed with an automated algorithm 

developed for use with Image-Pro which detected smooth muscle cell (SMC) profiles 

versus extracellular matrix (ECM) using automatic threshold to detect dark and bright 

objects within the area of interest.   
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3.2.5 Myograph experiments 

In a separate group of 15 (n=12) and 75-80 week old (n=9) male Sprague-Dawley rats, 

contractile and relaxation properties, and vasomotion, in two distinct areas of the 

pudendal artery were assessed.  Rats were anaesthetized with sodium pentobarbital (60 

mg/kg), and pudendal arteries were removed and were cut into 2 mm rings taken from the 

B segment.  These rings were mounted in a wire myograph (Danish Myograph 

Technology 610M) with 25 µm tungsten wire and bathed in physiological Krebs solution 

(118mM NaCl, 4.74mM KCl, 2.5mM CaCl2, 1.18mM MgSO4, 1.18mM KH2PO4, 25mM 

NaHCO3, 10mM dextrose) maintained at 37°C and aerated with a mixture of 95% O2 and 

5% CO2.  Vessels were then stretched to an optimal resting tension based on a passive 

length tension curve of approximately 1.2-1.5mN and equilibrated at the chosen tension 

for 30 minutes 258.  Vessels were then submaximally contracted with phenylephrine (PE, 

0.1 µM) to achieve a stable contractile response (5-10 min).  The average generation of 

force was determined from the integration of all oscillatory contractions over the final 7 

minutes of each response.  Concentration response curves to PE and acetylcholine (ACh) 

were performed in order to assess adrenergic contraction and endothelium-dependent 

relaxation.  All recordings were carried out with a DMT myograph, using Chart 5 

software and Powerlab acquisition hardware (Model ML866, ADI Instruments, Colorado 

Springs, CO, USA) sampling at 10 Hz.  All compounds and drugs were obtained from 

Sigma Chemical Co. 
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3.2.6 Statistical analysis 

Erectile response data are expressed as the number of erectile responses per test period ± 

standard deviation (SD).  Statistical analysis of erectile responses between and within 

treatment groups was performed using the Mann–Whitney rank sum test (P<0.05).  Body 

weight and heart weight are shown as mean ± SD and were assessed by an unpaired 

Student’s t test (P<0.05).  All morphological measurements are presented as the mean ± 

standard error of the mean (SEM) and analyzed using unpaired Student’s t test (P<0.05).  

Contractions to PE were examined by measuring the maximum response to each dose.  

Tissue relaxation by ACh was assessed as the percent relaxation from that originally 

induced by PE contraction.  EC50 values were calculated by non-linear regression 

analysis in Graph Pad Prism 5.  Reported values are mean ± SD, and were compared 

using Student’s unpaired t-test. 

 

3.3 Results 

3.3.1 Overall effects of aging in Sprague-Dawleys rats 

As described previously, there was a significant decrease in APO-induced erectile 

responses in the 77 week old rats compared to the 15 week old rats (Figure 3.2).  There 

were also fewer yawns per testing period in the aged rats.  There was a 1.6-fold increase 

in body weight over time (461g±11.1 to 728g±119.2), and yet there was only a minimal 

change in the left ventricle in proportion to body weight (LV/BW: young 1.87±0.16 vs 

old 1.68±0.09).   
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Figure 3.2   Age-related decrease in apomorphine-induced erectile responses (A) and 
yawns (B), per 30 min observation period, in 77 week old Sprague-Dawley rats (n=6) 
compared to their younger counterparts (15 weeks).  Data are presented as mean ±
standard deviation.  *P<0.001 vs 15-16 weeks.
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3.3.2 Characterization of the internal pudendal artery 

The internal pudendal artery, which branches off from the internal iliac artery, is 

approximately 3 cm in length with very few branches (3-5), as it is the major vessel 

supplying all of the erectile tissues (Figures 3.1, 3.3, 3.4).  The pudendal artery was found 

to have an equivalent lumen diameter to a first order branch of the mesenteric bed in 

young Sprague-Dawley rats, but with a considerably thicker wall (Table 3.1).  Thus, it 

was also determined to have a significantly increased medial CSA.  Both vessels had 

similar proportional content of ECM.  Furthermore, there were 7-9 layers of smooth 

muscle cells (SMC) in the media of the pudendal artery whereas the mesenteric arteries 

only had 3-5 SMC layers.  The orientation and shape of the SMC in the pudendal artery 

were also different compared to those in the aorta, mesenteric and renal arteries in that 

they were quite irregular: with elongated SMC as well as many smaller, round cells 

(Figure 3.5).  Immunostaining for smooth muscle α-actin confirmed that the round cells 

were also SMC (Figure 3.5A).   Supporting this finding, nuclear staining with DAPI 

revealed both elongated and round nuclei indicating that the SMC orientation may be 

complex, and greatly differ from the medial layer of the other vessels with a predominant 

circumferential arrangement (Figure 3.5B).       

 

3.3.3 Age-induced morphological changes  

The lumen diameter and wall thickness significantly increased with age in the aorta (1.2-

fold) and renal arteries (1.6 to 1.9-fold) (Table 3.2), reflecting, in part, the developmental 

structural changes linked to the 1.6-fold increase in body weight.  The age-related  
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Figure 3.3  Lateral view of the internal pudendal artery (IPA) branching to supply the 
urethra, corpus spongiosum and the ischiocavernosus and bulbocavernosus muscles and 
finally dividing to become the dorsal and deep penile arteries. Drawing in collaboration 
with Lauren Oldfield. 
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Figure 3.4  Ventral view of the internal pudendal artery (IPA), vein (IPV) and nerve (PN) 
and their insertions into the penis in the rat.  Drawing in collaboration with Lauren 
Oldfield. 
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1.64 32±5.9 CSA (x103 μm2)  

1.92 15.8±1.1† 8.2±0.9 Wall:Lumen (%) 

1.73 46.9±2.2† 27.1±3.9 Wall thickness (μm)  

0.92 303±13.8329±30.7 Lumen (μm)  

Fold difference Pudendal Mesentery 
 

Values are mean±SEM.  CSA=cross-sectional area.  ECM=extracellular matrix.  n=5 

young Sprague-Dawley rats. *p<0.05, †p<0.01 and ‡p<0.001 versus mesentery. 

Table 3.1  Morphometric comparison of mesenteric artery and internal pudendal artery 

of young Sprague-Dawley rats. 

1.53 13.4±0.9* 8.7±1.8 ECM (x103 μm2)  

0.96 26±0.5 27±1.4 ECM/CSA (%)  

15.8±1.10† 
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Figure 3.5   Smooth muscle α-actin (A, green) and DAPI (B, blue) 
immunofluorescence in pudendal arteries of a young Sprague-Dawley rat. Light 
micrographs of glutaraldehyde-fixed, azure methylene blue stained, pudendal arteries 
in young (C, E; 15 weeks) and old (D,F; 77 weeks) Sprague-Dawley rats.  Scale bar 
is 40µm in length.
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2.77130±3.7*47±5.12.75157±25.0‡57±5.01.65668±34.4‡405±26.2CSA (x103 μm2)

1.148.5±1.87.5±2.00.925.6±0.56.1±0.60.985.1±0.25.2±0.4Wall:Lumen (%)

1.8856.2±5.8†29.9±3.51.6149.3±2.9†30.7±1.61.2096.7±1.6*80.6±5.2Wall thickness (μm)

1.72690±74.7*402±48.61.79916±103.1†512±41.51.251953±32.7‡1566±40.3Lumen (μm)

Fold ChangeOld Young Fold ChangeOld Young Fold ChangeOld Young 

Left RenalRight RenalAorta

Values are mean±SEM. CSA=cross sectional area.  ECM=extracellular matrix.   n=5 young Sprague-Dawley rats, 4 old Sprague-Dawley rats. 
*p<0.05, †p<0.01, ‡p<0.001 versus young Sprague-Dawley rats.

Table 3.2  Morphometric analysis of aorta, left and right renal arteries of young and old Sprague-Dawley rats.

8.9141.0±2.4 †4.6±1.55.5044.0±8.9*8.0±1.1ECM (x103 μm2)

2.0729±1.0 †14±2.22.6732±2.6*12±3.5ECM/CSA (%)
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changes in the renal arteries in old Sprague-Dawley rats were significantly greater than 

those in the aorta.  Interestingly, with age, both the wall thickness and the lumen diameter 

increase proportionately (2-10% change) such that there was no change in the wall-to-

lumen ratio (Table 3.2, Figure 3.6A).  As expected with these changes, there was also a 

substantial increase the medial CSA in the aged Sprague-Dawley rats.  Further analysis of 

the percent medial ECM content of the renal arteries, revealed that there was a 2 to 2.5-

fold increase with age (Figure 3.6B).   

 

There were no morphological differences detected between the left and right pudendal 

arteries at either age.  Thus, the data were grouped within their respective age groups for 

further analysis.  Although outward vascular remodelling (increase in lumen diameter and 

cross-sectional area) was evident in both the aorta and renal arteries of the older Sprague- 

Dawley rats, this type of change did not occur in the pudendal arteries (Table 3.3).  That 

is, since the lumen diameter and wall thickness did not increase proportionately with age 

in the pudendal arteries, there was a much more marked increase in the wall-to-lumen 

ratio (1.5-fold) in these vessels than in the others (no change).  In fact, the relationship 

between lumen diameter and wall thickness was 4-fold steeper in the pudendal arteries 

compared to the other vessels (Figure 3.6A).   

 

Assessment of changes in the amount of ECM in renal and pudendal vessel segments 

from the young and old rats revealed, in general, that with increasing CSA there is also an  
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Figure 3.6  A) Comparison of the overall relationship (line of best fit) between wall thickness and 
lumen diameter in pudendal arteries (squares) and the other vessels (aorta, renal and mesenteric 
arteries, triangles) in young (15 weeks, open) and old (77 weeks, solid) Sprague-Dawley rats.  B) 
Relationship between medial extracellular matrix (ECM) and cross-sectional area (CSA) in the 
pudendal arteries of young (open squares) and old (solid diamonds) Sprague-Dawley rats.  The 
individual symbols represent data from each artery.
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1.46 76±7.7‡52±3.4 1.77 62±6.2 35±3.7 CSA (x103 μm2)  

1.62 25.6±4.1* 15.8±1.1 1.45 19.7±1.5†13.6±0.9 Wall:Lumen (%) 

1.50 70.2±5.9‡ 46.9±2.2 1.52 55.5±3.9‡ 36.6±2.6 Wall thickness (μm)  

0.97 293±19.8 303±13.8 1.04284±15.9272±14.7 Lumen (μm)  

Fold change Old Young Fold changeOld Young  
Segment B Segment A 

Values are mean±SEM.  CSA=cross-sectional area.  ECM=extracellular matrix.  n=5 young 
Sprague-Dawley rats, 4 old Sprague-Dawley rats. *p<0.05, †p<0.01, ‡p<0.001 vs young 
Sprague-Dawley rats. 

Table 3.3 Morphometric analysis of the internal pudendal artery of young and old Sprague-Dawleys rats. 

1.92 25±2.0‡13±0.8 1.82 20±1.8‡ 11±1.0 ECM (x103 μm2)  

1.31 34±1.9‡26±0.5 1.07 32±0.730±1.5 ECM/CSA (%)  
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increase in the amount ECM (Figure 3.6B, Tables 3.2 and 3.3).  However, whereas in the 

pudendal arteries the percent ECM increased proportionally to the change in CSA with 

age, in the renal tissue there was much less ECM relative CSA to start with, but then was 

increased (6 to 9-fold) in the older rats.  That is, although there was an increase in the 

CSA in all vessels with age, in the renal arteries, there was a nearly 3-fold increase in the 

relative amount of ECM per CSA (∼13% up to ∼30%).  In other words, the renal vessel 

tissue composition in the older rats had “caught up” to the tissue composition of the 

pudendal arteries.  That is, the amount of ECM per cross-sectional area in the pudendal 

arteries was already close to 30% in the segments from the young animals.  

 

A general examination of the photomicrographs indicated that in the media of the 

pudendal arteries from old rats there were a greater number of SMC that were round 

rather than elongated (Figure 3.5).  Further, these round cells were found to be distributed 

closer to the medial-intimal border whereas the elongated SMC appeared to be located  

closer to the advential layer.  A detailed analysis of this phenotype was considered to be 

beyond the scope of the present study, but could be of interest. 

   

3.3.4 Physiological assessment of young and old pudendal arteries 

Assessment of the PE concentration response relationship in 15 and 75-80 week old 

Sprague-Dawley rats revealed that there was a rightward shift in the curve indicating the 

older animals were less sensitive to the α1 agonist (EC50: Young 1.4±1.2 µM; Old 

3.8±1.8 µM, p<0.001) but no differences in maximum contractile responses  
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(19.7±6.4 mN vs 23.1±5.7 mN) (Figure 3.7A).  An ACh concentration response 

relationship was obtained in only some of the preparations because of the interfering 

oscillatory activity.   

 

Thus, the characterization of this relationship could only be performed in preparations in 

which the onset of oscillatory activity was delayed (i.e. 15 week old rats) or did not 

occur.  In vascular segments from 75-80 week old rats, oscillations occurred immediately 

following contraction (therefore no ACh response could be obtained) or were absent.  

These relaxation responses were markedly decreased in vessels from old compared to 

young animals (Figure 3.7B).  In non-oscillating vessels from the 15 week old rats (n=8), 

the average ACh relaxation response was 70% whereas in 75-80 week old rats the 

pudendal arteries relaxed only 30% of the PE contractile response.  There were no 

differences in the EC50 of the acetylcholine-mediated relaxations between the young and 

old vessels (2.4±3.0 µM vs 7.2±0.2 µM, p=0.4).  Under PE-induced contraction, the 

pudendal artery begins to spontaneously oscillate in very slow, high amplitude waves 

(Figure 3.8).  In young animals high amplitude activity was evident and the waves 

returned to baseline in all preparations.  In contrast, the oscillations were more 

heterogeneous in aged animals as only 4 of the 9 animals examined had high amplitude, 

slow frequency waves present in left and right pudendal arteries (Figure 3.9).  The 

amplitude of the oscillations varied between preparations from 3 to 30mM of tension and 

the waves did not return back to baseline.   

 



Figure 3.7  (A) Phenylephrine (PE) and (B) acetylcholine (ACh) concentration 
response curves in young and old pudendal arteries from Sprague-Dawley rats.   
*P<0.05 vs young pudendal artery.
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Figure 3.8  Representative tracings of phenylephrine-induced oscillations in the middle 
segment of the pudendal artery in young Sprague-Dawley rats.  The line represents 3 
minutes.  
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Figure 3.9  Representative tracings of phenylephrine-induced oscillations in the middle 
segment of the pudendal artery in old Sprague-Dawley rats.  The line represents 3 
minutes.  
 



 

 82 

3.4 Discussion 

The present study is the first to characterize the internal pudendal arteries in the male rat 

anatomically, histologically, morphometrically and functionally.  Based on previous 

assessments of vascular resistance in this bed, these vessels are critical to the blood 

supply of all of the erectile tissues 158. The present study confirmed an age-related 

decrease in erectile responses but provided novel findings that potentially linked this 

decline in function with extensive morphological changes in this key artery.  Specifically, 

there were marked increases in wall thickness, CSA and ECM as well as phenotypic 

changes in the SMC population from an elongated to a more rounded shape.  The ECM in 

renal arteries in young and old animals was found to increase from 12 to 32% of the 

CSA.  On the contrary, smaller increases (26-34%) were apparent in the pudendal artery, 

as these vessels already had a higher percentage of ECM compared to renal arteries at a 

young age.  The increases in wall thickness, CSA and ECM in aged aorta and renal 

arteries, impact structurally-based vascular resistance since the lumen diameter expanded 

proportionately with body weight gains in the aged rats.  In contrast, pudendal artery 

function was markedly reduced during aging. That is, along with the morphological 

changes and a lack of an increase in the lumen diameter, significant physiological 

changes in the oscillatory activity and endothelium-dependent relaxation were evident in 

aged pudendal vessels.   

 

The gross anatomy of the pudendal artery in the rat was confirmed in the present study, 

as previously described 250-252.  In fact, the arterial supply of penile tissue in the rat and 
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the human via the internal pudendal artery were found to be quite similar 259, 260.  In both 

humans and rats, the internal pudendal artery branches off the internal iliac (hypogastric) 

artery and travels towards the penis along the lateral wall of the ischiorectal fossa.  There 

is significant variation in the branching of the pudendal artery from the internal iliac 

artery in the rat and human. Specifically in humans, the inferior gluteal artery can branch 

independently (50% of cases) or directly from the pudendal artery while in rats the 

inferior gluteal artery branches off the pudendal artery as it passes between the flexor 

cauda brevis and abductor cauda internus muscles 251, 259.  The artery travels along the 

ischiorectal fossa with the accompanying nerve in a protective fascia and the pudendal 

vein runs adjacent to them.  Similarly in rats and humans, the pudendal artery branches to 

supply the urethra and the urethral bulb, the ischiocavernosus and bulbocavernosus 

muscles, and then becomes the deep penile artery 251, 259.  The extent of these similarities 

indicates that the rat can be considered a useful model in the study of erectile function 

and dysfunction. 

 

Apart from the anatomical evidence regarding the primacy of the pudendal artery, there is 

also significant physiological evidence.  As previously mentioned, this artery is 

responsible for more than 70% of the total penile vascular resistance 158.  Clinically, in a 

subgroup of patients with vasculogenic ED, evidence of arterial lesions in the pudendal 

arteries was present in 53% of men 261.  Unilateral or bilateral occlusion of the internal 

iliac or pudendal arteries in dogs and rats generates arteriogenic ED.  In the canine 

model, acute bilateral occlusion of the pudendal arteries caused a 50% decrease in blood 
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flow to the cavernosal arteries and a 60% decrease in intracavernosal pressures 159.  

Similarly, in arteriogenic rat models, the maximum intracavernosal pressures induced by 

nerve stimulation after chronic unilateral ligation of the internal iliac artery significantly 

decreased 50% and bilateral ligation caused a further 75% decrease in intracavernosal 

pressure 160, 262.  Histological examination of the cavernous tissue in these rats showed 

collapse of sinusoids, increased cell debris, intracellular deposition of fat and collagen, 

and decreased nNOS and smooth muscle cell α-actin 160, 262.  Thus, not only is the blood 

flow carried by the pudendal artery important in eliciting an erectile response, it is also 

critical in maintaining the integrity of the cavernosal tissue.  Although these studies 

examined the consequences of internal iliac artery occlusion on erectile responses, they 

did not assess structure or function of the downstream segments of the pudendal artery.   

 

Morphological examination of the pudendal artery revealed a vessel with a small lumen 

but with a very thick smooth muscle wall.  Although the pudendal artery was found to 

have a lumen diameter equivalent to a first order mesenteric branch, the wall thickness 

was found to be more comparable to a renal artery that has a 2-fold larger lumen.  

Functionally, the pudendal artery is normally under low blood flow conditions until an 

erectile response is initiated; for example, in dogs, blood flow during an erection 

increases up to 8-times the basal rate 159.  This considerable increase in blood flow is 

required to allow for rapid filling of the cavernous spaces, thereby creating venocclusion 

and a rigid erection.  In rats implanted with intracavernosal telemetric devices, 

intracavernosal pressures recorded during copulation have been recorded above 600-700 
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mmHg during intromissions and ejaculations 263.   As the primary feeder vessel, our novel 

findings reveal that the pudendal artery’s thick smooth muscle medial layer is able to 

withstand these marked increases in wall tension that occur during an erectile response.    

 

Similar to previous studies, severely impaired erectile function was evident in aged 

animals, a finding that was consistent with the marked changes in pudendal vascular 

structure 264-266.  Age-related structural changes are well documented and the current 

study confirms that with age there is an increase in lumen diameter, media thickness and 

CSA of most vessels 267-269.  Although the mechanistic basis of the increased medial area 

has not been elucidated, it has been well documented that, with age, there is a greater 

number of smooth muscle cell layers, an increase in collagen content and deposition, and 

hypertrophy of SMC 267-269.  In the penile vascular bed, aging has been associated 

previously with significant changes in the penile ultrastructure, with reductions in the 

elastic fibers of the tunica albuginea, increasing collagen and decreasing SMC, increasing 

sinusoidal spaces of the corpus cavernosum 264, 270-272.  Similar results are apparent in the 

dorsal penile artery, in that aging leads to a decrease in the SMC to collagen ratio, an 

increase in reactive oxygen species, and apoptosis, although morphometric changes in 

overall vascular structure have not been described 271.  The vascular structure of the 

pudendal artery was found to be markedly altered with age.  Paralleling trends in the 

aorta and renal arteries, there was an increase in wall thickness, CSA and ECM content in 

the aging normotensive Sprague-Dawley rats, but there was no change in lumen diameter.  

The lack of increase in pudendal lumen diameter, while other vessels have expanded 
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appropriately, suggests that problems in distribution of blood flow to this high resistance 

bed are escalating with advancing age.  In addition, the expansion of the medial layer has 

important implications to the control of vessel tone, as the level of vasoconstrictor 

stimulus would cause greater functional encroachment and thereby impact on delivery of 

blood to the penile tissue.  As previously discussed, decreased blood flow alone could 

lead to ED due to insufficient perfusion pressure of tissue such that these would be 

progressive pathological changes to the cavernous tissue 159, 273, 274.   

 

The present findings have revealed there is unequivocal structural reorganization of the 

medial layer of the pudendal artery, whereas in young animals, the SMC appear 

phenotypically homogeneous with a spindle-shaped appearance and fewer small round-

shaped cells.  In contrast, in the aged animals, there appears to be considerably more 

small rounded cells.  The majority of these round SMC are located towards the intimal 

side of the media.  Similar phenotypic cell shifts in SMC sizes have previously been 

observed in carotid arteries that have undergone balloon injury 275, 276.  The SMC in the 

innermost part of the media assume a round-shaped synthetic phenotype with a loss of 

myofilaments and increased endoplasmic reticulum and Golgi complex.  These cells have 

been shown to be capable of migrating through fine openings in the internal elastic 

lamina to create a growing neointima by proliferating and secreting ECM components 276.  

The spindle-shaped cells are in the contractile state with a higher amount of α-actin, do 

not have migratory or proliferation properties and are able to contract and relax 275.  

Aging has been shown to enhance neointimal formation after arterial injury 277, 278.  Thus, 
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it may be that the round cells seen in the pudendal artery of aged animals are synthetic 

cells that are migrating (or are ready to migrate) toward the intima, ready to proliferate 

and generate a new ECM.  The changes to this critical vessel would significantly impact 

its ability to deliver blood to the penile tissue.  Although the phenotype of these cells 

needs to be confirmed via electron microscopy studies, this study would be novel in 

demonstrating age-related occurrence of  this type of SMC, i.e. arising spontaneously and 

not due to mechanical or pharmacological insult.  

 

Many pathological changes take place during aging which contribute to structural and 

physiological alterations to the vasculature which can impact erectile function.  

Interestingly, although the pudendal artery in the aged rats has marked increases in wall 

thickness there were no differences in overall contractile ability induced by the α1 

adrenoceptor agonist PE.  Further studies are required to see if age alters the contractile 

response to vasoactive substances such as endothelin-1, angiotensin II and 

catecholamines, for example, acting via Rho-kinase and other signalling systems.   This is 

likely as the activation of vasoconstrictor responses has been shown to be altered with 

age, and thereby play a role altering the erectile response 117, 266.  In addition, many 

studies have demonstrated that aging leads to endothelial dysfunction, in the systemic 

vasculature and in penile vascular tissue 279, 280.  Endothelial nitric oxide (NO) production 

is a critical factor in erectile physiology of the penis and is known to be reduced during 

aging 69, 279, 281.  Likely as a compensatory mechanism, endothelial NO synthase (NOS) 

has been found to be expressed to a greater extent in aged vascular tissues 282.  However, 
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despite the upregulation, NOS is often found to be less effective due to decreased 

phosphorylation at its regulatory site, via uncoupling of the enzyme as a result of elevated 

concentrations of reactive oxygen species (ROS), and from decreased NO bioavailability 

279, 281, 282.  Further, inducible NOS has been shown to be upregulated, possibly as an 

adaptive response in attempt to counteract the fibrosis in cavernous SMC 281.  One 

proposed mechanism is that increased NO production will scavenge reactive oxygen 

species and thereby inhibit excessive collagen deposition 283.  A shift induced during 

aging on this regulatory pathway controlling vascular development could further impair 

blood flow within the pudendal artery. 

