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Abstract	
Erectile dysfunction (ED) is a widespread disease affecting approximately 20% of men. With a rising incidence due to the global ageing 
of the world population, it is estimated that over 322 million patients will be affected in 2025. While not being a life-threatening 
disease, ED has a strong detrimental impact on the patient’s quality of life, commonly leading to a reduction of work productivity, 
anxiety, chronic stress, depression or loss of self-esteem. Despite all the recent advances in understanding the molecular mechanisms 
and pathophysiology of ED, and the discovery of effective oral treatments that are the PDE5 inhibitors (such as Viagra®), there is still 
an important portion of the population that does not respond to this therapy. Therefore, they unfortunately resort on problematic, 
uncomfortable, and invasive last-resort solutions due to the lack of better alternatives. In addition, current treatments are inducing 
assisted erection rather than handling the root cause of the disease. Considering the limited number of strategies currently existing 
for the treatment of ED and their drawbacks, there is an urgent need for alternative therapies. Due to the fact that both vascular and 
neural components are required to induce and maintain a satisfactory erectile response, as well as the multifactorial origins of ED, 
new therapies able to combine multidisciplinary approaches would increase the chances of new treatment success. Therefore, this 
thesis focuses on different multidisciplinary strategies attempting to provide novel therapies to alleviate ED or its causes. In the first 
part of this thesis, we have investigated the anti-fibrotic capabilities of a vasoactive endogenous peptide called Apelin-13 on a mouse 
model of ED, providing promising results and pointing out Apelin as a candidate for the development of fibrosis-associated ED treat-
ments. 

Secondly, we have developed a novel concept enabling the neurostimulation of the cavernous nerves (CN) to induce penile erection. 
This thesis shows the first intraoperative proof of principle in humans, opening the way for the development of an innovative medical 
device for the neuromodulation of erectile function to treat neurogenic ED. 

Finally, we have studied further the effects of CN low-intensity electrostimulation (LIES), another application of nerve electrical stim-
ulation, with the potential of promoting CN regeneration. We observed a significant protective effect of LIES on penile tissue structure 
and functions following nerve trauma in a rat model of cavernous nerve injury. 

Altogether, the work underwent in this thesis add to the development of more effective and comfortable treatment options to alle-
viate ED, which could not only improve the quality of life of patients but could also reduce the burden and cost this disease places on 
medical and public health systems. 

 

  

 

Keywords	
Erectile dysfunction (ED), Fibrosis, Hypercholesterolemia, Apelin, Vascular ED, Neurogenic ED, Cavernous nerves, Peripheral nerve 
stimulation, Neurostimulation, Low-intensity electrostimulation (LIES). 
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Résumé	
Les troubles de l’érection sont une affection mondialement répandue affectant près de 20% des hommes. Son incidence est en hausse 
dû au vieillissement constant de la population mondiale. En effet, il est estimé que le nombre de patients atteints de troubles de 
l’érection va surpasser les 322 millions dès 2025. Bien que cette maladie ne mette pas la vie des patients en danger, les troubles de 
l’érection ont une impacte importante sur la qualité de vie des malades et entraine fréquemment une baisse de la productivité 
professionnelle, de l’anxiété, un stress chronique, un état de dépression ou une perte d’estime de soi chez ces personnes. Malgré les 
récentes avancées dans la compréhension des mécanismes moléculaires à l’origine de la dysfonction érectile et la pathophysiologie 
associée à cette maladie, et malgré la découverte de traitements oraux tels que les inhibiteurs de l’enzyme PDE5 (comme le Viagra®), 
une portion importante de la population ne répond pas à ces traitements. En conséquence, dû au manque d’alternatives, ces patients 
dépendent de solutions de dernier recours qui sont malheureusement problématiques, peu confortables et invasives. De plus, les 
traitements actuels permettent d’induire une érection mais ne traitent pas la cause à l’origine des troubles de l’érection. De ce fait, 
en vue du nombre limité d’options à disposition et des effets indésirables de ces traitements, il y a un besoin urgent pour de nouvelles 
thérapies contre les troubles de l’érection. Dès lors, en raison du fait que la combinaison et la coordination d’une réponse du systèmes 
nerveux ainsi que du système vasculaire soit requise pour l’induction et le maintien d’une érection satisfaisante, et en raison des 
nombreuses causes et pathologies sous-jacentes à l’origine des troubles de l’érection, de nouvelles thérapies capables de combiner 
des approches multidisciplinaires dans le but d’offrir de nouvelles thérapies contre la dysfonction érectile ont plus de chances d’être 
efficaces. Cette thèse se concentre donc sur plusieurs stratégies multidisciplinaires dans le but de développer de nouvelles thérapies 
contre les troubles de l’érection et de traiter les causes à l’origine de cette maladie. 

Dans la première partie de cette thèse, nous avons étudié les effets anti-fibrotiques d’une protéine endogène aux effets vasoactifs 
appelée Apelin-13 sur un modèle animal de la dysfonction érectile. Les résultats promettants obtenus mettent en évidence cette 
protéine, Apelin, comme candidat intéressant pour le développent d’un nouveau traitement contre les troubles de l’érection associés 
à une fibrose des tissus nécessaires à l’érection. 

Deuxièmement, nous avons développé un nouveau concept permettant de stimuler électriquement les nerfs caverneux et d’induire 
ainsi une érection. Cette thèse présente les résultats de la première étude clinique chez l’homme démontrant l’efficacité de ce con-
cept, ouvrant ainsi la voie au développement futur d’un nouvel implant médical innovant pour le traitement des troubles de l’érection 
d’ordre neurologiques. 