 

The pudendal artery was found to exhibit distinctive spontaneous oscillatory activity 

(vasomotion) when pre-contracted with a α1 agonist.  These contractile waves were 

similar to those previously seen in the tail arteries of stroke prone SHR, although the 

pudendal artery exhibited oscillations with a greater amplitude and slower frequency 284.  

It has been proposed that spontaneous oscillations occur as a consequence of the 

coordinated activity of the smooth muscle cells in the vessel wall.  Some proposed 

mechanisms for these coordinated oscillations include entrainment of the smooth muscle 

cells via gap junction coupling, as well as regulation by Na+, K+-ATPase, at the level of 

the membrane potential 285, 286.  Other studies have also shown that vasomotion has an 

endothelium dependent component, driven by the activity of the endothelial cell 

sarcoplasmic reticulum Ca2+ pump 285, 287.  Some of the hypothesized benefits of 

vasomotion include avoidance of the “latch state” to provide increased vascular 
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responsiveness and greater conductance of blood flow for a given average lumen 

diameter.  Maintaining a dynamic state of vascular control allows for a system that 

responds quickly to change and ensures optimal tissue oxygenation, a factor which might 

be particularly important since overall perfusion is limited in the pudendal artery 159.  

 

The present studies showed that the oscillatory activity in the pudendal arteries of the old 

rats was more irregular with respect to amplitude and frequency compared to vessel 

segments from the younger counterparts.  Given the finding of decreased endothelial 

function in the vessels from the older rats, it may be that this aspect of vascular 

dysfunction plays an important role in the altered vasomotion properties.  Whether, these 

age-related changes are linked to other aspects of vessel phenotype will require further 

study.  Regardless, the aged pudendal artery clearly has an altered phenotype both 

structurally and functionally such that it would no longer be as dynamic in reacting to the 

large changes in blood flow and wall tension during an erectile response.   

    

Finally, it appears that the vasculature supplying the penis and the penile bed are more 

susceptible to injury and show pathological changes prior to other vascular beds.  This is 

evident in the significant amount of literature indicating that ED is often a precursor to 

underlying cardiovascular disease and a predictor of its severity 34, 35, 37, 38.  As found in 

this study, aging caused a greater impact on this portion of the vasculature compared to 

the aorta and renal arteries.  Thus, it appears the pudendal artery undergoes “rapid aging” 

compared to other vessels, likely as a consequence of the episodic hemodynamic load 
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that these small diameter vessels have to withstand.  There is no doubt that this vascular 

bed is very distinctive because of the episodic nature of its circulation; that is, this tissue 

normally receives minimal blood flow, has minimal metabolic autoregulation, and only 

has increased perfusion during erectile responses.  In contrast, the aorta, renal arteries and 

others are subjected to a much more consistent load.  As described earlier, penile tissue 

experiences wide ranging flow and pressure conditions, and these attributes are likely to 

underpin the increased susceptibility of this vascular bed to damage.   

 

In summary, the histological, morphometric and functional findings regarding the 

pudendal artery demonstrate that it is a distinctive vessel structured to withstand the 

episodic increases in blood flow and pressure that occur during an erectile response.  It 

appears that aging significantly alters the pudendal structure in a manner that would 

impact negatively on the vascular responses.  The data show unequivocally that 

physiological function and morphological phenotype of this vessel are compromised with 

age, such that the outcome of impaired ability to vasodilate would be anticipated, and 

thereby would significantly impinge on the delivery of blood to the penile tissue. 
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Chapter 4:   
 
Impact of hypertension, aging and antihypertensive treatment on the 
morphology of the pudendal artery  
 

J.L. Hannan, M.C. Blaser, J.J. Pang, S.C. Pang, M.A. Adams. 
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4.1 Introduction  

Hypertension is a multifactorial disease that has a number of confounders including 

genetic inheritance, stress as well as environmental and lifestyle factors 288-290.  It is a 

leading global health risk and an independent risk factor for coronary artery disease, 

diabetes, stroke, cardiac and renal failure and erectile dysfunction (ED) 291-295.  Erectile 

dysfunction impacts over 30 million men in North America between the ages of 40-70 

and significantly affects the quality of life of men and their partners 4, 239.  Recent studies 

have suggested that 67-68% of hypertensive males have some degree of ED and 

hypertension is one of the most common co-morbidities in patients with ED 3, 112, 296, 297.   

 

It is not surprising that hypertension and ED are closely linked as they share many 

common risk factors such as age, smoking, alcohol, physical inactivity, and obesity 106, 

296, 298.  Further, it is well known that a common cause of ED is arterial insufficiency.  In 

hypertension, alterations in vascular structure occur as a result of medial thickening and a 

decrease in lumen diameter.  These changes are known to decrease the blood flow 

required for erectile function at a given arterial pressure 115, 120, 121.  In fact, recent studies 

have shown that symptoms of ED are evident 3-5 years prior to the first diagnosis of 

other cardiovascular disease 33, 37.  Thus, the incidence of ED is a harbinger of future 

events in an otherwise asymptomatic individual. 

 

As previously mentioned, the majority of previous studies have focused on the 

pathological changes within the penile tissue, particularly alterations in the corpus 
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cavernosum.  With hypertension, it has been shown that there is increased collagen 

deposition, endothelial dysfunction and altered structure of the corpus cavernosum and 

the intrapenile feeder vessels 89, 120, 122.  However, the intrapenile vasculature contributes 

less than 25% of the total vascular resistance of this bed, whereas the bilateral internal 

pudendal arteries contribute 70% 158.  Previous hemodynamic studies from our lab, using 

an approach which isolates and perfuses the arteries supplying the erectile tissue, have 

demonstrated in hypertensive animals that the penile vasculature is structurally 

upregulated in a similar manner to other vascular beds 121.   Despite this finding, direct 

morphological evidence specific to the pudendal artery has not yet been reported.  One 

hypothesis is that in aged hypertensive rats additional accumulative damage to the 

pudendal vasculature will accelerate the deterioration in erectile function. 

 

The actions of certain antihypertensive agents have complicated the understanding of the 

link between hypertension and erectile function; that is, some medications induce ED 46, 

165, 299.  Even so, other studies have revealed that the mechanism of action is important, 

since some antihypertensive treatments have been found to improve erectile function in 

hypertensive rats and in humans 170, 171, 174, 203, 205.  In particular, drugs that antagonize the 

renin-angiotensin system are associated with improved endothelial function and 

decreased type III collagen in corpora cavernosum, as well as improved erectile function 

in hypertensive male rats and vasocongestive arousal responses in female rats 176, 177, 205, 

300.  For example, treatment with the ACE inhibitor, enalapril combined with a low salt 

diet, produced a decrease in vascular resistance of the isolated, perfused penile 
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vasculature by greater than 20% in SHR 205.  Despite this functional evidence, the impact 

of these changes on the morphology of the pudendal artery remains to be determined. 

 

In the previous chapter, erectile function and morphometric properties of the internal 

pudendal artery were examined in young and old Sprague-Dawley rats.  Morphological 

and physiological assessment revealed a resistance artery with a thick medial layer and 

distinctive spontaneous, oscillatory contractile properties.  Further examination of the 

pudendal vasculature in aged animals (with ED) also showed that there were marked 

structural changes that would very likely impact on vascular resistance and thereby 

impair blood flow.  The present investigation used a similar methodology to assess the 

impact of aging and hypertension on the structure of the pudendal artery.   The frequency 

of erectile responses was assessed by administration of the centrally acting dopaminergic 

agonist, apomorphine, and the left and right internal pudendal arteries, first-order 

branches of the mesenteric bed, renal arteries and aorta were characterized 

morphologically in 15 week old WKY and SHR and in 77 week old SHR.  In addition, 

the impact of brief, aggressive antihypertensive treatment on the vascular structure of the 

pudendal artery in young SHR was also examined. 

 

4.2 Methods 

4.2.1 Animals 

Male Wistar Kyoto (WKY, n=5) and spontaneously hypertensive rats (SHR, n=12) were 

purchased at 12 weeks of age (Charles River Laboratories, Montreal, Quebec, Canada) 
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and housed individually at a temperature of 22–24°C with a 12-h light/dark cycle. All rats 

were provided with regular rodent chow (LabDiet® 5001, Ren’s Feed and Supply Ltd, 

Oakville, Ontario, Canada) and tap water ad libitum.  All procedures were approved by 

the Queen’s University Animal Care Committee in accordance with the guidelines of the 

Canadian Council on Animal Care.  

 

4.2.2 Assessment of erectile response 

Erectile function was assessed with the rat bio-assay of centrally-induced erections which 

uses the dopaminergic agonist, apomorphine (APO) 220.  Specifically, prior to (20 min 

acclimatization period) and during testing, rats were placed in one of four individual, 

hanging cages (with clear Plexiglas inserts used to replace the wire floor) in an isolated, 

quiet, dimly lit room adjacent to the holding room.  Each rat received subcutaneous 

injection of APO in saline (80 µg/kg with 100 µg/ml ascorbic acid, 1 ml/kg) in the loose 

skin of the neck or back.  Erections and yawns were counted over a 30-min period via 

videomonitoring in an adjacent room.  Erectile responses were recorded following 

identification of characteristic physical and behavioural responses including concave 

arching of the back, pelvic thrusts followed by the emergence of the engorged glans penis 

and shaft, and immediate oral grooming of the genital area.  APO-induced yawns were 

recorded as an index of drug delivery and bioavailability within the central nervous 

system 222. 
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4.2.3 Tissue preparation and morphometry 

At 15 and 77 weeks of age, animals were anaesthetized with sodium pentobarbital 

(65mg/kg, intraperitoneally) followed by intravenous doses of the ganglionic blocker, 

hexamethonium, and heparin (30mg/kg and 1000 units/kg, Sigma Aldrich Chemical Co., 

St Louis, Missouri, USA) to allow for perfusion under maximally relaxed conditions.  

The heart was excised and animals were perfused at 70mmHg via the thoracic aorta with 

saline (0.9% Na+, Baxter Corp., Mississauga, On, Canada) containing sodium 

nitroprusside (300mg/L, Sigma Aldrich Co.) to flush out the blood.  The animals were 

then perfusion fixed with 2% paraformaldehyde, 2% gluteraldehyde, 4% sucrose, and 

0.05% calcium chloride in a 0.1M cacodylate buffer 256.  Segments of the thoracic aorta, 

first-order mesenteric branches, right and left renal and pudendal arteries (specific sample 

sites shown in Figure 3.1) were excised and stored in fixative overnight.   

 

Subsequently, tissues were rinsed in 5.4% sucrose in 0.1 M cacodylate buffer for 1 hr, 

post-fixed 0.1% osmium tetroxide in cacodylate buffer for 1 hr, rinsed in cacodylate 

buffer, stained en bloc with aqueous 4% uranyl acetate for 1 hour, dehydrated through a 

graded series of ethanol, infiltrated with propylene oxide, and embedded in Epon 812 for 

sectioning.  Sections were cut at 1 µm thick with a glass knife and stained with 0.1% 

azure methylene blue and catalogued according to orientation.  Photomicrographs were 

captured using a Zeiss miscroscope (Axio Imager M1, Canada).  For electron 

microscopy, ultrathin (70-90 nm) sections were cut with diamond knife using LKB 

ultramicrotome (LKB Instruments Inc., Gaithersburg, MD), placed on formvat-carbon 
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coated slotted copper, stained en face with uranyl acetate and lead citrate, viewed under 

electron microscope (Hitachi EM-7000), and photographed.    

 

4.2.4 Antihypertensive treatment intervention  

The antihypertensive treatments were performed in a group of young male SHR with 

telemetric recording (n=5) and a separate group for morphological assessment (n=7).  At 

12 weeks of age, SHR were implanted with radio-telemetric devices and allowed to 

recover for 2 weeks.  Both groups of rats were separated into control (CON) and treated 

(TX) groups (telemetry rats: CON n=2, TX n=3; morphology rats: CON n=4, TX n=3).  

At 15 weeks of age, TX SHR were treated for 2 weeks with enalapril and 

hydrochlorothiazide (30mg/kg per day, Sigma Aldrich Co.) in their drinking water and a 

parallel control group that did not receive treatment.  Changes in mean arterial pressure 

(MAP, mmHg) were determined from collected data (15 sec every 5 minutes, at 150 Hz).  

Two weeks after treatment was withdrawn, the morphological group of SHR were 

anaesthetized, perfused, and aorta, renal, mesenteric and pudendal arteries were excised 

and processed for Epon embedding as previously described.  Again, sections were cut at 

1 µm thick, stained with 1% methylene blue and azure and photographed.  Prior to 

perfusion, the hearts were removed and the right and left ventricles were separated and 

weighed.   
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4.2.5 Morphological quantification 

Quantification of blood vessels was performed with Image-Pro Plus 6.0 (Media 

Cybernetics). Wall thickness and lumen diameter of the vessels were measured for every 

octant and quadrant respectively. Total wall cross-sectional area (CSA) was measured by 

manual and automatic edge detection in Image-Pro to produce an area of interest that 

circumscribed both inner and outer aspects of the vessel wall, and total CSA was 

calculated.  Determination of the proportion of smooth muscle within the CSA of the 

vessel was performed with an automated algorithm using Image-Pro tools which allowed 

for detection of individual smooth muscle cell (SMC) profiles versus extracellular matrix 

(ECM) using automatic threshold to detect dark and bright objects within the area of 

interest.   

 

4.2.6 Statistical analysis 

Erectile response data are expressed as the number of erectile responses per test period ± 

standard deviation (SD). Statistical analysis of erectile responses between and within 

treatment groups was performed using both the Mann–Whitney rank sum test and 

unpaired Student’s t test (P<0.05). Body and heart weight are shown as mean ± SD and 

were assessed by an unpaired Student’s t test (P<0.05).  All morphological measurements 

are presented as the mean ± standard error of the mean (SEM) and analyzed using 

unpaired Student’s t test (P<0.05). 
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4.3 Results  

4.3.1 Impact of aging and hypertension on erectile function 

There were no differences in the number of apomorphine-induced erections and yawns 

between young WKY and young SHR (Figure 4.1).  In the older SHR there was a 

significant decrease in erectile responses and yawns compared to their younger 

counterparts similar to the results in older normotensive rats in Chapter 2.  In old SHR, 

body weight was increased compared to the young WKY and SHR (Table 4.1).  The 

young SHR had an 18% larger LV/BW compared to the young WKY and in the older  

SHR the magnitude of the left ventricular hypertrophy was 24% greater than in young 

SHR.  In contrast, there were no between strain or age differences in the RV/BW ratio.  

 

4.3.2 Impact of hypertension on the internal pudendal artery 

Comparison of the middle (B) segment of the internal pudendal arteries in young WKY 

and SHR revealed no significant differences in the lumen diameters, but the wall 

thickness was increased more than 20% in the SHR (Table 4.2).  Similar to the findings 

in young Sprague-Dawley rats, in general, the pudendal arteries in the WKY had a media 

consisted of 6-8 layers of smooth muscle cells.  In contrast, the medial layer in the 

sections from young SHR contained 8-10 layers of smooth muscle cells.  These 

alterations in the hypertensive rats increased the wall-to-lumen ratio by 17% and the 

cross sectional area of the vessels by 32%.  Assessment of the ECM composition 

indicated that the changes in CSA were not due to increased ECM content, as this 

component was proportionally similar in the young WKY and SHR.   



Figure 4.1   No difference in apomorphine-induced erectile responses (A) or yawns 
(B), per 30 min observation period, between young Wistar-Kyoto (WKY) and 
spontaneously hypertensive rats (SHR).  With age, there is a decrease in erections 
(A) and yawns (B) in 77 week old SHRs (n=6) compared to their younger 
counterparts (15 weeks).  Data are presented as mean ± standard deviation.  *P<0.01 
vs Young WKY, Young SHR.
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0.71±0.14 3.34±0.10*† 380±7.5*† Old SHR 

0.61±0.08 2.26±0.10 312±9.1 Young WKY 

RV/BW (g/kg) LV/BW (g/kg) Body weight (g)  
Table 4.1  Body and heart weights of young and old WKY and SHR. 

Values are mean±SD.  n=3 young WKY, 5 young SHR, 3 old SHR. *p<0.01 versus young 

SHR, †p<0.001 versus young WKY. 

0.65±0.13 2.68±0.09† 325±23.4 Young SHR 
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1.17 37±1.4‡ 32±1.9 CSA (x103 μm2)  

1.32 13.8±0.5* 10.5±0.3 Wall:Lumen (%) 

1.23 37.8±1.1‡ 30.9±1.2 Wall thickness (μm)  

0.94 277±6.2294±8.5 Lumen (μm)  

Fold difference SHR WKY 
 

Values are mean±SEM.  CSA=cross sectional area.  ECM=extracellular matrix.  n=3 

young WKY, 5 young SHR. *p<0.0, ‡p<0.001 versus young WKY. 

Table 4.2  Morphometric comparison of internal pudendal artery of young WKY and 

SHR. 

1.04 9.1±0.48.8±0.8 ECM (x103 μm2)  

0.95 25.1±0.126.4±0.1 ECM/CSA (%) 
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Further studies are required to determine whether the increased smooth muscle content is 

due to hyperplasia or cellular hypertrophy.    

 

The differences between the pudendal artery and the first order branch of the mesenteric 

bed in the SHR were analogous to those described in the Sprague-Dawley rats in Chapter 

3.  That is, the pudendal artery had only a slightly smaller lumen diameter (-10%) 

compared to the mesenteric arterial bed in young SHR, but a markedly increased (+74%) 

wall thickness (Table 4.3).  The CSA was also greater in the pudendal artery compared to 

the mesenteric vessel, although there was a similar proportional amount of ECM.   

 

4.3.3 Morphometric changes in the vasculature with age  

In SHR, there was an age-related increase in the lumen diameter and wall thickness of the 

aorta and renal arteries (Table 4.4).  The magnitude of these age-related changes in lumen 

diameter were less (-45% in aorta, -70-85% in renal arteries) than those seen in the older 

Sprague-Dawley rats (Chapter 3).  With age, the sedentary Sprague-Dawley rats had a 

marked increase in body weight of ~1.7-fold.  In contrast, the SHR are a smaller strain of 

rat and over a similar age span the increase their body weight was less than 20% (Table 

4.1).  As previously established, in older Sprague-Dawley rats, wall thickness (1.2 to 1.9-

fold increase) and lumen diameter (1.2 to 1.8-fold increase) of the aorta and renal vessels 

increased proportionately in both vessels, such that there was no change in the wall-to- 

lumen ratio (Figure 3.6A).  In contrast, but consistent with the smaller overall increase in 

body weight in the older SHR (Table 4.5), there were much smaller increases in lumen 
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1.70 39±1.7‡ 23±1.7 CSA (x103 μm2)  

1.99 13.9±0.7‡ 7.0±0.1 Wall:Lumen (%) 

1.74 38.8±1.5‡ 22.0±0.9 Wall thickness (μm)  

0.90 282±7.0*314±14.5 Lumen (μm)  

Fold difference Pudendal Mesentery 
 

Values are mean±SEM.  CSA=cross sectional area.  ECM=extracellular matrix.  n=5 

young SHR. *p<0.05, †p<0.01 and ‡p<0.001 versus mesentery. 

Table 4.3  Morphometric comparison of mesenteric artery and internal pudendal artery 

of young SHR. 

2.44 13.4±0.9† 5.5±1.0 ECM (x103 μm2)  

1.04 25.1±0.1 24.2±0.1 ECM/CSA (%)  



1.77136±22.1†77±4.82.30193±21.8‡84±7.51.92734±48.2†382±15.6CSA (x103 μm2)

1.518.3±0.7†5.5±0.31.518.0±1.4*5.3±0.11.256.0±0.1†4.8±0.2Wall:Lumen (%)

1.6758.7±4.9†35.1±1.91.7965.1±5.6‡36.4±1.81.43110.3±0.7†76.95±2.2Wall thickness (μm)

1.11710±81.4641±13.71.22842±112688±34.31.141830±32.7*1609±47.9Lumen (μm)

Fold ChangeOld Young Fold ChangeOld Young Fold ChangeOld Young 

Left RenalRight RenalAorta

Values are mean±SEM. CSA=cross-sectional area.  ECM=extracellular matrix.   n=5 young SHR, 3 old SHR. *p<0.05, †p<0.01, ‡p<0.001 vs young SHR.

Table 4.4  Morphometric analysis of aorta, left and right renal arteries of young and old SHR.

2.1739±14.0†18±1.76.1774±13.9‡12±9.3ECM (x103 μm2)

1.0925.6±0.123.5±0.12.5935.5±0.1*13.7±0.1ECM/CSA (%)
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2.03 79±8.9‡39±1.7 2.03 73±5.5‡ 36±2.3 CSA (x103 μm2)  

2.28 31.7±5.5‡ 13.9±0.7 2.72 37.2±7.8‡13.7±0.8 Wall:Lumen (%) 

1.95 75.5±8.9‡ 38.8±1.5 2.10 77.3±7.1‡ 36.9±1.7 Wall thickness (μm)  

0.89 250±12.4* 282±6.3 0.84228±17.6272±11.3 Lumen (μm)  

Fold change Old Young Fold changeOld Young  
Distal Proximal 

Values are mean±SEM.  CSA=cross sectional area.  ECM=extra cellular matrix.  n=5 young 
SHR, 3 old SHR. *p<0.05, †p<0.01, ‡p<0.001 versus young SHR. 

Table 4.5  Morphometric analysis of sections of the internal pudendal artery of young and old SHR. 

2.61 25.6±10.6‡9.8±1.9 3.05 25.9±1.9‡ 8.5±1.6 ECM (x103 μm2)  

1.26 31.5±2.2†25.1±1.0 1.44 34.8±2.2† 24.2±1.7 ECM/CSA (%)  
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diameter (1.1 to 1.2 fold increases) and greater increase in the medial wall thickness (1.4 

to 1.8 fold increases) in all vessels assessed.  These structural changes generated marked 

increases (1.3 to 1.5-fold) in the wall-to-lumen ratio of these older vessels in SHR.  

Similar to the results in the aging Sprague-Dawley rats, assessment of the relative SMC 

and ECM content in the medial layers of the renal arteries revealed increases in the 

proportion of ECM versus CSA with age in the renal artery up to 2.6-fold (Table 4.4).   

 

There were no morphological differences between the left and right pudendal arteries of 

young or old SHR; therefore, they were grouped for further analysis.  The overall 

orientation and shape of SMC in young SHR did not appear to differ from those in the 

young Sprague-Dawley rats (Figure 3.5 & 4.2).  However, in the pudendal artery sections 

from the aged SHR, the SMC were disorganized similarly to the older normotensive 

vessels previously examined.  An additional difference was that the pudendal vessels 

from the old SHR also had marked intimal thickening (Figure 4.2).  The consequence of 

this luminal encroachment was that a 10-15% decrease in lumen diameter was evident in 

both A and B segments of the pudendal artery (Table 4.5).  Furthermore, there was a 

doubling in wall thickness and CSA of the pudendal artery sections in old SHR.  Thus, 

unlike the aorta, renal and mesenteric arteries, the lumen diameter of the pudendal 

arteries in SHR did not grow proportionally with age (Figure 4.3A).  This altered 

relationship is reflected in the extreme increase in the wall-to-lumen ratio and the steep 

and negative slope of the relationship found for the pudendal arteries.   

 



Young Old 

Figure 4.2   Light micrographs of gluteraldehyde-fixed, azure methylene blue 
stained, pudendal arteries in young (15 weeks) and old (77 weeks) spontaneously 
hypertensive rats.  Scale bar is 40µm in length.
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Figure 4.3 A) Comparison of the overall relationship (line of best fit) between wall thickness 
and lumen diameter in pudendal arteries (squares, R2= 0.41) and the other vessels (aorta, renal 
and mesenteric arteries, triangles, R2= 0.75) in young (15 weeks, open) and old (77 weeks, 
solid) SHR.  B) Relationship between medial extracellular matrix (ECM) and cross sectional 
area (CSA) in pudendal arteries of young (open diamonds, R2= 0.38) and old (solid squares, 
R2= 0.89) SHR.  The individual symbols represent data from each artery.
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Assessment of the relationship between CSA and ECM for young versus old SHR 

(Figure 4.3B) demonstrated that in the old vessels ECM accumulated more (2.5-fold) for 

a given CSA than it did in the younger tissues.  In addition, similar to the change with age 

in pudendal arteries from Sprague-Dawley rats, in older tissues there were more rounded 

SMC as opposed to the elongated SMC in old SHR.  Similar to the sections from the 

Sprague-Dawley rats (Chapter 3), these round cells were orientated close to the medial-

intimal border and within the intimal layer whereas the elongated SMC were closer to the 

adventitial layer.   

 

4.3.4 Electron microscopy  

The characteristics of SMC from young and old pudendal arteries were markedly 

different.  In young SHR, the SMC in the media had a definitive contractile phenotype, 

with elongated nuclei and overall shape, and with filaments running parallel with the 

longitudinal axis of the cell (Figure 4.4).  In these differentiated vascular SMC, the 

mitochondria, Golgi complex and endoplasmic reticulum were located near the nucleus 

and were a minor overall component of the cell compared to the dominant proportion 

occupied by filaments (Figure 4.4D).  In contrast, many of the vascular SMC in both the 

media and the neointima of the pudendal sections from the older SHR were both round 

and showed clear signs of a more synthetic phenotype.  In particular, the round cells had 

a noticeable increase in endoplasmic reticulum, mitochondria, Golgi complexes and well 

developed vesicles, and had fewer actin filaments near the cell’s edges (Figures 4.5 & 

4.6). 
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Figure 4.4   Electron micrographs of typical smooth muscle cells in the contractile state 
located near the luminal border of the pudendal artery in young SHR. (A=x4000, 
B=x3000, C=x6000, D=x15000)  N, nucleus; IEL, internal elastic lamina; EC, 
endothelial cell; F, filaments; M, mitochondria; ER, endoplasmic reticulum; G, Golgi 
complex. 
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Figure 4.5   Electron micrographs of smooth muscle cells in the medial and intimal layers 
of the pudendal artery in old SHR.  (A=x1000, B=x3000, C=x7000, D=x15000)  N, 
nucleus; IEL, internal elastic lamina; EC, endothelial cell; F, filaments; M, mitochondria; 
G, Golgi complex; C, collagen filaments. 
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Figure 4.6   Electron micrographs of smooth muscle cells in the intimal layer of the 
pudendal artery in old SHR.  (A=x1500, B=x12000, C=x30000)  N, nucleus; IEL, 
internal elastic lamina; EC, endothelial cell; F, filaments; M, mitochondria; C, collagen 
filaments; V= vesicles. 
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4.3.5 Effects of antihypertensive treatment in young SHR 

The two-week treatment with enalapril and hydrochlorothiazide markedly decreased 

arterial pressure during treatment (-47% versus pre-treatment and controls) and produced 

persistent lowering of arterial pressure after treatment was withdrawn (-21% vs pre-

treatment and controls) (Figure 4.7).  Two weeks after treatment was stopped, there were 

no significant differences in body weight between the control and treated SHR 

(374±16.4g vs 352±27.8g).  In addition, the treatment induced a regression of both left 

and right ventricular mass compared to controls (LV/BW: 2.71±0.11 g/kg vs 2.30±0.02 

g/kg, p<0.005; RV/BW: 0.60±0.02 g/kg vs 0.52±0.02 g/kg, p<0.005).   

 

Two weeks post-treatment, the predicted changes in vascular structure (i.e. wall-to-lumen 

ratio) in the aorta or renal arteries of the previously treated SHR had not achieved 

significance (Table 4.6).  Morphometric analysis of the first order mesenteric and 

pudendal arteries demonstrated there were no alterations in lumen diameter, whereas, in 

contrast, there was a 15-25% reduction in the wall thickness, wall-to-lumen ratio and 

CSA (Table 4.7).  The amount of ECM remained proportional to the total CSA in the 

mesenteric and pudendal segments despite the significant level of remodelling in both 

tissues.   

 

4.4 Discussion 

The current study characterizes both the age-related structural changes in the internal 

pudendal artery in an experimental hypertensive condition and the persistent effects of a 



Figure 4.7  Treatment with enalapril and hydrochlorothiazide (closed circles) induced 
a significant reduction in mean arterial pressure (MAP) during treatment compared to 
controls (open circles) that persisted when treatment was withdrawn. The black bar 
represents the 2-week treatment period.  Data is presented as 24-hour mean ±
standard deviation.
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0.914.8±0.35.3±0.20.915.2±0.55.7±0.10.985.0±0.25.2±0.10Wall:Lumen (%)

0.9329.7±1.332.0±0.60.9134.7±3.138.3±1.20.8056.0±3.069.8±7.77Wall thickness (μm)

1.11710±9.9641±5.81.01673±34.3668±15.20.831184±46.41337±124.9Lumen (μm)

Fold changeTreated Control Fold changeTreated Control Fold changeTreated Control 

Left RenalRight RenalAorta

Values are mean±SEM. n=4 control SHR, 3 treated SHR

Table 4.6  Morphometric analysis of aorta, left and right renal arteries of control and treated SHR.
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0.7431±3.0*42±2.40.8432±1.739±2.70.7614±6.7*19±12.7CSA (x103 μm2)

0.8410.7±0.7*12.8±0.30.8311.0±0.7*13.2±0.60.867.1±0.4*8.2±0.1Wall:Lumen (%)

0.8030.7±2.3*38.6±0.90.8532.0±1.5*37.5±1.90.8117.8±0.1‡21.9±0.5Wall thickness (μm)

0.95288±8.6304±9.71.02291±5.8285±7.80.95252±13.6266±4.0Lumen (μm)

Fold ChangeTreated Control Fold ChangeTreated Control Fold ChangeTreated Control 

Middle PudendalProximal PudendalMesenteric Artery

Values are mean±SEM. CSA=cross-sectional area.  ECM=extracellular matrix. n=4 control SHR, 3 treated SHR. *p<0.05, †p<0.01, ‡p<0.001 vs control SHR.

Table 4.7  Morphometric analysis of first order mesenteric arteries and sections of the internal pudendal arteries of control and treated SHR.

0.638.6±1.213.5±1.90.8510.8±0.712.8±1.3ECM (x103 μm2)

0.8727.3±0.131.4±0.10.9432.2±0.134.1±0.1ECM/CSA (%)

0.774.0±0.65.2±0.3

1.0027.6±0.127.7±0.1
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drug-treatment previously known to decrease the vascular resistance properties in the 

penile vascular bed.   With age, there was severe reduction in APO-induced erectile 

responses in the SHR that was comparable to the decrease seen in aged Sprague-Dawley 

rats which were significantly more overweight.  That is, although body weight increased 

only 1.2-fold over the 62 week age span in the SHR, there was clear evidence of end 

organ damage (25% increase in LV:BW ratio) resulting from the prolonged untreated 

hypertension.  In addition, signs of pathological changes in the vasculature were also 

manifest based on the significant intimal proliferation-induced encroachment on the 

lumen, increased wall thickness, CSA and wall-to-lumen ratio, as well as the ECM.   

Similar to the findings in aged normotensives, there appeared to be even more round-

shaped SMC in the pudendal artery of old SHR which proved to be SMC in the synthetic  

state upon examination via electron microscopy.  These remarkable intimal formations 

were only present in the pudendal arteries and not in the renal arteries or the aorta 

although they also underwent significant vascular remodelling.  Treatment in young SHR 

was able to normalize the pudendal arteries to dimensions similar to the young WKY.   

 

Many studies have examined intracavernosal pressure (ICP) differences in young WKY 

and SHR, and shown SHR to average approximately 30% lower ICP than an age-matched 

young WKY 83, 115, 120.  Interestingly in the present study, there are no differences in 

APO-induced erectile responses.  This differs from previous results presented by Jiang et 

al. showing young SHR to be severely dysfunctional compared to WKY however does 

correspond with the young SHR values seen in previous studies from our lab 205, 301.  The 
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majority of studies have focused on the differences in cavernous tissue in WKY and SHR 

and have shown that there is an increase in vascular SMC proliferation in corporal tissue 

and cavernous arteries, increased collagen and fibrosis, decreased elastic fibers, damaged 

mitochondria in endothelial cells and SMC and thinning of the tunica albuginea 122, 301.  

The present study reinforces the isolated penile perfusion studies which suggested that 

there is a thickening of the vascular wall and a narrowing of the lumen in the penile 

vasculature 121.  Although these structural changes will impede inflow of blood to the 

penis, the SHR’s preserved erectile function could be due to its elevated arterial pressure 

helping it to overcome the additional resistance to permit an erectile response to occur.  

As well, at this age, there are no differences in α1-adrenoceptor tone in the penile 

circulation and the cavernosal tissue is still able to relax normally 120, 121.   

 

As demonstrated in Chapter 3, aging significantly impairs erectile function and 

upregulates vascular structure.  Hypertension further exacerbates these pathological 

effects.  Clinically, there is evidence of altered vascular structure in hypertensive men 

with ED.  Increases in common carotid intima-media thickness, low flow-mediated 

dilation of the brachial artery and increased inflammatory markers such as C-reactive 

protein and interleukin-6 are common in aged hypertensive men suffering from ED 302.  

In a slightly older group of men, the presence and severity of ED was associated with the 

severity of small-vessel lower extremity arterial disease 303.  Thus, in men where the 

vascular structure is increased in small resistance vessels evidence of impaired erectile 

function implies that the penile vasculature is also affected.   
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The present findings confirm previous studies, in that with age there is a greater increase 

in lumen diameter, media thickness and CSA in aorta and renal arteries in SHR 235, 248.  

Compared to age-matched Sprague-Dawley rats, there is a smaller increase in lumen 

diameter and a greater increase in wall thickness resulting in a significant impact on wall-

to-lumen ratio in aged SHR.  The greater changes in lumen diameter seen in the old 

Sprague-Dawley rats compared to the SHR could be accounted for by their larger 

increases in body weight (1.63 vs 1.14-fold increase).  With a smaller increase in body 

mass, the SHR are not required to increase their lumen diameters as much to ensure that 

there is sufficient blood flow to meet the demand of the kidneys.  In contrast, SHR have 

equivalent increases in wall thickness due to the compensatory mechanisms to allow the 

blood vessels to sustain the increasing arterial pressures seen with age.  In aged SHR, it 

has been well documented that there is a greater number of SMC which contributes to the 

development of increased vessel contractility as well as evidence of increase in collagen 

content and hypertrophy of SMC 150, 151, 304, 305.  In the aging SHR, erectile function has 

been shown to be severely diminished in both intracavernosal pressure values and APO-

induced erectile responses 115, 120, 205.   As previously mentioned, ED has been shown to 

be associated with further changes in penile ultrastructure, with reductions in the elastic 

fibers of the tunica albuginea, increasing collagen and decreasing SMC, increasing 

sinusoidal spaces of the corpus cavernosum in aging normotensive animals and young 

SHR 264, 270-272.  To date, cavernous tissue in SHR older than 36 weeks of age has not 

been assessed, but we can presume that these changes would be further intensified in 

older SHR.    
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Changes in the pudendal artery’s vascular structure are amplified in aged hypertensive 

rats.  Similar to the aged Sprague-Dawley rats, there are significant increases in wall 

thickness, CSA and ECM content in the aging SHR however there was a considerable 

decrease in lumen diameter.  These changes to lumen diameter are due to substantial 

intimal formation.  To our knowledge, this is the first study to show natural intimal 

formation that is not induced from injury (denudation, balloon injury), pharmacological 

intervention or a high fat diet in small arteries in the rat.  Separate studies by Scebat and 

Hoover, have shown spontaneous aortic lesions in aged rabbits and cebus and squirrel 

monkeys, respectively although they did not examine smaller arteries 306, 307.  The 

pudendal artery’s wall-to-lumen ratio increases a striking 2.3 to 2.7-fold with age in SHR 

compared to modest 1.5 to 1.6-fold increases in old Sprague-Dawley rats.  These intimal 

changes would significantly impact vessel tone and the ability to adequately supply blood 

to the penis.   

 

There appears to be an increase in the number of rounded SMC in the intimal and medial-

intimal layer of pudendal arteries in aged SHR.  As hypothesized in Chapter 3, 

examination of these SMC via electron microscopy proved that they were of synthetic 

phenotype.  They display a loss in contractile filaments and large amounts of rough 

endoplasmic reticulum, Golgi complexes and other cytoplasmic organelles 275, 276, 308-310.  

Synthetic smooth muscle cells are able migrate into the intima via small pores in the 

internal elastic lamina where they begin to divide and deposit ECM components 

furthering the growth of the neointima 276, 309.  The intimal formation evident in the 
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pudendal arteries of aged SHR is very similar to that seen in the carotid arteries of 

Sprague-Dawley rats after balloon injury.  In both cases, the luminal surface of the 

arteries is completely covered and the SMC are surrounded extensively by ECM 276.   

Chemical and mechanical damage from elevated arterial pressure and sheer stress in SHR 

can lead to endothelial damage in pudendal arteries and lead the SMC to change from a 

contractile to synthetic state.  The mechanism behind this change in SMC phenotype 

remains unknown.  

 

Both age and hypertension have been shown to impact on the progression of intimal 

thickening after balloon injury.  Aged animals have been shown to develop more 

extensive and severe aortic and carotid atherosclerotic plaques over a shorter period of 

time compared to younger animals when placed on a hypercholesterolemic diet 310, 311.  

Isolated SMC from aged rats have a higher proliferative rate than young rats and in the 

absence of serum aged rat SMC doubled while young rat SMC remained quiescent 312-314.  

Similarly in hypertension, neointimal formation after balloon injury is increased 

compared to normotensive rats 315, 316.  It is believed that the increased activity of the 

RAS in the SHR contributes to the susceptibility of neointimal formation.  Angiotensin II 

infused animals that underwent balloon injury showed more marked neointimal SMC 317.  

Treatment with antihypertensive agents antagonizing RAS was able to prevent the 

neointimal formation after balloon injury in both normotensive and hypertensive rats 318-

320.   
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The beneficial impact of some antihypertensive treatments on the recovery of erectile 

function in hypertensive rats is well known.  Two previous studies by Hale et al. have 

shown that treatment with enalapril alone or with a low salt diet was able to decrease 

resistance in the penile vasculature 12-24% in both young and 40 week old SHR 173, 205.  

The present morphological findings confirm the hemodynamic data showing that 

treatment is able to regress the wall thickness in pudendal arteries of young SHR thereby 

decreasing vascular resistance.  Small changes in the aorta and renal arteries were also 

apparent however not significant.  The first-order mesenteric arteries had comparable 

changes in wall thickness, wall-to-lumen ratio and CSA to pudendal arteries after 

treatment was withdrawn.  The young SHR have not accumulated as much ECM in the 

medial layers as their older counterparts therefore it is not surprising that there are 

minimal decreases in ECM with treatment.  We can hypothesize that the decreases in 

CSA are due to a decrease in SMC hypertrophy as described in previous studies 321-324.  

Further experiments examining SMC numbers are required to confirm this theory.  The 

penile cavernosal tissue has also been shown to be altered after antihypertensive 

treatments 174, 176, 177, 325.  Decreases in cavernous SMC, fibrosis and collagen type III 

content and increases in sinusoidal spaces were demonstrated.  Recent studies have also 

examined the impact of combining antihypertensives with phosphodiesterase inhibitors; a 

combination often used in impotent hypertensive males.  Treatment with losartan and 

sildenafil showed significantly lower cavernous smooth muscle and collagen values and 

higher eNOS expression in sinusoidal endothelium compared to SHR undergoing 
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monotherapy with losartan 326.  Whether this combination treatment would further regress 

the pudendal vasculature remains to be elucidated. 

 

The impact of hypertension on the pudendal vasculature is evident in the structural 

changes seen in young SHR.  Aging further exacerbates the damage in hypertensive 

animals causing marked intimal formation and decrease in the wall-to-lumen ratio.  

Antihypertensive therapy was able to normalize young SHR penile vasculature to similar 

values of age-matched WKY.  Further studies are required to determine if 

antihypertensive treatments are able to induce equivalent remodelling effects in the 

pudendal arteries of aged hypertensive animals.  A greater understanding of the 

mechanisms that cause the pathological changes such as intimal formation and the 

beneficial vascular remodelling may help provide therapeutic targets to treat the 

underlying cause of both hypertension and ED. 
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Chapter 5: 
 
Recovery of erectile function in aging hypertensive and normotensive 
rats using exercise and caloric restriction 
 

J.L. Hannan, J.P.W. Heaton, M.A. Adams.  Journal of Sexual Medicine 2007; 4(4):886-
897. 
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5.1 Introduction 

Erectile dysfunction (ED) is a pathophysiological condition that is based on multi-

factorial etiologies.  This is not surprising, as the generation of an erection requires the 

integrated contribution of multiple regulatory systems including psychological, hormonal, 

neurological, and vascular components 147.  The progression to ED is linked to a long list 

of risk factors such as aging, smoking, alcohol, obesity, abnormal cholesterol, altered 

endocrine function and is commonly linked with co-morbidities such as hypertension, 

coronary artery disease, stroke, renal failure, diabetes, neurogenic disorders and mental 

illness 10, 118.  In particular, cardiovascular conditions, such as hypertension and coronary 

artery disease, appear to share common underlying pathophysiological processes with ED 

including endothelial dysfunction, vasculopathies and abnormal lipid metabolism.  Of 

particular interest regarding the progression of these conditions is the evidence 

emphasizing that ED may be a harbinger for underlying cardiovascular disease 36, 105, 148, 

327.  Findings from studies such as the Massachusetts Male Aging Study have revealed 

that aging is an independent risk factor in the development of ED, with the prevalence 

and severity increasing 3-fold between 40 and 70 years of age 114.  Finally, obesity has 

become a co-morbidity of epidemic proportions across North America, with the incidence 

of ED in overweight or obese men reaching nearly 80% 129, 242, 328. 

 

Mechanistically, the initial onset and the subsequent progression of ED is recognized to 

be a consequence of the composite of insults to neurological, hormonal, and vascular 

pathways involved in the physiology of an erection.  For example, events, procedures or 
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conditions that disrupt central neural networks involving dopaminergic or oxytocinergic 

pathways, particularly in the paraventricular nucleus (PVN) and medial pre-optic area 

(MPOA) of the hypothalamus, or the cascade of signalling in peripheral autonomic 

pathways involved in sexual responses, all can result in ED 329.  Similarly, an appropriate 

androgen milieu appears to be necessary for normal sexual desire, erectile responses, and 

ejaculation 245, 330.  Based on this understanding, both clinically and experimentally, these 

aspects of sexual function have been shown to improve with androgen supplementation, 

in conditions in which there is depressed testosterone bioavailability 215, 217, 331.  Finally, 

vascular insufficiency, specifically in vessels supplying blood to the penis and in the 

intrapenile erectile tissue, has also been strongly linked with decrements in erectile 

function 158, 202.   

 

As previously stated, men suffering from hypertension are twice as likely to experience 

ED compared to age-matched normotensive men 119. Experimental studies using the 

spontaneously hypertensive rat (SHR) have corroborated this finding and have further 

pointed to pathological structural changes in the penile vasculature as a potential 

mechanism of the dysfunction 121, 122.  Further, reversal of these structural abnormalities 

in SHR using aggressive antihypertensive treatments has been linked with improvements 

in erectile function even after withdrawal of treatment 205.  In the various animal studies, 

the occurrence of diminished erectile status has been characterized by fewer centrally-

initiated erections, blunted nerve-stimulated cavernous responses, decreased smooth 

muscle contractility, elevated adrenergic sensitivity and altered morphology of the corpus 
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cavernosum 116, 332, 333. A number of studies have compared the age-related decline in 

erectile function in SHR versus normotensive Wistar-Kyoto (WKY), although the 

pathophysiological mechanisms remain substantially unresolved 120.  In addition, 

although there have been several aging-related studies of outbred, normotensive strains, 

the focus has not been on the impact of caloric intake or changes in body composition, 

but more on effects involving conditions such as castration, experimental diabetes, 

secondary hypertension, hormone supplementation or pharmacologic treatments 117, 219, 

334-337.  

 

Clinically, obesity and physical inactivity have been established as risk factors for 

cardiovascular disease and are further linked to an increased prevalence of ED, just as 

exercise and weight reduction have been shown to be beneficial 182.  One recent study 

found that increased exercise and caloric restriction (CR) improved erectile function in a 

third of obese patients 184.  Experimentally, obesity has usually been modeled using 

genetically modified animals or by giving animals abnormal diets.  Interestingly, normal 

Sprague-Dawley and Wistar rats, but not SHR, who individually housed and allowed to 

eat regular chow ad libitum will progressively gain weight such that their body 

composition reflects the accumulation of abdominal adipose tissue to a much greater 

extent than in young adult normotensive animals or age-matched SHR.  In fact, CR in 

normotensive rodents has previously been found to extend the maximum life span as well 

in primates 338.   
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In the present study, one objective was to determine whether the time course of the age-

related decline in erectile function in hypertensive rats (SHR) compared to outbred 

normotensive rats (Wistar and Sprague-Dawley) was different.  This characterization was 

performed in contrast to the conventional SHR versus WKY comparison to emphasize 

that age-related changes can be quite different depending on the initial phenotype and 

genotype.  Further, once a significant age and/or obesity associated decline in erectile 

function was found, an additional objective was to assess whether a regimen of combined 

CR and exercise, followed by CR alone could recover and then maintain erectile 

function.  Finally, short term testosterone supplementation was given to assess whether 

the deficits in erectile responses in the aging animals was, at least in part, due to 

decreased levels of androgens, although we did not address the implications of chronic 

androgen deficiency as this would have required separate treatment groups for all strains. 

 

5.2 Methods 

5.2.1 Animals 

Male Wistar (n=16), Sprague-Dawley (n=18) and SHR (n=6) rats were purchased at 12 

weeks of age (Charles River Laboratories, Montreal, Quebec, Canada) and housed 

individually at a temperature of 22–24°C with a 12-h light/dark cycle. All rats were 

provided with free access to regular rodent chow (LabDiet® 5001, Ren’s Feed and Supply 

Ltd, Oakville, Ontario, Canada) and tap water.  All procedures were performed in 

accordance with the guidelines of the Canadian Council on Animal Care as approved by 

the Queen’s University Animal Care Committee.  
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5.2.2 Assessment of erectile response 

From 15 weeks of age onward, erectile function and body weight were measured weekly.  

Erectile responses were monitored via the well-established rat bio-assay of centrally-

induced erections using the dopaminergic agonist, apomorphine (APO) 220.  Prior to (20 

min acclimatization period) and during testing (30 min), rats were placed in one of four 

individual, hanging cages (with clear Plexiglas inserts used to replace the wire floor) in 

an isolated, quiet, dimly lit room adjacent to the holding room. Each rat received 

subcutaneous injection of APO in saline (80 μg/kg with 100 μg/ml ascorbic acid, 1 

ml/kg) in the loose skin of the neck or back. Erections and yawns were counted over a 

30-min period via videomonitoring connected to monitors in an adjacent room. Erectile 

responses were recorded following identification of characteristic physical and behavioral 

responses including concave arching of the back, pelvic thrusts followed by the 

emergence of the engorged glans penis and shaft, and immediate oral grooming of the 

genital area. APO-induced yawns were recorded as an index of delivery and to confirm 

bioavailability of the drug within the central nervous system 222. 

 

5.2.3 Caloric restriction and exercise 

Based on the marked decline in erectile responses, when all animals had reached 30 

weeks of age, daily food intake was then progressively restricted in all rats (decrement of 

10% per week from intake at 29-30 weeks) up to a maximum of 40%, or until they had 

lost 10% of their body weight, according to a previously established protocol 338.  Upon 
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losing 10% of their body weight, food intake was then reduced by only 10-20% from 

initial intake levels in order to maintain body weight.  In addition, throughout this period 

(30-40 weeks of age) rats were exercised for 30 minutes, five days per week using a 

modified, full-size treadmill fitted to rotate rodent exercise balls at a speed of 24m/min.  

At 40 weeks of age, exercise was stopped but the food intake remained restricted by 10-

20% to maintain their body weight.  Ad libitum access to food was reinstated when the 

animals reached 50 weeks of age.  Erectile responses were always assessed prior to daily 

exercise.  During the implementation of the CR protocol in the SHR, a change in the 

approach had to occur to maintain their healthy status. Specifically, SHR are much leaner 

and have a high metabolic rate such that the protocol could not be as prolonged.  The 

protocol was adjusted to so that the objective became to limit the increases in body 

weight rather than to cause decreases in body weight. This approach was approved and 

validated by the health assessments done by the animal care staff.  

 

5.2.4 Testosterone treatment 

At 44 weeks of age, each rat from the three initial groups (Wistar, Sprague-Dawley and 

SHR) received a single dose of testosterone (480μg/kg, s.c.), administered 36 hours prior 

to erectile testing, according to a previously established protocol for normalizing 

erections in previously castrated rats 217.  Testosterone was prepared from a stock solution 

of testosterone propionate (Taro Pharmaceuticals, Bramalea, Ontario, Canada) diluted in 

peanut oil.  
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5.2.5 Assessment of heart weights 

Rats were anesthetized with pentobarbital (65 mg/kg, intraperitoneally) and hearts were 

removed and placed in cold saline.  The right and left ventricle plus septum were then 

separated, blotted dry and weighed.  Analysis of the left ventricle-to-body weight 

(LV/BW) and right ventricle-to-body weight ratios was used as an index of changes in 

cardiac structure 224. 

 

5.2.6 Caloric restriction and exercise in old rats 

In two separate groups of older rats the impact of exercise and caloric restriction on 

erectile function was assessed at a later age.  Aged male Wistars (56 weeks, n=10) and 

Sprague-Dawley rats (67 weeks, n=12) were separated into two treatment groups which 

underwent a 10% CR or a 10% incremental weekly decrease to 40% and low impact 

exercise on a treadmill (7m/min, 30 minutes per day, five days a week).  Erectile 

responses and body weight were recorded weekly as previously described.   

 

5.2.7 Statistical analysis 

Erectile response data are expressed as the number of erections per test period ± standard 

deviation. Body weight is expressed as mean ± standard deviation (SD).  Statistical 

analysis of erectile responses between and within treatment groups was performed using 

both the Mann–Whitney rank sum test and one-way analysis of variance, with a 

comparison of means using a Newman–Keuls post-hoc test (P<0.05).  This unpaired 

analysis was used because of the nature of the experimental testing protocols.  
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Specifically, the testing on the 3 groups of animals normally involved trials when the 

three strains were tested at the same time to account for the experimental error 

specifically associated with that trial (i.e. the testing error occurred independently in each 

trial).  Strict pairing of animal responses in a repeated measures design is not possible 

because of the technical limitations of having to directly monitor all animals in a given 

test in real time.  Differences in erectile responses during testosterone treatment were 

determined using Student’s t test (P<0.05). Heart weight data are presented as the 

mean±SD and were assessed by analysis of variance followed by a Newman–Keuls post-

hoc test (P<0.05).  

 

5.3 Results 

5.3.1 Overall effects of exercise and caloric restriction on body weight  

Despite being adult, there was a substantial increase in body weight between 15 and 30 

weeks of age in the normotensive (34% in Sprague-Dawley rats, 45% in Wistars) and 

hypertensive (25% in SHR) rats fed ad libitum (Figure 5.1).  Following the initiation of 

the 10 week combined exercise and CR and 10 week CR alone, overall the weight of the 

Wistar and Sprague-Dawley rats was decreased by 10% and 8.5% respectively compared 

to 30 weeks of age.  In the SHR, a different approach had to be taken since this strain of 

rat is a much leaner strain, with a higher metabolic rate, and can not be subjected to  
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prolonged or severe caloric restriction 339.  That is, to maintain a healthy status of this 

strain the protocol was adjusted to attenuate body weight increase in SHR (to 3% increase 

over 20 weeks), rather than to produce progressive reductions in body weight 340.  

Regardless of the approach, in all three strains, after ad libitum feeding was re-introduced 

at 50 weeks, body weight again progressively increased over the next 10 weeks (Wistar 

and Sprague-Dawley 16%, SHR 8%), an effect which was particularly evident in the first 

two after stopping CR.  At the end of the study, there was no significant left ventricular 

hypertrophy in the heart weights (LV/BW) of Wistar or Sprague-Dawley (1.7±0.3 and 

1.7±0.1 mg/g body weight).  Conversely, as expected, in SHR after the various 

treatments, the left ventricle remained significantly enlarged (3.3±0.1 mg/g body weight). 

 

5.3.2 Effect of aging and/or associated weight gain on sexual function  

As seen in previous studies, there was a significant decline in erectile responses with age 

in all three strains of rats (Figure 5.2 left), such that by 29 weeks of age the normotensive 

rats averaged only 0.2±0.4 erections and the SHR were at 0.6±0.8 erections per test 

period. In general, the increase in body weight paralleled the decline in erectile function 

in all rats.  Paralleling the decrease in erectile responses was a progressive increase in the 

proportion of animals suffering from severe erectile dysfunction (Figure 5.2 right).  

Specifically, by 29 weeks of age, all animals had at least some level of erectile 

dysfunction according to the pre-defined severity scale (i.e. no dysfunction ≥2.0 

erections; mild ≥1.0 erection; moderate 0.5<1.0 erection or severe <0.5 erection) 116.   
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5.3.3 Effect of exercise and caloric restriction on sexual function  

The average number of erectile responses increased progressively during the combined 

protocol (Figure 5.3 left) reaching 1.8±0.7 and 1.7±1.4 erections in the SHR and 

Sprague-Dawley rats, respectively.  In fact, the improvement was such that none of these 

animals had severe dysfunction by the end of this combined treatment period (Figure 5.3, 

right).  In contrast, a complication arose in the Wistar rats at 34 weeks of age when they 

began to develop hyper-responsiveness to the APO administrations.  Specifically, these 

rats became progressively more hyperactive (i.e. circling of the test cage during the entire 

trial period) with each APO dose such that at 40 weeks of age all Wistar rats had severe 

dysfunction (most had no responses).  Accordingly, Wistars were not included in any 

further erectile function testing.  The effects of withdrawing exercise but maintaining the 

CR (Figure 5.4) from 40 weeks of age onward included a slight increase in body weight 

but minimal impact on erectile responses. That is, as a result of these interventions in all 

strains, the rats still had only mild to moderate erectile dysfunction and none had severe 

dysfunction at 49 weeks of age; values which were similar to those prior to the 

withdrawal of exercise. The transient decrease in erectile responses at 46 weeks of age 

corresponded with construction noise within the animal housing facility.   

 

5.3.4 Effect of reinstatement of ad libitum feeding 

After CR was stopped, body weight increased within the first 2 weeks by approximately 

10%.  In particular, the time course of weight gain (62 g, 11.5%) corresponded well with 

the decrease in erections in Sprague-Dawley rats (Figure 5.5).   
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Although the trend was similar in SHR, the rate of change in body weight (30 g, 8.5%) 

was more gradual and corresponded with a lesser impact on erections.  Correspondingly, 

the proportion of animals with severe ED is higher in Sprague-Dawley rats in comparison 

to SHR (Figure 5.5 right). 

 

5.3.5 Testosterone administration 

At 44 weeks of age, all rats were administered testosterone according to a previous 

protocol 217.  There were no significant changes in erectile responses observed when 

animals were tested 36 hours after this treatment (data not shown).   

 

5.3.6 Exercise and caloric restriction in aged normotensive rats 

The aged Wistar and Sprague-Dawley rats which underwent 40% CR and exercise 

rapidly lost approximately 17% body weight which was maintained with 20% CR (Figure 

5.6 top).  The Wistar and Sprague-Dawley rats which had food intake restricted 10% only 

lost 2-5 % body weight and this loss was maintained throughout the 12 week treatment 

period.  Minimal erectile function was sustained in the Wistar rats undergoing 10% CR 

whereas, the older Sprague-Dawley rats were not responding from 71 weeks of age 

onwards (Figure 6 bottom).  A significant improvement in erectile function was observed 

in all rats undergoing 40% CR and exercise.  A greater improvement in erectile function 

was seen in the Wistars who were 11 weeks younger than the Sprague-Dawleys. 
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mean ± SD.  NR=no response.  *P<0.05 vs CR 10% only.  †P<0.01 vs CR 10% only. 

142



 

 143 

5.4 Discussion 

The major findings in this study are that (i) there is comparable, age-related decline in 

erectile responses in three different strains of rats with different genetic backgrounds, (ii) 

erectile responses were partially recovered with a chronic intervention that includes 

exercise and CR, resulting in a blunting or a prevention of excessive weight 

accumulation, (iii) the beneficial impact on erectile responses of this intervention, in aged 

animals, can be maintained after the exercise regimen is stopped if CR is maintained (in 

association with continued attenuation of body weight gain), and (iv) re-introduction of 

ad libitum feeding increased body weight in all animals and was associated with a 

negative effect on erectile responses within 10 weeks, an effect which was not prevented 

by short term testosterone treatment. 

 

Confirming previous findings, the age-related decline in apomorphine-induced erectile 

responses occurred as expected 115-117, 336.  Interestingly, although the decline in the 

quantity of erectile responses in all strains occurred at an earlier age than in previous 

reports, the profile of the deterioration clearly followed the body weight increases, at 

least in the normotensives.  Of interest, however, is that previous studies in aging 

normotensives have characterized the decay in erectile responses predominantly using the 

anesthetized, cavernous nerve stimulation model.  Although this experimental approach is 

very useful in assessing quantitatively the peripheral neurovascular coupling, the APO-

induced model also incorporates both central and spinal mechanism in the generation of 

the response.  Future studies using both approaches at the same time will provide very 
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useful data to enable comparison of the mechanisms involved.  Regardless of the specific 

timing of the decline in function, the current study provides strong experimental evidence 

reinforcing that aging per se, as well as genetic hypertension, are important independent 

risk factors for ED 341.  This concept is emphasized by the finding that with age a decline 

in erectile responses occurs in both SHR and normotensive rats, despite the marked 

differences in the changes that are occurring (i.e. body composition and metabolic 

changes in the normotensive rats and pathological changes associated with the prolonged 

hypertension in the SHR).  Although the particular mechanism(s) of the age-related 

decrease in erections were not assessed in this study, previous investigators have revealed 

that over time there are a number of morphological, structural and functional changes in 

the erectile tissue as well as in the innervation which explain, at least in part, this 

downward progression.  Specifically, morphological examinations have shown that in 

aging penile tissue there are marked changes in the elastin and collagen makeup of the 

tunica albuginea and corpus cavernosum, as well as a decrease in cavernous smooth 

muscle 342, 343.  In addition, a number of studies have demonstrated age-dependent 

reductions in the nitric oxide-cGMP-mediated vasodilatory capacity of cavernous tissue 

in both rabbits and rats 281, 344.  Previously, these kinds of pathophysiological changes 

have been found to occur earlier and to a greater extent when hypertension is present in 

young animals.  In particular, even at the earliest stages of experimental hypertension, 

abnormalities in penile vascular structure and function, including an increase in media-to-

lumen ratio and luminal encroachment become evident 121, 123.  Although it is likely that 

many of these pathological changes play a role in the age-associated decline in SHR seen 
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in the present study, a detailed analysis of the entire penile vasculature, not just the 

corpus cavernosum needs to be performed to fully elucidate the magnitude of changes 

during aging, as well as with respect to hypertension.  Furthermore, the role of abnormal 

changes in peripheral neurovascular coupling, spinal signalling and central nervous 

system mechanisms needs to be fully characterized in future studies.  In addition, given 

the comparable time course of deterioration of erections in both the hypertensive and 

normotensive future studies will need to assess all these putative mechanisms in various 

animal models to appropriately elucidate their quantitative mechanistic role in the decay 

of function. 

 

Although there have been only a few experimental studies assessing the impact of 

exercise on erectile function, the relationship to cardiovascular health has been 

thoroughly characterised 179, 345. The present results provide strong evidence in three 

strains of rats that moderate exercise is also beneficial to erectile function, particularly 

when it involves a reduction in body weight.  Although the approach taken in this study 

was to combine exercise with CR, there was a clear, progressive improvement in erectile 

responses only during the exercise phase, whereas during CR alone, erectile responses 

were, at best, maintained.  Previous studies have established that the intensity of exercise 

is important, such that when exercise intensity is too low there is little benefit and when 

exercise is excessive there can be problems with generation of oxidative stress 346.   Thus, 

the clinical and experimental evidence suggests that moderate exercise is likely the most 

beneficial in improving endothelium-dependent vasodilation, lowering oxidative stress, 
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attenuating adrenergic sensitivity and elevating the levels of nitric oxide synthase (NOS) 

and bioavailable NO 347-350.  It is likely that many of these changes contribute to the 

benefits observed in the present study, although tissue specific assessments of vascular 

mechanism will need to be performed to determine the quantitative involvement across 

the different ages. 

 

The effects of CR have been known for a long time.  For example, in 1935 McCay et al. 

demonstrated that chronic caloric restriction could even prolong species-specific 

maximum lifespan 192.  It is important in all studies that animals are restricted carefully so 

as not to induce a state of malnutrition.  For rodents, this is accomplished by using 

restriction ranges that are less than 40% of caloric intake for short periods of time, and 

10-20% for longer periods 338.  Interventions involving exercise and CR have been shown 

to produce similar beneficial changes in cardiovascular health and sexual function, 

although the data is more limited in scope for ED.  For example, even short term CR has 

been shown to increase endothelial-dependent vasodilation in obese hypertensives, lower 

blood pressure and sympathetic activity in rats 351-353, effects which were found to be 

reversible upon cessation of the restriction.  In the present study, a similar trend was 

evident as ongoing CR, without exercise, maintained erectile function and reintroduction 

of ad libitum feeding was associated with a marked decrease in erectile function in both 

the aged hypertensive and normotensive rats.      
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Similar to the aforementioned cardiovascular improvements with exercise and CR, 

neurological status has also been shown to be improved.  Specifically, exercise has been 

demonstrated to improve dopamine synthesis and inhibit sympathetic nerve activity 354, 

as well as elevate oxytocin signalling in the hypothalamus in both SHR and WKY 355.  

Similarly, CR augments dopaminergic function and enhances the neuroprotective status 

of brain tissue by decreasing oxidative stress 356, 357.  These changes are important in 

erectile function since dopaminergic and oxytocinergic neurons, in the PVN and MPOA 

of the hypothalamus, are key components of the neural cascade leading to penile erection 

58.  Relevant to the present study, aging and hypertension have both been shown to 

produce deficits in these neurotransmitter systems 355, 358.  The overall beneficial effects 

on erectile responses found in both the normotensive and hypertensive animals with the 

prolonged, combined intervention and as well as with the CR alone, without a 

requirement for substantial reduction in body weight, suggests that an improved 

neurological status may, at least in part, be the basis of the augmentation of erectile 

function.  Given that the improvements in erectile responses were found using the APO-

bioassay of erections, it may be that the benefits involve central, spinal and peripheral 

nervous system modifications as well as changes in penile vascular function.  

Assessments of each of these component mechanisms will be required to decipher the 

source of the overall benefit observed in this study. 

 

A recent clinical study investigated, prospectively, the effects of exercise and CR on 

erectile function 184.  In their protocol, obese men, with no underlying diabetes, 
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hypertension, or hyperlipidemia, but suffering from ED, were prescribed exercise 

regimens and a decrease in caloric intake in order to reach a target of 10% reduction in 

body weight.  The findings were that sexual function improved in one third of obese men 

within two years after lifestyle changes were initiated.  Although the specific cause of the 

benefit was not determined, the improvement was associated with significant decrease in 

body weight, blood pressure, levels of glucose, insulin, C-reactive protein, total 

cholesterol and triglycerides as well as a significant increase in high-density lipoprotein 

cholesterol and vascular responses to L-arginine.  The magnitude of the benefit found in 

the present studies appears to provide strong evidence for advancing the current 

experimental model in further investigations of the pathophysiological mechanisms 

involved. 

 

Previous experimental and clinical studies have established that there is an age-related 

decline in testosterone levels, which can negatively impact on sexual function, obesity 

and cardiovascular status 359-362 and that chronic testosterone supplementation was able to 

reverse some of these changes.  In the present study, short term administration of 

testosterone, at doses sufficient to normalize castrated rats, did not recover erectile 

responses in 44 week old rats.  This lack of effect likely reveals that the age-related ED 

was not due to non-genomic effects of testosterone deficiency, but more likely to the 

longer term reduction in genomic effects of testosterone on cardiovascular and neural 

tissues that are corrected during chronic testosterone administration. 
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Overall, these findings demonstrates that exercise and CR can recover erectile responses 

in both normotensive and hypertensive animals.  Furthermore, while the combination 

treatment clearly provides substantial benefit, it appears that CR alone can also blunt the 

age-related decline in erectile function.  Whether changes such as remodelling of the 

penile vasculature, improved endothelial function, decreased inhibitory sympathetic tone 

or improved neural pro-erectile signalling are the mechanisms by which erectile function 

is improved still needs to be elucidated.  Even in conditions involving hypertension, 

obesity and aging, modifying lifestyle factors such as exercise and CR appears to provide 

a non-drug intervention that can effectively modify the progression of sexual dysfunction.  
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Chapter 6: 
 
General discussion and future directions 
 

(Published in part.  J.L. Hannan, M.T. Maio, M. Komolova, M.A. Adams.  Journal of 
Sexual Medicine 2009; 6(S3):254-261) 
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6.1 General discussion  

There has been a marked increase in the scope and depth of studies in the field of sexual 

medicine over the last two decades.  As a result, erectile function has been assessed in 

many different animal models ranging from horses and dogs to rabbits, rats and mice and 

in a variety of diseased states such as hypertension, diabetes, hyperlipidemia, obesity and 

atherosclerosis 159, 205, 325, 326, 363-370.  Experimentally, the in vivo methods used to measure 

erectile function in these different models have involved approaches that directly measure 

intracavernosal pressure or those which characterize the sexual behavior responses to 

centrally acting drugs 115, 120, 205, 365.  To date, studies in the various models and diseased 

states have focused predominantly on the changes in the penile cavernous tissue, 

including morphological, physiological and molecular approaches 68, 74, 75, 122, 176, 177, 325.  

More recently, studies have also begun to examine the physiological properties of SMC 

of deep penile arteries from horses and rats 364, 371, 372.  However, in general, the main 

focus of ED research has remained on the penile tissue, whereas the upstream vasculature 

responsible for supplying blood from the systemic circulation has been largely ignored.   

 

In this regard, a key objective of this thesis was to characterize the structure and function 

of a pair of key upstream vessels, the internal pudendal arteries.  As previously described, 

the bilateral pudendal arteries are the primary feeder vessels supplying all erectile tissue 

252.  We have previously demonstrated the importance of this vessel’s contribution to the 

resistance of blood flow during an erectile response 158.  In fact, evidence revealed, under 

both conditions of maximal constriction and dilatation, that approximately 70% of the 
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vascular resistance is located in the pre-penile arteries while the small arteries within the 

penis contribute less than 20% of the total resistance (Figure 6.1).  With this 

understanding it became clear that structural damage or alteration to this vessel would 

clearly compromise the ability to generate blood flow during an erectile response and 

also impact negatively on blood flow to the penile tissue during non-erectile periods 

thereby potentially leading to further progressive tissue dysfunction and damage.   

 

In the present studies, the anatomical location of the pudendal artery in the rat was 

confirmed from numerous dissections.  The results of this examination have been 

provided and illustrated in Chapter 3 (Figures 3.1, 3.3, 3.4).  Our careful examination 

demonstrated in the rat, that both the left and right pudendal arteries are roughly 3 cm 

long, bifurcating from the internal iliac artery, passed between the flexor cauda brevis 

and the abductor cauda internus muscles, traveling along the medial surface of the pelvis, 

and emerging from the ischiorectal fossa to supply all erectile tissue including both 

cavernosal bodies as well as the spongiosum.  This vessel was found to be extraordinarily 

muscular for its size; with a lumen diameter similar to a first-order mesenteric artery 

(~300 µm) and yet a wall thickness greater than that of a renal artery (~45µm).  One 

explanation for this finding is that during the initiation of an erectile response, the walls 

of the pudendal artery experience marked changes in both blood flow and intralumenal 

pressures, with the latter rising to and above the level of aortic pressure 263, 363.    
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Figure 6.1  The relative proportion (%) of each vascular segment to total resistance in 
maximal vasodilation induced by sodium nitroprusside in Sprague-Dawleys rats (n=7).  
Taken from Manabe, et al. Int J Impot Res. 2000. 
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Interestingly, recent preliminary studies have demonstrated noteworthy structural and 

physiological changes along the length of the pudendal artery that might reflect 

differences in the localized interaction of structure and function.  That is, comparison of 

the middle (B) segment, which travels adjacent to the pelvis, and the proximal (C) 

segment (between the branch of the inferior gluteal and its origin from the internal iliac) 

distinctive morphological differences were evident (Figure 3.1).  In particular, the middle 

segment of the pudendal artery was determined to have a substantially thicker wall 

(↑40%) and a smaller lumen diameter (↓20%, Figure 6.2) than the upstream segment.  As 

a result, the wall-to-lumen ratio of middle segment was almost 2-fold greater than that of 

the proximal segment (Figure 6.2).  Furthermore, the responses of these pudendal artery 

segments in myograph studies were distinctly different.  The middle segment initially 

contracted to 20mN of tension (similar to the tension generated by an aortic ring) prior to 

the generation of spontaneous oscillations in tone consisting of very slow, high amplitude 

waves of up to 3 minutes duration (Figure 6.3A).  In contrast, the proximal segment 

displayed higher frequency and lower amplitude oscillations and consistently reached 

only 10mN of tension (Figure 6.3B).  Thus, the overall average tension of these two 

segments assessed over a 7 minute interval was significantly higher in the middle 

segment versus the proximal segment (Figure 6.3C).  Phenylephrine (PE) concentration-

response curves confirmed the increased contractility of the middle segment (B:22 mN vs 

C:17 mN, P=0.01; Figure 6.4A).  In addition, the middle segment was found to be more 

sensitive to PE-induced contractile responses (EC50s: B:3.21x10-7 M vs C:7.74x10-7 M,  
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P=0.01) despite the lack of difference in the magnitude of the endothelium-dependent 

relaxation (Figure 6.4B). 

 

The distinctive, large magnitude oscillations in the pre-contracted downstream segment 

of the pudendal artery, and not in the upstream segment, provide strong evidence that this 

vessel likely has unique capabilities.  We have hypothesized that the anatomical location 

of this segment requires it to have a thick wall in order for it to withstand both the large 

increase in blood flow and intra-arterial pressure during an erectile response.  The 

proximal segment, which is surrounded solely by skeletal muscle and is much farther 

from the penis, will not experience as great of an increase in pressure and thus would not 

require as thick of a smooth muscle layer to normalize wall stress.  Further studies are 

required to determine whether alterations in adrenergic tone or populations of α1 

receptors along the length of the pudendal artery play a role in regulating the different 

responses of this key vessel.   

 

Many studies have demonstrated that aging can drastically impair erectile function in a 

variety of rodent strains including normotensive (Sprague-Dawley and Wistar) and 

hypertensive (SHR) rats 115, 120, 205, 271, 332, 373.  Thus, in Chapters 3 and 4, the pudendal 

artery was further characterized in aged rats when erectile function was severely 

impaired.  Aging contributed to significant morphological and physiological changes in 

the pudendal artery that were different from those found in other vessels.  That is, 

whereas the aorta and renal artery displayed increased wall thickness and cross-sectional 
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area, there was no change in the wall-to-lumen ratio; reflecting the proportional change 

required in the older, larger animal (Table 3.2).  Conversely, in the pudendal artery, 

during aging there was a very marked increase in the wall-to-lumen ratio in both 

normotensive and to an even greater extent in hypertensive rats.  Similar to previous 

studies examining the cavernous tissue in aged rats 271, 332, 373, our findings revealed that 

there was a significant aged-related increase in the amount of extracellular matrix in the 

smooth muscle layer of the pudendal arteries.  Additionally, with age, there was 

significant intimal proliferation in the pudendal arteries of hypertensive rats that was not 

evident in the other vascular beds examined or in age-matched normotensive animals. 

 

As demonstrated in Chapter 2, the timing of treatment is critical in the prevention or 

recovery of erectile function.  Our lab has previously shown that a two week treatment of 

enalapril combined with a low salt diet recovered erectile function in 40 week old SHR 

205.  In Chapter 2, an attempt to prevent the age-related decline in erectile function in 

aging SHR with conventional antihypertensive agents such as enalapril and hydralazine 

did not prevent or delay the onset of ED when animals were first treated at 30 weeks of 

age (Figure 2.2A).  In the same group of animals, the treatment was repeated at 50 weeks 

of age and erectile function was still not improved (Figure 2.2B).  A more aggressive 

treatment approach was taken at 70 weeks of age in which animals received enalapril or 

losartan and a low salt diet or a triple therapy of hydralazine, nifedipine and 

hydrochlorothiazide.  Overall, only a slight improvement in erectile function was 

demonstrated, despite the aggressiveness of the treatment, with the greatest benefit seen 
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in the animals treated with triple therapy (Figure 2.3).  Having characterized the pudendal 

artery in similarly aged SHR, we now know there is significant structural and functional 

damage to the pudendal artery of these rats and it is possible that these pathological 

changes cannot be overcome with antihypertensive treatments.   

 

Other studies have shown that erectile function can be improved in aged normotensive 

animals using different therapeutic strategies.  For example, various gene therapies have 

successfully improved erectile function in aged Sprague-Dawley rats.  Intracavernosal 

injection of cDNA for the hSlo gene, which encodes the α or pore forming subunit of the 

large conductance, Ca2+ activated K+ (maxi-K) channel gene, ameliorated the age-related 

decrease in erectile function in 9 month old Sprague-Dawley rats 332.  Similarly, an 

adenoviral gene transfer of pre-pro-calcitonin gene-related peptide (CGRP) improved 

erectile function in the aged rat 373.  Another approach that recovered erectile function in 

20 month old Sprague-Dawley rats was a 45-day treatment with the PDE5 inhibitor 

sildenafil 271.  Further studies are required to elucidate the mechanisms behind these 

improvements to determine the best time course and type of treatment required to 

permanently reverse ED.   

 

Based on the pudendal artery perfusion studies 173, 205 and the work presented in this 

thesis, the improved erectile function after antihypertensive treatment can likely be 

attributed to both structural and functional changes in the vasculature.  In Chapter 2, the 

cross-over kidney transplant study between treated and untreated SHR, demonstrated that 
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improved erectile function was dependent on changes to the penile vasculature and not to 

general changes in the circulation associated with altering arterial pressure.  That is, the 

SHR that had previously received antihypertensive treatment and had a higher arterial 

pressure due to their transplanted control kidney showed improved erectile function 

compared to the untreated SHR who were operating at a lower arterial pressure due to the 

receipt of a kidney from a previously treated littermate (Figure 2.5B).  Specifically, the 

improved vascular function of the previously treated animals clearly had a greater impact 

on erectile responses than did the increase in arterial pressure that resulted from receipt of 

a kidney from an untreated littermate.  Moreover, when the untreated SHR, after 

transplantation, were then treated with losartan their erectile function improved to similar 

levels of the previously treated SHR (Figure 2.5C).  This evidence pointed to penile 

vascular specific changes as being the causal link to the improvement in erectile function. 

 

Further evidence supporting the importance of the penile vasculature was demonstrated   

in previous studies which examined the perfusion pressure in isolated penile vascular 

beds.  Following a two-week antihypertensive treatment in both young and aged SHR, 

there was a decrease in the structurally based vascular resistance suggesting that a 

normalization of the penile vasculature had occurred 173, 205.  In Chapter 4, these findings 

were confirmed through morphological assessment of the pudendal arteries in young 

SHR after a two-week treatment of enalapril and hydrochlorothiazide.  Although no 

changes were evident in lumen diameter, there was a 15-20% reduction in wall thickness, 

and the wall to lumen ratio in the pudendal arteries (Table 4.7).  Many studies have 
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shown the impact of antihypertensive therapy on different vascular beds, including 

cavernosal tissues 176, 177, 325, 326; however this study was the first of its kind to show direct 

evidence of remodelling of the vasculature supplying the penis.    

 

To extend clinical findings, in Chapter 5 we took another therapeutic approach involving 

exercise and dietary adjustments to address the issue of the age-related decline in erectile 

function.  Thus, by combining exercise and caloric restriction (CR) we assessed whether 

this intervention, at least in part, could attenuate the age-related decline in APO-induced 

erectile function in both normotensive and hypertensive rats.  The results indicated that 

the decrease in the number of pharmacologically-induced erections appeared to correlate, 

at least in part, with increased body weight.  Although it was not specifically examined, 

one hypothesis that was generated was that this age-associated weight gain involved an 

accumulation of visceral adipose tissue (VAT).  Therefore, by initiating the combination 

intervention at 30 weeks of age, it was found that exercise and CR caused a progressive 

improvement in erectile function in both normotensive and hypertensive rats. This 

occurred even though significant decreases in body weights were evident only in the 

normotensive strain (Figure 5.3).  These results provided strong evidence that 

experimental modification of lifestyle factors can improve or maintain erectile function in 

normotensive and hypertensive rats, without necessarily having a marked impact on body 

weight.  That is, it may be that body composition is the more appropriate link.   
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Further analysis of this intervention, comparing the subsequent effects following removal 

of the CR regimen on body weight and ED, have now been performed (Figure 6.5).  

Specifically, our new analysis has assessed the impact of returning the animals to the 

sedentary and ad libitum feeding condition at two stages of life (i.e. young versus old).  

The new findings show that the rate of decline in erections in the untreated animals (no 

CR or exercise) for a given accumulation of body weight is much greater in old animals 

than in young, and is even more severe in older hypertensive rats. That is, similar to 

epidemiological findings, the presence of hypertension appears to greatly exacerbate the 

decline in erectile responses at a given age, such that severe ED is found in older 

hypertensive rats when only small increases in body weight occur.  Thus, these data 

suggest that the presence of hypertension and ED should be a sentinel for initiating more 

aggressive treatment strategies targeting body weight gain, or more likely inappropriate 

changes in body composition leading to accumulation of VAT.      

 

Following this investigation, we determined the effects of instituting CR at an even 

earlier stage of development to prevent rather than reverse the pathology.  That is, using 

Sprague-Dawley rats, we calorically restricted animals in early adulthood by up to 20% 

of their normal intake for a 4 month period in order to blunt body weight gain.  

Assessment of APO-induced erectile responses after this period revealed that the CR was 

very effective in preventing the decline in erections seen in the overweight animals, an 
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Figure 6.5  Relationship (line of best fit) between erectile responses and the change in body weight (%) in A) 
young spontaneously hypertensive rats (triangles) and Sprague-Dawley rats (circles) untreated (from 4-8 
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effect which was most pronounced in the animals with the least body weight gain (Figure 

6.6).  The impact of this intervention of CR on the vascular reactivity and function of the 

mesenteric and pudendal arteries was also assessed.  The vascular oscillations in the 

mesenteric arteries were not found to be different between the lean and overweight 

animals (Figure 6.7).  In contrast, the pudendal arteries in the overweight animals 

displayed very fast, high frequency oscillations whereas the leaner animals had the slow, 

high amplitude waves found in younger animals (Figure 6.8).  Overall in both the 

mesenteric and pudendal arteries, no differences in tension were seen with increasing 

concentration of phenylephrine within the lean and overweight rats (Figure 6.9).  No 

evidence of changes in endothelial function, assessed by acetylcholine-induced 

vasodilation, was apparent in mesenteric arteries of the heavier rats; but there was an 

obvious improvement in endothelial function, shown by the acetylcholine vasorelaxant 

response, in the pudendal arteries of aggressively CR compared to the moderately 

restricted and the overweight animals (Figure 6.10).  It was noteworthy that 

morphological assessment of the pudendal arteries did not reveal any obvious differences 

in vascular structure between the three groups (data not shown).  These results suggest 

that endothelial dysfunction may precede the pathological structural changes in the 

pudendal artery.  Consistent with the clinical findings, these data provide further evidence 

that the pudendal arterial bed is more susceptible to injury than other vascular beds; i.e. 

reinforcing clinical data which suggests that the onset of ED precedes the onset of 

cardiovascular disease 33, 34, 37, 38, 105, 106.   

 



Figure 6.6  Body weights (A) and average number of erections (B) of male Sprague-
Dawley rats that underwent 20 weeks of moderate (10%) or aggressive (20%) caloric 
restriction (CR) or fed ad libitum (control).   *P<0.05 vs controls.  
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Figure 6.7  Representative tracings of phenylephrine-induced oscillations in first-order 
mesenteric arteries from control (A), moderately (B) and aggressively (C) caloric 
restricted male Sprague-Dawley rats.   
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Figure 6.8  Representative tracings of phenylephrine-induced oscillations in the pudendal 
artery from control (A), moderately (B) and aggressively (C) caloric restricted male 
Sprague-Dawley rats.   
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Figure 6.9  Phenylephrine (PE) concentration-response curves in first-order mesenteric 
(A) and pudendal (B) arteries from ad libitum fed, moderately (10%) or aggressively 
(20%) caloric restricted (CR) male Sprague-Dawley rats.

Control Moderate CR Aggressive CR

B
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Figure 6.10  Acetylcholine (ACh) concentration-response curves in first-order 
mesenteric (A) and pudendal (B) arteries from ad libitum fed, moderately (10%) or 
aggressively (20%) caloric restricted (CR) male Sprague-Dawley rats. *P<0.05 vs
controls.

Control Moderate CR Aggressive CR

B
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6.2 Future directions  

The major findings of this thesis provide further evidence for the importance of vascular 

structure in the role of erectile dysfunction.  Overall, the focus of these studies has been 

to characterize the pudendal artery from morphological and physiological perspectives in 

young and old normotensive and hypertensive animals.  The impact of different 

pharmacological treatments and lifestyle modifications on erectile function and the 

pudendal vasculature was also assessed.  Further studies are required to expand on these 

findings and determine the mechanisms responsible for the changes seen in the pudendal 

artery.   

 

These studies have only begun to characterize the pudendal artery.  Additional studies are 

required to further describe the proximal section of the pudendal artery and determine 

why this vessel differs structurally as it descends towards the penis.  Current work in our 

laboratory is investigating the structural changes by creating vascular casts of the 

pudendal vasculature which will allow us to determine where these changes take place.  

Further elucidation of the distinctive mechanisms related to the smooth muscle in the 

pudendal artery will be necessary to fully understand the distinctive properties and 

functions of this vessel.  For example, determining the innervation of this vessel and the 

location, density and function of various receptors and signaling pathways in the 

regulation of contraction and relaxation of the pudendal artery will be critical to fully 

determine its functionality.  Furthermore, understanding whether these mechanistic 

attributes change in pathological states or with different treatments may help to suggest 
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improved treatment strategies that can produce persistent or at least long-term changes to 

the vasculature and thereby benefit erectile function.    

 

Although the focus of these studies has been on ED, sexual dysfunction is also present in 

aging women and those suffering from cardiovascular disease 374-378.  One study showed 

that hypertensive women, in particular, demonstrated decreased vaginal lubrication, 

decreased orgasm, and increased pain compared to non-hypertensives 374.  Previous 

studies in our laboratory have experimentally assessed sexual responses in aged 

normotensive female rats and found a marked age-associated dysfunction compared to 

young rats 300.  Similar to the studies in males, the diminished sexual response in 40 week 

old normotensive females was improved by brief, aggressive antihypertensive treatment 

and for up to 10 weeks after the withdrawal of treatment 300.  The genital tissue in females 

has an analogous blood supply to the males and work on characterizing the female 

pudendal artery is underway.  To date, we have anatomically mapped the artery in female 

rats and morphological assessments are currently being conducted.  Unfortunately, 

attempts to address female sexual dysfunction, such as arousal disorders, therapeutically 

have not succeeded 379.  Thus, determining the vascular mechanisms of the female 

pudendal artery could provide new therapeutic targets.   

 

6.3 Conclusions 

This thesis research has substantially contributed to the characterization of the pudendal 

artery, a key blood vessel in the erectile response.  Using different therapeutic approaches 



 

 173 

such as antihypertensive drug treatment or lifestyle modifications, improvements in 

erectile function and pudendal arterial structure and function were demonstrated.  

However, future studies are still needed to provide greater understanding of the 

mechanisms. Finally, these therapies not only have the potential to benefit erectile 

function, but can be applied to the management of cardiovascular disease.   



 

 174 

References  

1. Sand MS, Fisher W, Rosen R, Heiman J, Eardley I. Erectile dysfunction and constructs 
of masculinity and quality of life in the multinational Men's Attitudes to Life Events and 
Sexuality (MALES) study. J Sex Med. 2008; 5: 583-594.  

2. Gralla O, Knoll N, Fenske S, Spivak I, Hoffmann M, Ronnebeck C, Lenk S, Hoschke 
B, May M. Worry, desire, and sexual satisfaction and their association with severity of 
ED and age. J Sex Med. 2008; 5: 2646-2655.  

3. Manolis A, Doumas M. Sexual dysfunction: the 'prima ballerina' of hypertension-
related quality-of-life complications. J Hypertens. 2008; 26: 2074-2084.  

4. Mallis D, Moisidis K, Kirana PS, Papaharitou S, Simos G, Hatzichristou D. Moderate 
and severe erectile dysfunction equally affects life satisfaction. J Sex Med. 2006; 3: 442-
449.  

5. Fisher WA, Rosen RC, Mollen M, Brock G, Karlin G, Pommerville P, Goldstein I, 
Bangerter K, Bandel TJ, Derogatis LR, Sand M. Improving the sexual quality of life of 
couples affected by erectile dysfunction: a double-blind, randomized, placebo-controlled 
trial of vardenafil. J Sex Med. 2005; 2: 699-708.  

6. Zhou SH, Xie JX, Chen M, Wang Q, Chen JW. Role of female partners in the 
diagnosis and treatment of erectile dysfunction. Zhonghua Nan Ke Xue. 2006; 12: 473-
476.  

7. Sato Y. Definition and classification of sexual disorder--in men. Nippon Rinsho. 1997; 
55: 2882-2886.  

8. Lue TF. Erectile dysfunction. N Engl J Med. 2000; 342: 1802-1813.  

9. Balon R. Introduction: new developments in the area of sexual dysfunction(s). Adv 
Psychosom Med. 2008; 29: 1-6.  

10. Laumann EO, Paik A, Rosen RC. Sexual dysfunction in the United States: prevalence 
and predictors. JAMA. 1999; 281: 537-544.  

11. Selvin E, Burnett AL, Platz EA.  Prevalence and Risk Factors for Erectile 
Dysfunction in the US. Am J Med. 2007; 120: 151-157.  

12. Bohm M, Baumhakel M, Probstfield JL, Schmieder R, Yusuf S, Zhao F, Koon T, 
ONTARGET/TRANSCEND ED-Investigators. Sexual function, satisfaction, and 
association of erectile dysfunction with cardiovascular disease and risk factors in 
cardiovascular high-risk patients: substudy of the ONgoing Telmisartan Alone and in 
Combination with Ramipril Global Endpoint Trial/Telmisartan Randomized 
AssessmeNT Study in ACE-INtolerant Subjects with Cardiovascular Disease 
(ONTARGET/TRANSCEND). Am Heart J. 2007; 154: 94-101.  



 

 175 

13. Kendirci M, Trost L, Sikka SC, Hellstrom WJ. The effect of vascular risk factors on 
penile vascular status in men with erectile dysfunction. J Urol. 2007; 178: 2516-20; 
discussion 2520.  

14. Larsen SH, Wagner G, Heitmann BL. Sexual function and obesity. Int J Obes (Lond). 
2007; 31: 1189-1198.  

15. Bacon CG, Mittleman MA, Kawachi I, Giovannucci E, Glasser DB, Rimm EB. A 
prospective study of risk factors for erectile dysfunction. J Urol. 2006; 176: 217-221.  

16. Tostes RC, Carneiro FS, Lee AJ, Giachini FR, Leite R, Osawa Y, Webb RC. 
Cigarette smoking and erectile dysfunction: focus on NO bioavailability and ROS 
generation. J Sex Med. 2008; 5: 1284-1295.  

17. Rosen RC, Friedman M, Kostis JB. Lifestyle management of erectile dysfunction: the 
role of cardiovascular and concomitant risk factors. Am J Cardiol. 2005; 96: 76M-79M.  

18. Nusbaum MRH. Erectile dysfunction: prevalence, etiology, and major risk factors. J 
Am Osteopathic Assoc. 2002; 102: S1.  

19. Ayta IA, McKinlay JB, Krane RJ. The likely worldwide increase in erectile 
dysfunction between 1995 and 2025 and some possible policy consequences. BJU Int. 
1999; 84: 50-56.  

20. Wyllie MG. The underlying pathophysiology and causes of erectile dysfunction. Clin 
Cornerstone. 2005; 7: 19-27.  

21. Bodie JA, Beeman WW, Monga M. Psychogenic erectile dysfunction. Int J 
Psychiatry Med. 2003; 33: 273-293.  

22. Sachs BD. The false organic-psychogenic distinction and related problems in the 
classification of erectile dysfunction. Int J Impot Res. 2003; 15: 72-78.  

23. Rosen RC. Psychogenic erectile dysfunction. Classification and management. Urol 
Clin North Am. 2001; 28: 269-278.  

24. Lee WH, Kim YC, Choi HK. Psychogenic versus primary organic impotence. Int J 
Impot Res. 1994; 6: 93-97.  

25. Rodriguez Vela L, Chantada Abal V, Fiter Gomez L, Martin Morales A. Current 
status of the treatment of organic erectile dysfunction. Actas Urol Esp. 2000; 24: 76-88.  

26. Levine LA. Diagnosis and treatment of erectile dysfunction. Am J Med. 2000; 109 
Suppl 9A: 3S-12S; discussion 29S-30S.  

27. Chia SJ, Ramesh K, Earnest A. Clinical application of prognostic factors for patients 
with organic causes of erectile dysfunction on 100 mg of sildenafil citrate. Int J Urol. 
2004; 11: 1104-1109.  



 

 176 

28. Burnett AL. Neuroprotection and nerve grafts in the treatment of neurogenic erectile 
dysfunction. J Urol. 2003; 170: S31-4; discussion S34.  

29. Valles Antuna C, Fernandez Gomez JM, Escaf S, Fernandez-Gonzalez F. Neurogenic 
etiology in patients with erectile dysfunction. Arch Esp Urol. 2008; 61: 403-411.  

30. Giuliano F, Denys P, Soler JM, Chartier-Kastler E, Leriche A, Ruffion A. Male 
sexual dysfunction and its treatment in neurourology. Prog Urol. 2007; 17: 619-621.  

31. Stien R. Sexual dysfunction in men with spinal injuries. Tidsskr Nor Laegeforen. 
2008; 128: 453-456.  

32. Dachille G, Ludovico GM, Pagliarulo G, Vestita G. Sexual dysfunctions in multiple 
sclerosis. Minerva Urol Nefrol. 2008; 60: 77-79.  

33. Falkensammer J, Hakaim AG, Falkensammer CE, Broderick GA, Crook JE, 
Heckman MG, Oldenburg WA, Hugl B. Prevalence of erectile dysfunction in vascular 
surgery patients. Vasc Med. 2007; 12: 17-22.  

34. Stuckey BG, Walsh JP, Ching HL, Stuckey AW, Palmer NR, Thompson PL, Watts 
GF. Erectile dysfunction predicts generalized cardiovascular disease: evidence from a 
case-control study. Atherosclerosis. 2007; 194: 458-464.  

35. Watts GF, Chew K, Stuckey BGA. The erectile-endothelial dysfunction nexus: new 
opportunities for cardiovascular risk prevention. Nature Clinical Practice Cardiovascular 
Medicine. 2007; 4: 263-273.  

36. Thompson IM, Tangen CM, Goodman PJ, Probstfield JL, Moinpour CM, Coltman 
CA. Erectile dysfunction and subsequent cardiovascular disease. JAMA. 2005; 294: 2996-
3002.  

37. Jackson G. Prevention of cardiovascular disease by the early identification of erectile 
dysfunction. Int J Impot Res. 2008; 20 Suppl 2: S9-14.  

38. Hackett GI. Erectile dysfunction predicts cardiovascular risk in men. BMJ. 2008; 337: 
a2166.  

39. Wespes E, Raviv G, Vanegas JP, Decaestecker C, Petein M, Danguy A, Schulman 
CC, Kiss R. Corporeal veno-occlusive dysfunction: a distal arterial pathology? J Urol. 
1998; 160: 2054-2057.  

40. Game X, Berrebi A, Lostes A, Malavaud B, Sarramon JP, Rischmann P. Comparison 
of cavernometry and duplex ultrasound in the diagnosis of veno-occlusive erectile 
dysfunction. Prog Urol. 2006; 16: 470-473.  



 

 177 

41. Basche S, Eger C, Elsebach K, Ulshofer B. Veno-occlusive dysfunction as a cause of 
erectile impotence: therapy of venous leak with retrograde embolization of the internal 
pudendal vein. Vasa. 2003; 32: 47-50.  

42. Goldstein I. Male sexual circuitry. Working Group for the Study of Central 
Mechanisms in Erectile Dysfunction. Sci Am. 2000; 283: 70-75.  

43. Stadler T, Bader M, Uckert S, Staehler M, Becker A, Stief CG. Adverse effects of 
drug therapies on male and female sexual function. World J Urol. 2006; 24: 623-629.  

44. Thomas DR. Medications and sexual function. Clin Geriatr Med. 2003; 19: 553-562.  

45. Shiri R, Koskimaki J, Hakkinen J, Auvinen A, Tammela TL, Hakama M. 
Cardiovascular drug use and the incidence of erectile dysfunction. Int J Impot Res. 2007; 
19: 208-212.  

46. Doumas M, Douma S. The effect of antihypertensive drugs on erectile function: a 
proposed management algorithm. J Clin Hypertens (Greenwich). 2006; 8: 359-364.  

47. Reffelmann T, Kloner RA. Sexual function in hypertensive patients receiving 
treatment. Vasc Health Risk Manag. 2006; 2: 447-455.  

48. Williams K, Reynolds MF. Sexual dysfunction in major depression. CNS Spectr. 
2006; 11: 19-23.  

49. Gutierrez MA, Stimmel GL. Management of and counseling for psychotropic drug-
induced sexual dysfunction. Pharmacotherapy. 1999; 19: 823-831.  

50. Wagner G, Fugl-Meyer KS, Fugl-Meyer AR. Impact of erectile dysfunction on 
quality of life: patient and partner perspectives. Int J Impot Res. 2000; 12 Suppl 4: S144-
6.  

51. Chevret M, Jaudinot E, Sullivan K, Marrel A, De Gendre AS. Impact of erectile 
dysfunction (ED) on sexual life of female partners: assessment with the Index of Sexual 
Life (ISL) questionnaire. J Sex Marital Ther. 2004; 30: 157-172.  

52. Jarow JP, Burnett AL, Geringer AM. Clinical efficacy of sildenafil citrate based on 
etiology and response to prior treatment. J Urol. 1999; 162: 722-725.  

53. Virag R. Indications and early results of sildenafil (Viagra) in erectile dysfunction. 
Urology. 1999; 54: 1073-1077.  

54. Goldstein I, Lue TF, Padma-Nathan H, Rosen RC, Steers WD, Wicker PA. Oral 
sildenafil in the treatment of erectile dysfunction. Sildenafil Study Group. N Engl J Med. 
1998; 338: 1397-1404.  



 

 178 

55. Kandeel FR, Koussa VK, Swerdloff RS. Male sexual function and its disorders: 
physiology, pathophysiology, clinical investigation, and treatment. Endocr Rev. 2001; 22: 
342-388.  

56. Hsu GL, Hsieh CH, Wen HS, Hsu WL, Wu CH, Fong TH, Chen SC, Tseng GF. 
Anatomy of the human penis: the relationship of the architecture between skeletal and 
smooth muscles. J Androl. 2004; 25: 426-431.  

57. Brock G, Hsu GL, Nunes L, von Heyden B, Lue TF. The anatomy of the tunica 
albuginea in the normal penis and Peyronie's disease. J Urol. 1997; 157: 276-281.  

58. Argiolas A, Melis MR. Central control of penile erection: role of the paraventricular 
nucleus of the hypothalamus. Prog Neurobiol. 2005; 76: 1-21.  

59. Temel Y, Hafizi S, Tan S, Visser-Vandewalle V. Role of the brain in the control of 
erection. Asian J Androl. 2006; 8: 259-264.  

60. Brunetti M, Babiloni C, Ferretti A, Del Gratta C, Merla A, Olivetti Belardinelli M, 
Romani GL. Hypothalamus, sexual arousal and psychosexual identity in human males: a 
functional magnetic resonance imaging study. Eur J Neurosci. 2008; 27: 2922-2927.  

61. Giuliano FA, Rampin O, Benoit G, Jardin A. Neural control of penile erection. Urol 
Clin North Am. 1995; 22: 747-766.  

62. Matsuoka N, Maeda N, Yamazaki M, Yamaguchi I. Brain somatostatin depletion by 
cysteamine attenuates the penile erection induced by serotonergic and dopaminergic, but 
not by cholinergic, activation in rats. Brain Res. 1996; 729: 132-136.  

63. Heaton JP. Central neuropharmacological agents and mechanisms in erectile 
dysfunction: the role of dopamine. Neurosci Biobehav Rev. 2000; 24: 561-569.  

64. Giuliano F, Rampin O. Central neural regulation of penile erection. Neurosci 
Biobehav Rev. 2000; 24: 517-533.  

65. Andersson K, Wagner G. Physiology of penile erection. 1995; 75(1):191-236.  

66. Diederichs W, Stief CG, Lue TF, Tanagho EA. Norepinephrine involvement in penile 
detumescence. J Urol. 1990; 143: 1264-1266.  

67. Bosch RJ, Benard F, Aboseif SR, Stief CG, Lue TF, Tanagho EA. Penile 
detumescence: characterization of three phases. J Urol. 1991; 146: 867-871.  

68. Hedlund P, Alm P, Andersson KE. NO synthase in cholinergic nerves and NO-
induced relaxation in the rat isolated corpus cavernosum. Br J Pharmacol. 1999; 127: 
349-360.  

69. Burnett AL, Lowenstein CJ, Bredt DS, Chang TS, Snyder SH. Nitric oxide: a 
physiologic mediator of penile erection. Science. 1992; 257: 401-403.  



 

 179 

70. Lowenstein CJ, Dinerman JL, Snyder SH. Nitric oxide: a physiologic messenger. Ann 
Intern Med. 1994; 120: 227-237.  

71. Dail WG, Barba V, Leyba L, Galindo R. Neural and endothelial nitric oxide synthase 
activity in rat penile erectile tissue. Cell Tissue Res. 1995; 282: 109-116.  

72. Udelson D, Nehra A, Hatzichristou DG, Azadzoi K, Moreland RB, Krane RJ, Saenz 
de Tejada I, Goldstein I. Engineering analysis of penile hemodynamic and structural-
dynamic relationships: Part III--Clinical considerations of penile hemodynamic and 
rigidity erectile responses. Int J Impot Res. 1998; 10: 89-99.  

73. Udelson D, L'Esperance J, Morales AM, Patel R, Goldstein I. The mechanics of 
corporal veno-occlusion in penile erection: a theory on the effect of stretch-associated 
luminal constrictability on outflow resistance. Int J Impot Res. 2000; 12: 315-327.  

74. Holmquist F, Andersson KE, Hedlund H. Actions of endothelin on isolated corpus 
cavernosum from rabbit and man. Acta Physiol Scand. 1990; 139: 113-122.  

75. 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.  

76. Dai Y, Pollock DM, Lewis RL, Wingard CJ, Stopper VS, Mills TM. Receptor-
specific influence of endothelin-1 in the erectile response of the rat. Am J Physiol Regul 
Integr Comp Physiol. 2000; 279: R25-30.  

77. Angulo J, Cuevas P, La Fuente JM, Pomerol JM, Ruiz-Castane E, Puigvert A, 
Gabancho S, Fernandez A, Ney P, Saenz De Tejada I. Regulation of human penile 
smooth muscle tone by prostanoid receptors. Br J Pharmacol. 2002; 136: 23-30.  

78. Hedlund H, Andersson KE, Fovaeus M, Holmquist F, Uski T. Characterization of 
contraction-mediating prostanoid receptors in human penile erectile tissues. J Urol. 1989; 
141: 182-186.  

79. Kifor I, Williams GH, Vickers MA, Sullivan MP, Jodbert P, Dluhy RG. Tissue 
angiotensin II as a modulator of erectile function. I. Angiotensin peptide content, 
secretion and effects in the corpus cavernosum. J Urol. 1997; 157: 1920-1925.  

80. Amano M, Ito M, Kimura K, Fukata Y, Chihara K, Nakano T, Matsuura Y, Kaibuchi 
K. Phosphorylation and activation of myosin by Rho-associated kinase (Rho-kinase). J 
Biol Chem. 1996; 271: 20246-20249.  

81. Pfitzer G, Arner A. Involvement of small GTPases in the regulation of smooth muscle 
contraction. Acta Physiol Scand. 1998; 164: 449-456.  

82. Amano M, Fukata Y, Kaibuchi K. Regulation and functions of Rho-associated kinase. 
Exp Cell Res. 2000; 261: 44-51.  



 

 180 

83. 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.  

84. Chitaley K, Wingard CJ, Clinton Webb R, Branam H, Stopper VS, Lewis RW, Mills 
TM. Antagonism of Rho-kinase stimulates rat penile erection via a nitric oxide-
independent pathway. Nat Med. 2001; 7:119-122.  

85. Rees RW, Ralph DJ, Royle M, Moncada S, Cellek S. Y-27632, an inhibitor of Rho-
kinase, antagonizes noradrenergic contractions in the rabbit and human penile corpus 
cavernosum. Br J Pharmacol. 2001; 133:455-458.  

86. Bivalacqua TJ, Usta MF, Champion HC, Kadowitz PJ, Hellstrom WJ. Endothelial 
dysfunction in erectile dysfunction: role of the endothelium in erectile physiology and 
disease. J Androl. 2003; 24:S17-37.  

87. Yavuzgil O, Altay B, Zoghi M, Gurgun C, Kayikcioglu M, Kultursay H. Endothelial 
function in patients with vasculogenic erectile dysfunction. Int J Cardiol. 2005; 103:19-
26.  

88. Kirby M, Jackson G, Simonsen U. Endothelial dysfunction links erectile dysfunction 
to heart disease. Int J Clin Pract. 2005; 59:225-229.  

89. Guay AT. ED2: erectile dysfunction = endothelial dysfunction. Endocrinol Metab 
Clin North Am. 2007; 36:453-463.  

90. Maurice DH, Palmer D, Tilley DG, Dunkerley HA, Netherton SJ, Raymond DR, 
Elbatarny HS, Jimmo SL. Cyclic nucleotide phosphodiesterase activity, expression, and 
targeting in cells of the cardiovascular system. Mol Pharmacol. 2003; 64: 533-546.  

91. Corbin JD. Mechanisms of action of PDE5 inhibition in erectile dysfunction. Int J 
Impot Res. 2004; 16 Suppl 1: S4-7.  

92. Maurice DH. Cardiovascular implications in the use of PDE5 inhibitor therapy. Int J 
Impot Res. 2004; 16 Suppl 1: S20-3.  

93. Lugg JA, Gonzalez-Cadavid NF, Rajfer J. The role of nitric oxide in erectile function. 
J Androl. 1995; 16: 2-4.  

94. Bivalacqua TJ, Champion HC, Hellstrom WJ, Kadowitz PJ. Pharmacotherapy for 
erectile dysfunction. Trends Pharmacol Sci. 2000; 21: 484-489.  

95. Andersson KE. Erectile physiological and pathophysiological pathways involved in 
erectile dysfunction. J Urol. 2003; 170: S6-13; discussion S13-14.  

96. Uckert S, Hedlund P, Waldkirch E, Sohn M, Jonas U, Andersson KE, Stief CG. 
Interactions between cGMP- and cAMP-pathways are involved in the regulation of penile 
smooth muscle tone. World J Urol. 2004; 22: 261-266.  



 

 181 

97. Escrig A, Gonzalez-Mora JL, Mas M. Nitric oxide release in penile corpora 
cavernosa in a rat model of erection. J Physiol. 1999; 516 ( Pt 1): 261-269.  

98. Hurt KJ, Musicki B, Palese MA, Crone JK, Becker RE, Moriarity JL, Snyder SH, 
Burnett AL. Akt-dependent phosphorylation of endothelial nitric-oxide synthase mediates 
penile erection. Proc Natl Acad Sci U S A. 2002; 99: 4061-4066.  

99. Lin CS, Lau A, Tu R, Lue TF. Expression of three isoforms of cGMP-binding cGMP-
specific phosphodiesterase (PDE5) in human penile cavernosum. Biochem Biophys Res 
Commun. 2000; 268: 628-635.  

100. Lin CS, Lin G, Lue TF. Isolation of two isoforms of phosphodiesterase 5 from rat 
penis. Int J Impot Res. 2003; 15: 129-136.  

101. Kaya C, Uslu Z, Karaman I. Is endothelial function impaired in erectile dysfunction 
patients? Int J Impot Res. 2006; 18: 55-60.  

102. World Health Organization. Cardiovascular diseases, Fact sheet #317. Available at: 
www.who.int/mediacentre/factsheets/fs317/en/index.html. Accessed October 25, 2008.  

103. Statistics Canada. Causes of Deaths 2004. Available at: 
http://www.heartandstroke.com/site/c.ikIQLcMWJtE/b.3483991/k.34A8/Statistics.htm. 
Accessed October 25, 2008.  

104. Public Health Agency of Canada. Economic Burden of Canada, 1998. Available at: 
http://www.phac-aspc.gc.ca/publicat/ebic-femc98/pdf/ebic1998.pdf2008.  

105. Jackson G, Rosen RC, Kloner RA, Kostis JB. The second Princeton consensus on 
sexual dysfunction and cardiac risk: new guidelines for sexual medicine. J Sex Med. 
2006; 3: 28-36; discussion 36.  

106. Cuellar de Leon AJ, Ruiz Garcia V, Campos Gonzalez JC, Perez Hoyos S, Brotons 
Multo F. Prevalence erectile dysfunction in patients with hypertension. Med Clin (Barc). 
2002; 119: 521-526.  

107. Schouten BW, Bohnen AM, Dohle GR, Groeneveld FP, Willemsen S, Thomas S, 
Bosch JL. Risk factors for deterioration of erectile function: the Krimpen study. Int J 
Androl. 2007; 32:166-175.  

108. Montorsi F, Briganti A, Salonia A, Rigatti P, Margonato A, Macchi A, Galli S, 
Ravagnani PM, Montorsi P. Erectile dysfunction prevalence, time of onset and 
association with risk factors in 300 consecutive patients with acute chest pain and 
angiographically documented coronary artery disease. Eur Urol. 2003; 44: 360-4; 
discussion 364-5.  

109. Erbel R, Mohlenkamp S, Kerkhoff G, Budde T, Schmermund A. Non-invasive 
screening for coronary artery disease: calcium scoring. Heart. 2007; 93: 1620-1629.  



 

 182 

110. Jackson G, Padley S. Erectile dysfunction and silent coronary artery disease: 
abnormal computed tomography coronary angiogram in the presence of normal exercise 
ECGs. Int J Clin Pract. 2008; 62: 973-976.  

111. Benet AE, Melman A. The epidemiology of erectile dysfunction. Urol Clin North 
Am. 1995; 22: 699-709.  

112. Kloner R. Erectile dysfunction and hypertension. Int J Impot Res. 2007; 19: 296-
302.  

113. DeBusk R, Drory Y, Goldstein I, Jackson G, Kaul S, Kimmel SE, Kostis JB, Kloner 
RA, Lakin M, Meston CM, Mittleman M, Muller JE, Padma-Nathan H, Rosen RC, Stein 
RA, Zusman R. Management of sexual dysfunction in patients with cardiovascular 
disease: recommendations of The Princeton Consensus Panel. Am J Cardiol. 2000; 86: 
175-181.  

114. Feldman HA, Goldstein I, Hatzichristou DG, Krane RJ, McKinlay JB. Impotence 
and its medical and psychosocial correlates: results of the Massachusetts Male Aging 
Study. J Urol. 1994; 151: 54-61.  

115. Behr-Roussel D, Gorny D, Mevel K, Compagnie S, Kern P, Sivan V, Bernabe J, 
Bedigian MP, Alexandre L, Giuliano F. Erectile dysfunction: an early marker for 
hypertension? A longitudinal study in spontaneously hypertensive rats. Am J Physiol 
Regul Integr Comp Physiol. 2005; 288: R276-83.  

116. Hannan JL, Smallegange C, Hale TM, Heaton JP, Adams MA. Impact of 
antihypertensive treatments on erectile responses in aging spontaneously hypertensive 
rats. J Hypertens. 2006; 24: 159-168.  

117. 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; 20:536-538.  

118. Bortolotti A, Parazzini F, Colli E, Landoni M. The epidemiology of erectile 
dysfunction and its risk factors. Int J Androl. 1998; 20: 323-334.  

119. Feldman HA, Johannes CB, Derby CA, Kleinman KP, Mohr BA, Araujo AB, 
McKinlay JB. Erectile dysfunction and coronary risk factors: prospective results from the 
Massachusetts male aging study. Prev Med. 2000; 30: 328-338.  

120. Behr-Roussel D, Chamiot-Clerc P, Bernabe J, Mevel K, Alexandre L, Safar ME, 
Giuliano F. Erectile dysfunction in spontaneously hypertensive rats: pathophysiological 
mechanisms. Am J Physiol Regul Integr Comp Physiol. 2003; 284: R682-8.  

121. Okabe H, Hale TM, Kumon H, Heaton JP, Adams MA. The penis is not protected--
in hypertension there are vascular changes in the penis which are similar to those in other 
vascular beds. Int J Impot Res. 1999; 11: 133-140.  



 

 183 

122. Toblli JE, Stella I, Inserra F, Ferder L, Zeller F, Mazza ON. Morphological changes 
in cavernous tissue in spontaneously hypertensive rats. Am J Hypertens. 2000; 13: 686-
692.  

123. Sakamoto H, Kurosawa K, Sudou N, Ishikawa K, Ogawa Y, Yoshida H. Impact of 
aging on penile hemodynamics in men responding normally to prostaglandin injection: a 
power Doppler study. Int J Urol. 2005; 12: 745-750.  

124. World Health Organization. Obesity and overweight fact sheet. Available at: 
http://www.who.int/mediacentre/factsheets/fs311/en/index.html. Accessed August, 2008.  

125. Rosen RC, Wing R, Schneider S, Gendrano N. Epidemiology of erectile 
dysfunction: the role of medical comorbidities and lifestyle factors.  Urol Clin North Am. 
2005; 32:403-417.  

126. Chung WS, Sohn JH, Park YY. Is obesity an underlying factor in erectile 
dysfunction? Eur Urol. 1999; 36: 68-70.  

127. Fung MM, Bettencourt R, Barrett-Connor E. Heart disease risk factors predict 
erectile dysfunction 25 years later: the Rancho Bernardo Study. J Am Coll Cardiol. 2004; 
43: 1405-1411.  

128. Blanker MH, Bohnen AM, Groeneveld FP, Bernsen RM, Prins A, Thomas S, Bosch 
JL. Correlates for erectile and ejaculatory dysfunction in older Dutch men: a community-
based study. J Am Geriatr Soc. 2001; 49: 436-442.  

129. Bacon CG, Mittleman MA, Kawachi I, Giovannucci E, Glasser DB, Rimm EB. 
Sexual function in men older than 50 years of age: results from the health professionals 
follow-up study. Ann Int Med. 2003; 139:161-168.  

130. Guyton AC. The relationship of cardiac output and arterial pressure control. 
Circulation. 1981; 64: 1079-1088.  

131. Cowley AW. Long-term control of arterial blood pressure. Physiol Rev. 1992; 72: 
231-300.  

132. Crowley SD, Gurley SB, Oliverio MI, Pazmino AK, Griffiths R, Flannery PJ, 
Spurney RF, Kim HS, Smithies O, Le TH, Coffman TM. Distinct roles for the kidney and 
systemic tissues in blood pressure regulation by the renin-angiotensin system. J Clin 
Invest. 2005; 115: 1092-1099.  

133. Sleight P. Arterial baroreflexes can determine long-term blood pressure. 
Baroreceptors and hypertension: time for a re-think? Exp Physiol. 2004; 89: 337-341.  

134. Guyton AC, Coleman TG, Cowley AV,Jr, Scheel KW, Manning RD,Jr, Norman 
RA,Jr. Arterial pressure regulation. Overriding dominance of the kidneys in long-term 
regulation and in hypertension. Am J Med. 1972; 52: 584-594.  



 

 184 

135. Evans RG, Majid DS, Eppel GA. Mechanisms mediating pressure natriuresis: what 
we know and what we need to find out. Clin Exp Pharmacol Physiol. 2005; 32: 400-409.  

136. Kawabe K, Watanabe TX, Shiono K, Sokabe H. Influence on blood pressure of 
renal isografts between spontaneously hypertensive and normotensive rats, utilizing the 
F1 hybrids. Jpn Heart J. 1978; 19: 886-894.  

137. Smallegange C, Kline RL, Adams MA. Transplantation of enalapril-treated kidneys 
confers persistent lowering of arterial pressure in SHR. Hypertension. 2003; 42: 932-936.  

138. Smallegange C, Hale TM, Bushfield TL, Adams MA. Persistent lowering of 
pressure by transplanting kidneys from adult spontaneously hypertensive rats treated with 
brief antihypertensive therapy. Hypertension. 2004; 44: 89-94.  

139. Hall JE, Guyton AC, Brands MW. Pressure-volume regulation in hypertension. 
Kidney Int Suppl. 1996; 55: S35-41.  

140. Folkow B. Physiological aspects of primary hypertension. Physiol Rev. 1982; 62: 
347-504.  

141. Schiffrin EL. Remodeling of resistance arteries in human hypertension: effects of 
cilazapril, an angiotensin-I-converting enzyme inhibitor. Cardiology. 1995; 86 Suppl 1: 
16-22.  

142. Skov K, Mulvany MJ. Structure of renal afferent arterioles in the pathogenesis of 
hypertension. Acta Physiol Scand. 2004; 181: 397-405.  

143. Rizzoni D, Agabiti Rosei E. Small artery remodeling in hypertension and diabetes. 
Curr Hypertens Rep. 2006; 8: 90-95.  

144. Izzard AS, Rizzoni D, Agabiti-Rosei E, Heagerty AM. Small artery structure and 
hypertension: adaptive changes and target organ damage. J Hypertens. 2005; 23: 247-
250.  

145. Mulvany MJ. The development and regression of vascular hypertrophy. J 
Cardiovasc Pharmacol. 1992; 19 Suppl 2: S22-7.  

146. Muller A, Mulhall JP. Cardiovascular disease, metabolic syndrome and erectile 
dysfunction. Curr Opin Urol. 2006; 16: 435-443.  

147. Saenz de Tejada I, Angulo J, Cellek S, Gonzalez-Cadavid N, Heaton J, Pickard R, 
Simonsen U. Pathophysiology of erectile dysfunction. J Sex Med. 2005; 2: 26-39.  

148. Chiurlia E, D'Amico R, Ratti C, Granata AR, Romagnoli R, Modena MG. 
Subclinical coronary artery atherosclerosis in patients with erectile dysfunction. J Am 
Coll Cardiol. 2005; 46: 1503-1506.  



 

 185 

149. Heagerty AM, Aalkjaer C, Bund SJ, Korsgaard N, Mulvany MJ. Small artery 
structure in hypertension. Dual processes of remodeling and growth. Hypertension. 1993; 
21: 391-397.  

150. Mulvany MJ, Baandrup U, Gundersen HJ. Evidence for hyperplasia in mesenteric 
resistance vessels of spontaneously hypertensive rats using a three-dimensional disector. 
Circ Res. 1985; 57: 794-800.  

151. Owens GK, Schwartz SM. Alterations in vascular smooth muscle mass in the 
spontaneously hypertensive rat. Role of cellular hypertrophy, hyperploidy, and 
hyperplasia. Circ Res. 1982; 51: 280-289.  

152. Lee RM, Garfield RE, Forrest JB, Daniel EE. Morphometric study of structural 
changes in the mesenteric blood vessels of spontaneously hypertensive rats. Blood 
Vessels. 1983; 20: 57-71.  

153. Dickhout JG, Lee RM. Structural and functional analysis of small arteries from 
young spontaneously hypertensive rats. Hypertension. 1997; 29: 781-789.  

154. Mulvany MJ, Aalkjaer C. Structure and function of small arteries. Physiol Rev. 
1990; 70: 921-961.  

155. Hale TM, Hannan JL, Carrier S, deBlois D, Adams MA. Targeting vascular 
structure for the treatment of sexual dysfunction. J Sex Med. 2009; 6(Suppl3):210-220.  

156. Folkow B, Grimby G, Thulesius O. Adaptive structural changes of the vascular 
walls in hypertension and their relation to the control of the peripheral resistance. Acta 
Physiol Scand. 1958; 44: 255-272.  

157. Lever AF. Slow pressor mechanisms in hypertension: a role for hypertrophy of 
resistance vessels? J Hypertens. 1986; 4: 515-524.  

158. Manabe K, Heaton JP, Morales A, Kumon H, Adams MA. Pre-penile arteries are 
dominant in the regulation of penile vascular resistance in the rat. Int J Impot Res. 2000; 
12: 183-189.  

159. Aboseif SR, Breza J, Orvis BR, Lue TF, Tanagho EA. Erectile response to acute and 
chronic occlusion of the internal pudendal and penile arteries. J Urol. 1989; 141: 398-
402.  

160. De Young L, Bella A, Howard J, Brock G. Arteriogenic erectile dysfunction alters 
protein expression within the cavernosal tissue in an animal model. J Sex Med. 2005; 2: 
199-206.  

161. Barksdale JD, Gardner SF. The impact of first-line antihypertensive drugs on 
erectile dysfunction. Pharmacotherapy. 1999; 19: 573-581.  



 

 186 

162. Khan MA, Morgan RJ, Mikhailidis DP. The choice of antihypertensive drugs in 
patients with erectile dysfunction. Curr Med Res Opin. 2002; 18: 103-107.  

163. Simonsen U. Interactions between drugs for erectile dysfunction and drugs for 
cardiovascular disease. Int J Impot Res. 2002; 14: 178-188.  

164. Dusing R. Adverse events, compliance, and changes in therapy. Curr Hypertens 
Rep. 2001; 3: 488-492.  

165. Dusing R. Sexual dysfunction in male patients with hypertension: influence of 
antihypertensive drugs. Drugs. 2005; 65: 773-786.  

166. Srilatha B, Adaikan PG, Arulkumaran S, Ng SC. Sexual dysfunction related to 
antihypertensive agents: results from the animal model. Int J Impot Res. 1999; 11: 107-
113.  

167. Monane M, Bohn RL, Gurwitz JH, Glynn RJ, Levin R, Avorn J. The effects of 
initial drug choice and comorbidity on antihypertensive therapy compliance: results from 
a population-based study in the elderly. Am J Hypertens. 1997; 10: 697-704.  

168. Conlin PR, Gerth WC, Fox J, Roehm JB, Boccuzzi SJ. Four-Year persistence 
patterns among patients initiating therapy with the angiotensin II receptor antagonist 
losartan versus other artihypertensive drug classes. Clin Ther. 2001; 23: 1999-2010.  

169. Fogari R, Zoppi A, Poletti L, Marasi G, Mugellini A, Corradi L. Sexual activity in 
hypertensive men treated with valsartan or carvedilol: a crossover study. Am J Hypertens. 
2001; 14: 27-31.  

170. Fogari R, Preti P, Derosa G, Marasi G, Zoppi A, Rinaldi A, Mugellini A. Effect of 
antihypertensive treatment with valsartan or atenolol on sexual activity and plasma 
testosterone in hypertensive men. Eur J Clin Pharmacol. 2002; 58: 177-180.  

171. Llisterri JL, Lozano Vidal JV, Aznar Vicente J, Argaya Roca M, Pol Bravo C, 
Sanchez Zamorano MA, Ferrario CM. Sexual dysfunction in hypertensive patients treated 
with losartan. Am J Med Sci. 2001; 321: 336-341.  

172. Baumhakel M, Schlimmer N, Bohm M, DO-IT Investigators. Effect of irbesartan on 
erectile function in patients with hypertension and metabolic syndrome. Int J Impot Res. 
2008; 20: 493-500.  

173. Hale TM, Okabe H, Heaton JP, Adams MA. Antihypertensive drugs induce 
structural remodeling of the penile vasculature. J Urol. 2001; 166: 739-745.  

174. Dorrance AM, Lewis RW, Mills TM. Captopril treatment reverses erectile 
dysfunction in male stroke prone spontaneously hypertensive rats. Int J Impot Res. 2002; 
14: 494-497.  



 

 187 

175. Chen Y, Li SX, Yao LS, Wang R, Dai YT. Valsartan treatment reverses erectile 
dysfunction in diabetic rats. Int J Impotence Res. 2007; 19: 366-370.  

176. Toblli JE, Stella I, Mazza ON, Ferder L, Inserra F. Different effect of losartan and 
amlodipine on penile structures in male spontaneously hypertensive rats. Am J Nephrol. 
2004; 24: 614-623.  

177. Mazza ON, Angerosa M, Becher E, Toblli JE. Differences between Candesartan and 
Hydralazine in the protection of penile structures in spontaneously hypertensive rats. J 
Sex Med. 2006; 3: 604-611.  

178. White JR, Case DA, McWhirter D, Mattison AM. Enhanced sexual behavior in 
exercising men. Arch Sex Behav. 1990; 19: 193-209.  

179. Shephard RJ, Balady GJ. Exercise as cardiovascular therapy. Circulation. 1999; 99: 
963-972.  

180. Clarkson P, Montgomery HE, Mullen MJ, Donald AE, Powe AJ, Bull T, Jubb M, 
World M, Deanfield JE. Exercise training enhances endothelial function in young men. J 
Am Coll Cardiol. 1999; 33: 1379-1385.  

181. Higashi Y, Yoshizumi M. Exercise and endothelial function: role of endothelium-
derived nitric oxide and oxidative stress in healthy subjects and hypertensive patients. 
Pharmacol Ther. 2004; 102: 87-96.  

182. Bacon SL, Sherwood A, Hinderliter A, Blumenthal JA. Effects of exercise, diet and 
weight loss on high blood pressure. Sports Med. 2004; 34: 307-316.  

183. Lefevre M, Redman LM, Heilbronn LK, Smith JV, Martin CK, Rood JC, Greenway 
FL, Williamson DA, Smith SR, Ravussin E, for the Pennington CALERIE team. Caloric 
restriction alone and with exercise improves CVD risk in healthy non-obese individuals. 
Atherosclerosis. 2008; 203:206-213 .  

184. Esposito KG,Francesco. Effect of lifestyle changes on erectile dysfunction in obese 
men: a randomized controlled trial. JAMA. 2004; 291:2978-2984.  

185. Araujo AB, Durante R, Feldman HA, Goldstein I, McKinlay JB. The relationship 
between depressive symptoms and male erectile dysfunction: cross-sectional results from 
the Massachusetts Male Aging Study. Psychosom Med. 1998; 60: 458-465.  

186. Kratzik CW, Lackner JE, Mark I, Rucklinger E, Schmidbauer J, Lunglmayr G, 
Schatzl G. How Much Physical Activity Is Needed To Maintain Erectile Function? 
Results of the Androx Vienna Municipality Study. Eur Urol. 2008; 55:509-517.  

187. Ross R, Dagnone D, Jones PJ, Smith H, Paddags A, Hudson R, Janssen I. Reduction 
in obesity and related comorbid conditions after diet-induced weight loss or exercise-



 

 188 

induced weight loss in men. A randomized, controlled trial. Ann Intern Med. 2000; 133: 
92-103.  

188. Sharifi AM, Mohseni S, Nekoparvar S, Larijani B, Fakhrzadeh H, Oryan S. Effect of 
caloric restriction on nitric oxide production, ACE activity, and blood pressure regulation 
in rats. Acta Physiol Hung. 2008; 95: 55-63.  

189. Fontana L. Calorie restriction and cardiometabolic health. Eur J Cardiovasc Prev 
Rehabil. 2008; 15: 3-9.  

190. Esposito K, Giugliano F, De Sio M, Carleo D, Di Palo C, D'Armiento M, Giugliano 
D. Dietary factors in erectile dysfunction. Int J Impot Res. 2006; 18: 370-374.  

191. Esposito K, Ciotola M, Giugliano F, De Sio M, Giugliano G, D'armiento M, 
Giugliano D. Mediterranean diet improves erectile function in subjects with the metabolic 
syndrome. Int J Impot Res. 2006; 18: 405-410.  

192. McCay C, Crowell M, Maynard L. The effect of retarded growth upon the length of 
life and upon ultimate size. J Nutr. 1935; 10: 63-79.  

193. Duffy PH, Seng JE, Lewis SM, Mayhugh MA, Aidoo A, Hattan DG, Casciano DA, 
Feuers RJ. The effects of different levels of dietary restriction on aging and survival in 
the Sprague-Dawley rat: implications for chronic studies. Aging (Milano). 2001; 13: 263-
272.  

194. Lue TF, Lee KL. Pharmacotherapy for erectile dysfunction. Chin Med J (Engl). 
2000; 113: 291-298.  

195. Lue T, Goldstein I, Traish A. Comparison of oral and intracavernosal vasoactive 
agents in penile erection. Int J Impot Res. 2000; 12 Suppl 1: S81-88.  

196. Bella AJ, Brock GB. Intracavernous pharmacotherapy for erectile dysfunction. 
Endocrine. 2004; 23: 149-155.  

197. Burnett AL. The role of nitric oxide in erectile dysfunction: implications for medical 
therapy. J Clin Hypertens (Greenwich). 2006; 8: 53-62.  

198. Wallis RM, Corbin JD, Francis SH, Ellis P. Tissue distribution of phosphodiesterase 
families and the effects of sildenafil on tissue cyclic nucleotides, platelet function, and 
the contractile responses of trabeculae carneae and aortic rings in vitro. Am J Cardiol. 
1999; 83: 3C-12C.  

199. Gopal VK, Francis SH, Corbin JD. Allosteric sites of phosphodiesterase-5 (PDE5). 
A potential role in negative feedback regulation of cGMP signalling in corpus 
cavernosum. Eur J Biochem. 2001; 268: 3304-3312.  



 

 189 

200. Burchardt M, Burchardt T, Anastasiadis AG, Kiss AJ, Shabsigh A, La Taille A, et 
al.  Erectile dysfunction is a marker for cardiovascular complications and psychological 
functioning in men with hypertension.  Int J Impot Res. 2001;13:276-281. 

201. Sato Y, Tanda H, Kato S, Onishi S, Nitta T, Koroku M. How long do patients with 
erectile dysfunction continue to use sildenafil citrate? Dropout rate from treatment course 
as outcome in real life. Int J Urol. 2007; 14: 339-42; discussion 343.  

202. Jensen J, Lendorf A, Stimpel H, Frost J, Ibsen H, Rosenkilde P. The prevalence and 
etiology of impotence in 101 male hypertensive outpatients. Am J Hypertens. 1999; 12: 
271-275.  

203. Fogari R, Zoppi A. Effects of antihypertensive therapy on sexual activity in 
hypertensive men. Curr Hypertens Rep. 2002; 4:202-210. 

204. Chang SW, Fine R, Siegel D, Chesney M, Black D, Hulley SB. The impact of 
diuretic therapy on reported sexual function. Arch Intern Med. 1991; 151:2402-2408. 

205. Hale TM, Okabe H, Bushfield TL, Heaton JP, Adams MA. Recovery of erectile 
function after brief aggressive antihypertensive therapy. J Urol. 2002; 168: 348-354.  

206. Adams MA, Bobik A, Korner PI. Enalapril can prevent vascular amplifier 
development in spontaneously hypertensive rats. Hypertension. 1990; 16:252-260. 

207. Hale TM, Shoichet MJ, Bushfield TL, Adams MA. Time course of vascular 
structural changes during and after short-term antihypertensive treatment. Hypertension. 
2003; 42:171-176. 

208. Woolard J, Hale TM, Bushfield TL, Adams MA. persistent lowering of arterial 
pressure after continuous and intermittent therapy. J Hypertens. 2003; 21:813-820. 

209. Christensen KL, Jespersen LT, Mulvany MJ. Development of blood pressure in 
spontaneously hypertensive rats after withdrawal of long-term treatment related to 
vascular structure. J Hypertens. 1989; 7:83-90. 

210. Harrap SB, Van der Merwe WM, Griffin SA, Macpherson F, Lever AF. Brief 
angiotensin converting enzyme inhibitor treatment in young spontaneously hypertensive 
rats reduces blood pressure long-term. Hypertension. 1990; 16:603-614. 

211. Manieri C, Di Bisceglie C, Tagliabue M, Fornengo R, Zumpano E. Hormonal 
control of sexual behavior in males and endocrinologic causes of sexual dysfunction. 
Minerva Endocrinol. 1997; 22:37-43. 

212. Seidman SN. Testosterone deficiency and mood in aging men: pathogenic and 
therapeutic interactions. World J Biol Psychiatry. 2003; 4:14-20.  



 

 190 

213. Wespes E, Schulman CC. Male andropause: myth, reality and treatment. Int J Impot 
Res. 2002; 14(Suppl 1):S93-S98. 

214. Tserotas K, Merino G. Andropause and the aging male. Arch Androl. 1998; 40: 87-
93. 

215. Monga M, Kostelec M, Kamarei M. Patient satisfaction with testosterone 
supplementation for the treatment of erectile dysfunction. Arch Androl. 2002; 48:433-
442.  

216. Kalinchenko SY, Kozlov GI, Gontcharov NP, Katsiya GV. Oral testosterone 
undecanoate reverses erectile dysfunction associated with diabetes mellitus in patients 
failing on sildenafil citrate therapy alone. Aging Male. 2003; 6:94-99. 

217. Heaton JP, Varrin SJ. Effects of castration and exogenous testosterone 
supplementation in an animal model of penile erection. J Urol. 1994; 151:797-800.  

218. Baba K, Yajima M, Carrier S, Morgan DM, Nunes L, Lue TF, et al. Delayed 
testosterone supplementation in animal model of penile erection. J Urol. 1994; 151:797-
800. 

219. Brien SE, Heaton JP, Racz WJ, Adams MA. Effects of an environmental anti-
androgen on erectile function in an animal penile erection model. J Urol. 2000; 
163:1315-1321.  

220. Heaton, J P Varrin, S J Morales,A. The characterization of a bio-assay of erectile 
function in a rat model. J Urol. 1991; 145:1099-1102.  

221. Hsieh GC, Hollingsworth PR, Martino B, Chang R, Terranova MA, O'Neill AB, et 
al. Central mechanisms regulating penile erection in conscious rats: the dopaminergic 
systems related to the proerectile effect of apomorphine. J Pharmocol Exp Ther. 2004; 
308:330-338. 

222. Melis MR, Argiolas A, Gessa GL. Apomorphine-induced penile erection and 
yawning: site of action in brain. Brain Res. 1987; 415:98-104.  

223. Thompson KE, Adams MA. Differential effects of short-term ethanol on cardiac and 
vascular growth responses. J Hypertens. 1994; 12:409-418. 

224. Korner PI, Angus JA. Structural determinants of vascular resistance properties in 
hypertension. Haemodynamic and model analysis. J Vasc Res. 1992; 29:293-312.  

225. Park JB, Schiffrin EL. Small artery remodelling is the most prevalent (earliest?) 
form of target organ damage in mild essential hypertension. J Hypertens. 2001; 19:921-
930. 



 

 191 

226. Korsgaard N, Aalkjaer C, Heagerty AM, Izzard AS, Mulvany MJ. Histology of 
subcutaneous small arteries from patients with essential hypertension. Hypertension. 
1993; 22:523-526. 

227. Intengan HD, Thibault G Li JS, Schiffrin EL. Resistance artery mechanics, structure 
and extracellular components in spontaneously hypertensive rats: effects of angiotensin 
receptor antagonism and converting enzyme inhibition. Circulation. 1999; 100:2267-
2275. 

228. Ruzbarsky V, Michal V. Morphologic changes in the arterial bed of the penis with 
aging. Relationship to the pathogenesis of impotence. Invest Urol. 1977; 15:194-199. 

229. Calabro A, Italiano G, Pescatori ES, Marin A, Gaetano O, Abatangelo G, et al. 
Physiological aging and penile erectile function: a study in the rat. Eur Urol. 1996; 
29:240-244. 

230. Christensen HR, Nielsen H, Christensen KL, Baandrup U, Jespersen LT, Mulvany 
MJ. Long-term hypotensive effects of an angiotensin converting enzyme inhibitor in 
spontaneously hypertensive rats: is there a role for vascular structure? J Hypertens.  1988; 
6(Suppl):S27-S31. 

231. Korner PI, Bobik A. Cardiovascular development after enalapril in spontaneously 
hypertensive and Wistar-Kyoto rats. Hypertension. 1995; 25:610-619. 

232. Lundie MJ, Friberg P, Kline RL, Adams MA. Long-term inhibition of the renin-
angiotensin system in genetic hypertension: analysis of the impact on blood pressure and 
cardiovascular structural changes. J Hypertens. 1997; 15:339-348.  

233. Harrap SB, Nicolaci JA, Doyle AE. Persistent effects on blood pressure and renal 
hemodynamics following chronic angiotensin converting enzyme inhibition with 
perindopril. Clin Exp Pharmacol Physiol. 1986; 13:753-765. 

234. Giudicelli JF, Freslon JL, Glasson S, Richer C. Captopril and hypertension 
development in the SHR. Clin Exp Hypertens. 1980; 2:1083-1096. 

235. Smeda JS, Lee RM, Forrest JB. Prenatal and postnatal hydralazine treatment does 
not prevent renal vessel wall thicknening in SHR despite the absence of hypertension. 
Circ Res. 1988; 63:534-542. 

236. Wu CY, Yu TJ, Chen MJ. Age related testosterone level changes and male 
andropause syndrome. Chang Gung Med J. 2000; 23:348-353. 

237. Mills TM, Stopper VS, Wiedmeier VT. Effects of castration and androgen 
replacement on the hemodynamics of penile erection in the rat. Biol Reprod. 1994; 
51:234-238. 



 

 192 

238. Koshida H, Takeda R, Miyamori I. Lisinopril decreases plasma free testosterone in 
male hypertensive patients and increases sex hormones in female hypertensive patients. 
Hypertens Res. 1998; 21:279-282. 

239. Johannes CB, Araujo AB, Feldman HA, Derby CA, Kleinman KP, McKinlay JB. 
Incidence of erectile dysfunction in men 40 to 69 years old: longitudinal results from the 
Massachusetts male aging study. J Urol. 2000; 163:460-463.  

240. Vela Navarrete R, Garcia Cardoso JV, Cabrera Perez J, Gonzalez Enguita C, Casado 
Perez S, Farre J. Impotence and cardiovascular disease: a new perspective in the health-
care compromise of the urologist. Arch Esp Urol. 2005; 58:43-53.  

241. Esposito K, Giugliano D. Obesity, the metabolic syndrome, and sexual dysfunction. 
Int J Impot Res. 2005; 17:391-398.  

242. Mulhall J, Teloken P, Brock G, Kim E. Obesity, dyslipidemias and erectile 
dysfunction: a report of a subcommittee of the sexual medicine society of North America. 
J Sex Med. 2006; 3:778-786.  

243. Bazhanova ED, Grinevich VV, Danilova OA, Chernigovskaya EV. Age-related 
changes in oxytocinergic neurosecretory cells in the accessory magnocellular 
neuroendocrine nuclei of the hypothalamus in rats. Neurosci Behav Physiol. 1998; 
28:354-356.  

244. Vernet D, Bonavera JJ, Swerdloff RS, Gonzalez-Cadavid NF, Wang C. Spontaneous 
expression of inducible nitric oxide synthase in the hypothalamus and other brain regions 
of aging rats. Endocrinology. 1998; 139:3254-3261.  

245. Gore, John L Swerdloff, Ronald S Rajfer,Jacob. Androgen deficiency in the etiology 
and treatment of erectile dysfunction. Urol Clin North Am. 2005; 32:457-468.  

246. Liu Q, Bai XJ, Li H, Han LL, Chen XM. Vascular ageing-related remodeling and 
differential expression of associated genes: experiment with rats. Zhonghua Yi Xue Za 
Zhi. 2008; 88:546-550.  

247. Ruzbarsky V, Michal V. Morphologic changes in the arterial bed of the penis with 
aging. Relationship to the pathogenesis of impotence. Invest Urol. 1977; 15:194-199.  

248. van Gorp AW, van Ingen Schenau DS, Hoeks AP, Struijker Boudier HA, Reneman 
RS, De Mey JG. Aortic wall properties in normotensive and hypertensive rats of various 
ages in vivo. Hypertension. 1995; 26:363-368.  

249. Matz RL, Schott C, Stoclet JC, Andriantsitohaina R. Age-related endothelial 
dysfunction with respect to nitric oxide, endothelium-derived hyperpolarizing factor and 
cyclooxygenase products. Physiol Res. 2000; 49:11-18.  



 

 193 

250. Tao J, Jin YF, Yang Z, Wang LC, Gao XR, Lui L, Ma H. Reduced arterial elasticity 
is associated with endothelial dysfunction in persons of advancing age: comparative 
study of noninvasive pulse wave analysis and laser Doppler blood flow measurement. Am 
J Hypertens. 2004; 17:654-659.  

251. Karamursel S, Karamursel T, Celebioglu S. Rat penis as a replantation model. Ann 
Plast Surg. 2005; 55:503-507.  

252. Akyurek M, Ozkan O, Safak T, Ozgentas HE, Dunn RM. The penile flap in the rat: 
description and autotransplantation. Ann Plast Surg. 2005; 55:94-100; discussion 101.  

253. Galindo R, Barba V, Dail WG. The sensory branch of the pudendal nerve is the 
major route for adrenergic innervation of the penis in the rat. Anat Rec. 1997; 247:479-
485.  

254. Brien SE, Wilson E, Heaton JP, Adams MA. The conditioned response erection 
(CRE)--a new approach to modelling erectile responses in the rat. Int J Impot Res. 2000; 
12:91-96.  

255. Brien SE, Smallegange C, Gofton WT, Heaton JPW, Adams MA. Development of a 
rat model of sexual performance anxiety: effect of behavioural and pharmacological 
hyperadrenergic stimulation on APO-induced erections. Int J Impot Res. 2002; 14:107-
115.  

256. Shaver SW, Pang JJ, Wainman DS, Wall KM, Gross PM. Morphology and function 
of capillary networks in subregions of the rat tuber cinereum. Cell Tissue Res. 1992; 
267:437-448.  

257. Burke SD, Dong H, Hazan AD, Croy BA. Aberrant endometrial features of 
pregnancy in diabetic NOD mice. Diabetes. 2007; 56:2919-2926.  

258. Mulvany MJ, Warshaw DM. The active tension-length curve of vascular smooth 
muscle related to its cellular components. J Gen Physiol. 1979; 74:85-104.  

259. Okolokulak E, Volchkevich D. Vascularization of the male penis. Rocz Akad Med 
Bialymst. 2004; 49:285-291.  

260. Thompson JR, Gibb JS, Genadry R, Burrows L, Lambrou N, Buller JL. Anatomy of 
pelvic arteries adjacent to the sacrospinous ligament: importance of the coccygeal branch 
of the inferior gluteal artery. Obstet Gynecol. 1999; 94:973-977.  

261. Virag R, Bouilly P, Frydman D. Is impotence an arterial disorder? A study of 
arterial risk factors in 440 impotent men. Lancet. 1985; 1:181-184.  

262. El-Sakka AI. Lower urinary tract symptoms in patients with erectile dysfunction: is 
there a vascular association? Eur Urol. 2005; 48:319-325.  



 

 194 

263. Bernabe J, Rampin O, Sachs BD, Giuliano F. Intracavernous pressure during 
erection in rats: an integrative approach based on telemetric recording. Am J Physiol. 
1999; 276:R441-9.  

264. Bakircioglu ME, Sievert KD, Nunes L, Lau A, Lin CS, Lue TF. Decreased 
trabecular smooth muscle and caveolin-1 expression in the penile tissue of aged rats. J 
Urol. 2001; 166:734-738.  

265. Yamanaka M, Shirai M, Shiina H, Shirai M, Tanaka Y, Fujime M, Okuyama A, 
Dahiya R. Loss of anti-apoptotic genes in aging rat crura. J Urol. 2002; 168:2296-2300.  

266. Rajasekaran M, White S, Baquir A, Wilkes N. Rho-kinase inhibition improves 
erectile function in aging male Brown-Norway rats. J Androl. 2005; 26:182-188.  

267. Bruel A, Oxlund H. Changes in biomechanical properties, composition of collagen 
and elastin, and advanced glycation endproducts of the rat aorta in relation to age. 
Atherosclerosis. 1996; 127:155-165.  

268. Moreau P, d'Uscio LV, Luscher TF. Structure and reactivity of small arteries in 
aging. Cardiovasc Res. 1998; 37:247-253.  

269. Briones AM, Salaices M, Vila E. Mechanisms underlying hypertrophic remodeling 
and increased stiffness of mesenteric resistance arteries from aged rats. J Gerontol A Biol 
Sci Med Sci. 2007; 62:696-706.  

270. Shen ZJ, Jin XD, Chen ZD, Shi YH. Effect of aging on penile ultrastructure. Asian J 
Androl. 2001; 3:281-284.  

271. Ferrini MG, Kovanecz I, Sanchez S, Vernet D, Davila HH, Rajfer J, Gonzalez-
Cadavid NF. Long-term continuous treatment with sildenafil ameliorates aging-related 
erectile dysfunction and the underlying corporal fibrosis in the rat. Biol Reprod. 2007; 
76:915-923.  

272. Costa C, Vendeira P. Does erectile tissue angioarchitecture modify with aging? An 
immunohistological and morphometric approach. J Sex Med. 2008; 5:833-840.  

273. Utkan T, Sarioglu Y, Utkan NZ, Kurnaz F, Yildirim S. Effects of chronic unilateral 
internal pudendal arterial occlusion on reactivity of isolated corpus cavernosum strips 
from rabbits. Eur J Pharmacol. 1999; 367:73-79.  

274. Rosen MP, Greenfield AJ, Walker TG, Grant P, Guben JK, Dubrow J, Bettmann 
MA, Goldstein I. Arteriogenic impotence: findings in 195 impotent men examined with 
selective internal pudendal angiography. Young Investigator's Award. Radiology. 1990; 
174:1043-1048.  



 

 195 

275. Thyberg J, Hedin U, Sjolund M, Palmberg L, Bottger BA. Regulation of 
differentiated properties and proliferation of arterial smooth muscle cells. 
Arteriosclerosis. 1990; 10:966-990.  

276. Thyberg J, Blomgren K, Hedin U, Dryjski M. Phenotypic modulation of smooth 
muscle cells during the formation of neointimal thickenings in the rat carotid artery after 
balloon injury: an electron-microscopic and stereological study. Cell Tissue Res. 1995; 
281:421-433.  

277. Vazquez-Padron RI, Lasko D, Li S, Louis L, Pestana IA, Pang M, Liotta C, Fornoni 
A, Aitouche A, Pham SM. Aging exacerbates neointimal formation, and increases 
proliferation and reduces susceptibility to apoptosis of vascular smooth muscle cells in 
mice. J Vasc Surg. 2004; 40:1199-1207.  

278. Torella D, Leosco D, Indolfi C, Curcio A, Coppola C, Ellison GM, Russo VG, 
Torella M, Li Volti G, Rengo F, Chiariello M. Aging exacerbates negative remodeling 
and impairs endothelial regeneration after balloon injury. Am J Physiol Heart Circ 
Physiol. 2004; 287:H2850-60.  

279. Utkan T, Yildirim S, Sarioglu Y, Yildiz F, Yildirim K. Aging impairs nitric oxide-
mediated relaxant responses of rabbit corporal smooth muscle. Nitric Oxide. 2002; 6:342-
346.  

280. Yildiz O. Vascular smooth muscle and endothelial functions in aging. Ann N Y Acad 
Sci. 2007; 1100:353-360.  

281. Musicki B, Kramer MF, Becker RE, Burnett AL. Age-related changes in 
phosphorylation of endothelial nitric oxide synthase in the rat penis. J Sex Med. 2005; 
2:347-55; discussion 355-7.  

282. Haas CA, Seftel AD, Razmjouei K, Ganz MB, Hampel N, Ferguson K. Erectile 
dysfunction in aging: upregulation of endothelial nitric oxide synthase. Urology. 1998; 
51:516-522.  

283. Ferrini MG, Davila HH, Valente EG, Gonzalez-Cadavid NF, Rajfer J. Aging-related 
induction of inducible nitric oxide synthase is vasculo-protective to the arterial media. 
Cardiovasc Res. 2004; 61:796-805.  

284. Lamb FS, Myers JH, Hamlin MN, Webb RC. Oscillatory contractions in tail arteries 
from genetically hypertensive rats. Hypertension. 1985; 7:I25-30.  

285. Nilsson H, Aalkjaer C. Vasomotion: mechanisms and physiological importance. Mol 
Interv. 2003; 3:79-89.  

286. Aalkaer C, Nilsson H. Vasomotion: cellular background for the oscillator and for the 
synchronization of smooth muscle cells. Br J Pharmacol. 2005; 144:605-616.  



 

 196 

287. Peng H, Matchkov V, Ivarsen A, Aalkjaer C, Nilsson H. Hypothesis for the 
initiation of vasomotion. Circ Res. 2001; 88:810-815.  

288. Genest J, Cohn JS. Clustering of cardiovascular risk factors: targeting high-risk 
individuals. Am J Cardiol. 1995;76:8A-20A. 

289. Kannel WB. Risk stratification in hypertension: new insights from the Framingham 
Study. Am J Hypertens. 2000;13:3S-10S. 

290. Wolf-Maier K, Cooper RS, Banegas JR, Giampaoli S, Hense HW, Joffres M, 
Kastarinen M, Poulter N, Primatesta P, Rodriguez-Artalejo F, Stegmayr B, Thamm M, 
Tuomilehto J, Vanuzzo D, Vescio F. Hypertension prevalence and blood pressure levels 
in 6 European countries, Canada, and the United States. JAMA. 2003; 289:2363-2369. 

291. Wilson PW, D'Agostino RB, Levy D, Belanger AM, Silbershatz H, Kannel WB. 
Prediction of coronary heart disease using risk factor categories. Circulation. 1998; 
97:1837-1847. 

292. Gress TW, Nieto FJ, Shahar E, Wofford MR, Brancati FL. Hypertension and 
antihypertensive therapy as risk factors for type 2 diabetes mellitus. Atherosclerosis risk 
in communities study. N Engl J Med. 2000; 342:905-912. 

293. Wolf PA, D'Agostino RB, Belanger AJ, Kannel WB. Probability of stroke: a risk 
profile from the Framingham Study. Stroke. 1991; 22:312-318. 

294. Whelton PK, Klag MJ. Hypertension as a risk factor for renal disease. Review of 
clinical and epidemiological evidence. Hypertension. 1989; 13:I19-27. 

295. Klag MJ, Whelton PK, Randall BL, Neaton JD, Brancati FL, Ford CE, Shulman NB, 
Stamler J. Blood pressure and end-stage renal disease in men. N Engl J Med. 1996; 
334:13-18. 

296. Burchardt M, Burchardt T, Baer L, Kiss AJ, Pawar RV, Shabsigh A, de la Taille A, 
Hayek OR, Shabsigh R. Hypertension is associated with severe erectile dysfunction. J 
Urol. 2000; 164:1188-1191. 

297. Heruti RJ, Sharabi Y, Arbel Y, Shochat T, Swartzon M, Brenner G, Justo D. The 
prevalence of erectile dysfunction among hypertensive and prehypertensive men aged 25-
40 years. J Sex Med. 2007; 4:596-601. 

298. Ponholzer A, Temml C, Mock K, Marszalek M, Obermayr R, Madersbacher S. 
Prevalence and risk factors for erectile dysfunction in 2869 men using a validated 
questionnaire. Eur Urol. 2005; 47:80-85. 



 

 197 

299. Papatsoris, Athanasios G Korantzopoulos,Panagiotis G. Hypertension, 
antihypertensive therapy, and erectile dysfunction. Angiology. 2006; 57:47-52. 

300. Beharry RK, Hale TM, Heaton JP, Shamloul R, Adams MA. Restoration of female 
genital vasocongestive arousal responses in young and aged rats. J Sex Med. 2008; 5:804-
812. 
301. Jiang R, Chen JH, Jin J, Shen W, Li QM. Ultrastructural comparison of penile 
cavernous tissue between hypertensive and normotensive rats. Int J Impot Res. 2005; 17: 
417-423.  

302. Vlachopoulos C, Ioakeimidis N, Terentes-Printzios D, Rokkas K, Aznaouridis K, 
Baou K, Bratsas A, Fassoulakis C, Stefanadis C. Amino-terminal pro-C-type natriuretic 
peptide is associated with the presence, severity, and duration of vasculogenic erectile 
dysfunction. Eur Urol. 2008; Nov 21 Epub. 

303. Chai SJ, Barrett-Connor E, Gamst A. Small-vessel lower extremity arterial disease 
and erectile dysfunction: The Rancho Bernardo study. Atherosclerosis. 2008; Aug 7 
Epub. 

304. Head RJ. Hypernoradrenergic innervation and vascular smooth muscle hyperplastic 
change. Blood Vessels. 1991; 28:173-178. 

305. Warshaw DM, Mulvany MJ, Halpern W. Mechanical and morphological properties 
of arterial resistance vessels in young and old spontaneously hypertensive rats. Circ Res. 
1979; 45:250-259. 

306. Scebat L, Renais J, Groult N. Spontaneous aortic lesions in the rabbit. Possible role 
of immune mechanisms. Paroi Arterielle. 1980; 6:37-45. 

307. Hoover GA, Nicolosi RJ, Camp RR, Hayes KC. Characteristics of the aortic intima 
in young and old cebus and squirrel monkeys. Arteriosclerosis. 1982; 2:252-265. 

308. Hedin U, Sjolund M, Hultgardh-Nilsson A, Thyberg J. Changes in expression and 
organization of smooth-muscle-specific alpha-actin during fibronectin-mediated 
modulation of arterial smooth muscle cell phenotype. Differentiation. 1990; 44:222-231. 

309. Thyberg J, Blomgren K, Roy J, Tran PK, Hedin U. Phenotypic modulation of 
smooth muscle cells after arterial injury is associated with changes in the distribution of 
laminin and fibronectin. J Histochem Cytochem. 1997; 45:837-846. 

310. Orlandi A, Bochaton-Piallat ML, Gabbiani G, Spagnoli LG. Aging, smooth muscle 
cells and vascular pathobiology: implications for atherosclerosis. Atherosclerosis. 2006; 
188:221-230. 



 

 198 

311. Wu X, Zhou Q, Huang L, Sun A, Wang K, Zou Y, Ge J. Ageing-exaggerated 
proliferation of vascular smooth muscle cells is related to attenuation of Jagged1 
expression in endothelial cells. Cardiovasc Res. 2008; 77:800-808. 

312. Stemerman MB, Weinstein R, Rowe JW, Maciag T, Fuhro R, Gardner R. Vascular 
smooth muscle cell growth kinetics in vivo in aged rats. Pro .Natl Acad Sci. 1982; 
79:3863-3866. 

313. McCaffrey TA, Nicholson AC, Szabo PE, Weksler ME, Weksler BB. Aging and 
arteriosclerosis. The increased proliferation of arterial smooth muscle cells isolated from 
old rats is associated with increased platelet-derived growth factor-like activity. J Exp 
Med. 1988; 167:163-174. 

314. Bochaton-Piallat ML, Gabbiani F, Ropraz P, Gabbiani G. Age influences the 
replicative activity and the differentiation features of cultured rat aortic smooth muscle 
cell populations and clones. Arterioscler Thromb. 1993; 13:1449-1455. 

315. Clowes AW, Clowes MM. Influence of chronic hypertension on injured and 
uninjured arteries in spontaneously hypertensive rats. Lab Invest. 1980; 43:535-541. 

316. Jandeleit-Dahm K, Burrell LM, Johnston CI, Koch KM. Elevated vascular 
angiotensin converting enzyme mediates increased neointima formation after balloon 
injury in spontaneously hypertensive rats. J Hypertens. 1997; 15:643-650. 

317. Daemen MJ, Lombardi DM, Bosman FT, Schwartz SM. Angiotensin II induces 
smooth muscle cell proliferation in the normal and injured rat arterial wall. Circ Res. 
1991; 68:450-456. 

318. Powell JS, Muller RK, Baumgartner HR. Suppression of the vascular response to 
injury: the role of angiotensin-converting enzyme inhibitors. J Am Coll Cardiol. 1991; 
17:137B-142B. 

319. Kawamura M, Terashita Z, Okuda H, Imura Y, Shino A, Nakao M, Nishikawa K. 
TCV-116, a novel angiotensin II receptor antagonist, prevents intimal thickening and 
impairment of vascular function after carotid injury in rats. J Pharmacol Exp Ther. 1993; 
266:1664-1669. 

320. Barker TA, Massett MP, Korshunov VA, Mohan AM, Kennedy AJ, Berk BC. 
Angiotensin II type 2 receptor expression after vascular injury: differing effects of 
angiotensin-converting enzyme inhibition and angiotensin receptor blockade. 
Hypertension. 2006; 48:942-949. 

321. Owens GK. Differential effects of antihypertensive drug therapy on vascular smooth 
muscle cell hypertrophy, hyperploidy, and hyperplasia in the spontaneously hypertensive 
rat. Circ Res. 1985; 56:525-536. 



 

 199 

322. Levy BI, Michel JB, Salzmann JL, Azizi M, Poitevin P, Safar M, Camilleri JP. 
Effects of chronic inhibition of converting enzyme on mechanical and structural 
properties of arteries in rat renovascular hypertension. Circ Res. 1988; 63:227-239. 

323. Bravo R, Somoza B, Ruiz-Gayo M, Gonzalez C, Ruilope LM, Fernandez-Alfonso 
MS. Differential effect of chronic antihypertensive treatment on vascular smooth muscle 
cell phenotype in spontaneously hypertensive rats. Hypertension. 2001; 37:E4-E10. 

324. Amann K, Wolf B, Nichols C, Tornig J, Schwarz U, Zeier M, Mall G, Ritz E. Aortic 
changes in experimental renal failure: hyperplasia or hypertrophy of smooth muscle 
cells? Hypertension. 1997; 29:770-775. 

325. Toblli JE, Cao G, Casas G, Mazza ON. In vivo and in vitro effects of nebivolol on 
penile structures in hypertensive rats. Am J Hypertens. 2006; 19:1226-1232. 

326. Toblli JE, Cao G, Lombrana A, Rivero M. Functional and morphological 
improvement in erectile tissue of hypertensive rats by long-term combined therapy with 
phosphodiesterase type 5 inhibitor and losartan. J Sex Med. 2007; 4:1291-1303. 
327. Archer SL, Gragasin FS, Webster L, Bochinski D, Michelakis ED. Aetiology and 
management of male erectile dysfunction and female sexual dysfunction in patients with 
cardiovascular disease. Drugs Aging. 2005; 22:823-844.  

328. James PT, Leach R, Kalamara E, Shayeghi M. The worldwide obesity epidemic. 
Obes Res. 2001; 9(Suppl 4):228S-233S.  

329. Rampin O, Giuliano F. Brain control of penile erection. World J Urol. 2001; 19:1-8.  

330. Traish AM, Guay AT. Are androgens critical for penile erections in humans? 
Examining the clinical and preclinical evidence. J Sex Med. 2006; 3:382-404; discussion 
404-7.  

331. Yassin AA, Saad F, Traish A. Testosterone undecanoate restores erectile function in 
a subset of patients with venous leakage: a series of case reports. J Sex Med. 2006; 3:727-
735.  

332. Melman A, Zhao W, Davies KP, Bakal R, Christ GJ. The successful long-term 
treatment of age related erectile dysfunction with hSlo cDNA in rats in vivo. J Urol. 
2003; 170:285-290.  

333. Jiang R, Chen JH, Jin J, Shen W, Li QM. Ultrastructural comparison of penile 
cavernous tissue between hypertensive and normotensive rats. Int J Impot Res. 2005; 
17:417-423.  

334. Soulis-Liparota T, Cooper ME, Dunlop M, Jerums G. The relative roles of advanced 
glycation, oxidation and aldose reductase inhibition in the development of experimental 
diabetic nephropathy in the Sprague-Dawley rat. Diabetologia. 1995; 38:387-394.  



 

 200 

335. Kopp UC, Buckley-Bleiler RL. Impaired renorenal reflexes in two-kidney, one clip 
hypertensive rats. Hypertension. 1989; 14:445-452.  

336. Park CS, Ryu SD, Hwang SY. Elevation of intracavernous pressure and NO-cGMP 
activity by a new herbal formula in penile tissues of aged and diabetic rats. J 
Ethnopharmacol. 2004; 94:85-92.  

337. Usta MF, Kendirci M, Gur S, Foxwell NA, Bivalacqua TJ, Cellek S, Hellstrom WJ. 
The breakdown of preformed advanced glycation end products reverses erectile 
dysfunction in streptozotocin-induced diabetic rats: preventive versus curative treatment. 
J Sex Med. 2006; 3:242-50; discussion 250-2.  

338. Pugh TD, Klopp RG, Weindruch R. Controlling caloric consumption: protocols for 
rodents and rhesus monkeys. Neurobiol Aging. 1999; 20:157-165.  

339. Hendley ED, Cierpial MA, McCarty R. Sympathetic-adrenal medullary response to 
stress in hyperactive and hypertensive rats. Physiol Behav. 1988; 44:47-51.  

340. Williams TD, Chambers JB, May OL, Henderson RP, Rashotte ME, Overton JM. 
Concurrent reductions in blood pressure and metabolic rate during fasting in the 
unrestrained SHR. Am J Physiol Regul Integr Comp Physiol. 2000; 278:R255-62.  

341. Ponholzer A, Temml C, Rauchenwald M, Madersbacher S. Vascular risk factors and 
erectile dysfunction in a cohort of healthy men. Int J Impot Res. 2006; 18:489-493.  

342. Akkus E, Carrier S, Baba K, Hsu GL, Padma-Nathan H, Nunes L, Lue TF. 
Structural alterations in the tunica albuginea of the penis: impact of Peyronie's disease, 
ageing and impotence. Br J Urol. 1997; 79:47-53.  

343. Wespes E, Moreira de Goes, P., Schulman C. Age-related changes in the 
quantification of the intracavernous smooth muscles in potent men. J Urol. 1998; 
159:379.  

344. Utkan T, Yildirim MK, Yildirim S, Sarioglu Y. Effects of the specific 
phosphodiesterase inhibitors on alloxan-induced diabetic rabbit cavernous tissue in vitro. 
Int J Impot Res. 2001; 13:24-30.  

345. Myers J. Exercise and Cardiovascular Health. 2003; 107:2-7.  

346. Goto C, Higashi Y, Kimura M, Noma K, Hara K, Nakagawa K, Kawamura M, 
Chayama K, Yoshizumi M, Nara I. Effect of different intensities of exercise on 
endothelium-dependent vasodilation in humans: role of endothelium-dependent nitric 
oxide and oxidative stress. Circulation. 2003; 108:530-535.  

347. Sherman DL. Exercise and endothelial function. Coron Artery Dis. 2000; 11:117-
122.  



 

 201 

348. Leeuwenburgh C, Heinecke JW. Oxidative stress and antioxidants in exercise. Curr 
Med Chem. 2001; 8:829-838.  

349. Chen HI, Chiang IP. Chronic exercise decreases adrenergic agonist-induced 
vasoconstriction in spontaneously hypertensive rats. Am J Physiol. 1996; 271:H977-83.  

350. Horta PP, de Carvalho JJ, Mandarim-de-Lacerda CA. Exercise training attenuates 
blood pressure elevation and adverse remodeling in the aorta of spontaneously 
hypertensive rats. Life Sci. 2005; 77:3336-3343.  

351. Sasaki S, Higashi Y, Nakagawa K, Kimura M, Noma K, Sasaki S, Hara K, Matsuura 
H, Goto C, Oshima T, Chayama K. A low-calorie diet improves endothelium-dependent 
vasodilation in obese patients with essential hypertension. Am J Hypertens. 2002; 15:302-
309.  

352. Wan R, Camandola S, Mattson MP. Intermittent food deprivation improves 
cardiovascular and neuroendocrine responses to stress in rats. J Nutr. 2003; 133:1921-
1929.  

353. Mager DE, Wan R, Brown M, Cheng A, Wareski P, Abernethy DR, Mattson MP. 
Caloric restriction and intermittent fasting alter spectral measures of heart rate and blood 
pressure variability in rats. FASEB J. 2006;20: 631-637.  

354. Sutoo D, Akiyama K. Regulation of brain function by exercise. Neurobiol Dis. 
2003; 13:1-14.  

355. Martins AS, Crescenzi A, Stern JE, Bordin S, Michelini LC. Hypertension and 
exercise training differentially affect oxytocin and oxytocin receptor expression in the 
brain. Hypertension. 2005; 46:1004-1009.  

356. Carr KD, Tsimberg Y, Berman Y, Yamamoto N. Evidence of increased dopamine 
receptor signalling in food-restricted rats. Neuroscience. 2003; 119:1157-1167.  

357. Shelke RR, Leeuwenburgh C. Lifelong caloric restriction increases expression of 
apoptosis repressor with a caspase recruitment domain (ARC) in the brain. FASEB J. 
2003; 17:494-496.  

358. Freeman GB, Gibson GE. Dopamine, acetylcholine, and glutamate interactions in 
aging. Behavioral and neurochemical correlates. Ann N Y Acad Sci. 1988; 515:191-202.  

359. Svartberg J, Midtby M, Bonaa K, Sundsfjord J, Joakimsen R, Jorde R. The 
associations of age, lifestyle factors and chronic disease with testosterone in men: the 
Tromso Study. Eur J Endocrinol. 2003; 149:145-152.  

360. Fentie IH, Greenwood MM, Wyss JM, Clark JT. Age-related decreases in gonadal 
hormones in Long-Evans rats: relationship to rise in arterial pressure. Endocrine. 2004; 
25:15-22.  



 

 202 

361. Yono M, Foster HE,Jr, Weiss RM, Latifpour J. Age related changes in the 
functional, biochemical and molecular properties of alpha1-adrenoceptors in the rat 
genitourinary tract. J Urol. 2006; 176:1214-1219.  

362. Garban H, Marquez D, Cai L, Rajfer J, Gonzalez-Cadavid NF. Restoration of 
normal adult penile erectile response in aged rats by long-term treatment with androgens. 
Biol Reprod. 1995; 53:1365-1372.  
 
363. Beckett SD, Hudson RS, Walker DF, Reynolds TM, Vachon RI. Blood pressures 
and penile muscle activity in the stallion during coitus. Am J Physiol. 1973; 225:1072-
1075. 
 
364. Prieto D, Simonsen U, Hernandez M, Garcia-Sacristan A. Contribution of K+ 
channels and ouabain-sensitive mechanisms to the endothelium-dependent relaxations of 
horse penile small arteries. Br J Pharmacol. 1998; 123:1609–1620. 
 
365. Behr-Roussel D, Darblade B, Oudot A, Compagnie S, Bernabé J, Alexandre L, 
Giuliano F. Erectile dysfunction in hypercholesterolemic atherosclerotic apolipoprotein E 
knockout mice. J Sex Med. 2006; 3:596–603. 
 
366. 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. PNAS. 2005; 102:11870–11875. 
 
367. Zheng H, Bidasee KR, Mayhan WG, Patel KP. Lack of central nitric oxide triggers 
erectile dysfunction in diabetes. Am J Physiol Regul Integr Comp Physiol. 2007; 
292:R1158–R1164. 
 
368. Luttrell IP, Swee M, Starcher B, Parks WC, Chitaley K. Erectile dysfunction in the 
type II diabetic db/db mouse: impaired venoocclusion with altered cavernosal 
vasoreactivity and matrix. Am J Physiol Heart Circ Physiol. 2008; 294: H2204-H2211. 
 
369. Wingard CJ, Moukdar F, Prasad RY, Cathey BL, Wilkinson L. Reversal of voltage-
dependent erectile responses in the Zucker obese-diabetic rat by rosuvastatin-altered 
RhoA/Rho-kinase signaling. J Sex Med. 2009; 6:269–278. 
 
370. Shukla N, Hotston M, Persad R, Angelini GD, Jeremy JY. The administration of 
folic acid improves erectile function and reduces intracavernosal oxidative stress in the 
diabetic rabbit. BJU Int. 2009; 103:98-103. 
 
371. Simonsen U, Garcia-Sacristan A, Prieto D. Penile arteries and erection. J Vasc Res. 
2002; 39:283–303. 
 



 

 203 

372. Prieto D. Physiological regulation of penile arteries and veins. Int J Impot Res. 2008; 
20:17–29. 
 
373. Bivalacqua TJ, Champion HC, Abdel-Mageed AB, Kadowitz PJ, Hellstrom WJG. 
Gene transfer of prepro-calcitonin gene-related peptide restores erectile function in the 
aged rat. Biol Reprod. 2001; 65, 1371–1377. 

374. Duncan LE, Lewis C, Jenkins P, Pearson TA. Does hypertension and its 
pharmacotherapy affect the quality of sexual function in women? Am J Hypertens. 2000; 
13:640-647. 

375. Burchardt M, Burchardt T, Anastasiadis AG, et al. Sexual dysfunction is common 
and overlooked in female patients with hypertension. J Sex Marital Ther. 2002; 28:17-26. 

376. Berman JR, Bassuk J. Physiology and pathophysiology of female sexual function 
and dysfunction. World J Urol. 2002; 20:111-118. 

376. Doumas M, Douma S. Sexual dysfunction in essential hypertension: Myth or 
reality? J Clin Hypertens (Greenwich). 2006; 8:269-274. 

377. Doumas M, Tsiodras S, Tsakiris A, et al. Female sexual dysfunction in essential 
hypertension: A common problem being uncovered. J Hypertens. 2006; 24:2387-2392. 

378. Okeahialam BN, Obeka NC. Sexual dysfunction in female hypertensives. J Natl 
Med Assoc. 2006; 98:638-640. 

379. Kaplan SA, Reis RB, Kohn IJ, et al. Safety and efficacy of sildenafil in 
postmenopausal women with sexual dysfunction. Urology. 1999; 53:481-486. 