Finalement, nous avons également étudié plus en profondeur les effets d’une stimulation électrique de faible intensité sur les nerfs 
caverneux, une autre application possible de la neurostimulation, qui pourrait potentiellement améliorer la régénération nerveuse. 
Dans cette étude nous avons observé un effet protecteur de ce type de stimulation sur la structure et le fonctionnement des tissus 
du pénis suivant un dommage des nerfs caverneux chez le rat. 

En définitif, le travail effectué durant cette thèse a permis d’ajouter une contribution au développement de traitements plus efficaces 
et plus confortables contre les troubles de l’érection, ce qui pourrais non seulement permettre d’améliorer la qualité de vie des 
patients, mais aussi diminuer le poids et le coût financier que cette maladie porte sur le système médical et les assurances maladies.  

Mots-clés	
Dysfonction érectile (DE), Troubles de l’érection, Fibrose, Hypercholestérolémie, Apelin, DE vasculaire, DE neurogénique, Nerfs ca-
verneux, Stimulation des nerfs périphériques, Neurostimulation. 
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 Introduction	
1.1 Motivation	
Erectile dysfunction (ED) is defined by the National Institutes of Health (NIH) as the persistent inability to achieve or maintain penile 
erection sufficient for satisfactory sexual intercourse1. ED is a widespread sexual disorder, affecting over 150 million men worldwide2. 
Provided the rapid aging of the world’s population, this number is expected to substantially rise within the next 10 years and exceed 
322 million2. While not being a life-threatening disease, ED often has a strong detrimental impact, not only on the personal life of the 
patient, but also on the social, familial, and occupational aspects of life3. In particular, reduction of work productivity, anxiety, chronic 
stress, depression and loss of self-esteem are documented complications of patients with ED3,4. Despite the great success of the first-
line oral therapy (e.g. sildenafil, Viagra®) in ED treatment, a substantial portion of ED patients either cannot use it due to adverse 
effects, or have low levels of response to none5. Non-responsive patients to oral pharmacotherapy have to resort to other treatments 
such as intrapenial injections of vasodilators6 or penile prosthesis, which present numerous side effects and have been shown to be 
uncomfortable solutions in many cases7. These alternative therapies, although non-optimal and chronically problematic, are largely 
used due to the lack of better alternatives. In addition, current treatments combatting ED are providing relief to the patient by re-
storing an assisted penile erection, while only limited therapies are focusing on preventing the cause of ED itself, or restoring physi-
ological erectile function8. Consequently, there is an urgent need for novel ED treatment solutions for patients who are non-respon-
sive to oral drugs and new effective medications to protect or restore the natural erectile function. 
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1.2 Anatomy	and	Physiology	of	Penile	Erection	
 

 
 

Figure 1:1 Schematic representation of the veno-occlusive mechanism.  

(Reproduced from Fazio and Brock9) 
 

Penile erection is a coordinated neurovascular response10,11. In the flaccid state, the penile smooth muscles are tonically contracted, 
allowing only a small amount of blood flow for nutritional purposes. Penile erection occurs when sexual stimulation triggers the 
release of neurotransmitters from the parasympathetic cavernous nerve terminals within the penile vascular structures12, inducing 
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relaxation of cavernosal smooth muscles. The erectile tissue in the penis contains large interspaces capable of being distended with 
blood. The neurotransmitters cause relaxation of the smooth muscle cells in cavernosal arterioles and sinuses, resulting in increased 
blood flow into the penis. The blood inflow fills the cavernous sinuses, which expand against the tunica albuginea, an external fibrous 
tissue surrounding the corpora cavernosa, occluding the venous outflow10. This vein-obstruction process is commonly known as cor-
poral veno-occlusive mechanism. The consequent entrapment of blood and increase in pressure leads to penile erection13 (Figure 
1.1). When the neurotransmitters available to maintain erection are depleted or following detumescence signalling, the corporal 
smooth muscles return to the basal contracted state, decreasing the blood inflow and pressure in the corpora cavernosa, allowing 
the venous channels to slowly open until the return of basal arterial flow and penile flaccid state10. 

Erectile function is controlled by a complex balance between pro- and anti-erectile signalling regulated by the central nervous system 
(CNS), the peripheral nervous system (PNS), as well as extra-, intra- and inter-cellular mechanisms14.  

Central Neural Regulation 

The central nervous regulation is responsible for the integration of sexual stimuli, resulting in the initiation and maintenance of penile 
erection. Different brain areas have been identified to play an important role in controlling and influencing the erectile response and 
sexual behaviour, while different neurotransmitters and hormones affect the erectile function in opposing ways (Figure 1.2). For 
example, dopamine and norepinephrin  promote sexual function, while serotonin, also called 5-hydroxytryptamin (5-HT), is believed 
to be inhibitory14. Patients taking serotonin reuptake inhibitors (SRI), an antidepressant drug that increases the intersynaptic levels 
of 5-HT, were found to often have a suppressed libido, while those taking a 5-HT neuron suppressor had an increased libido. On the 
other hand, data suggest that increased central norepinephrin activity exerts positive effects on sexual function15. In addition, oxy-
tocin and melanocortin (𝛼-, 𝛽-, 𝛾-melanocyte-stimulating hormone) have been shown to induce erections16,17, while 𝛾-aminobutyric 
acid (GABA), and opioids have an inhibitory effect18. Finally, prolactin, a hormone released by the pituitary gland as a sexual gratifi-
cation, counteracts the effect of dopamine and is thought to cause the sexual refractory period19.  

 

Figure 1:2 Central modulation of erection.  
NO, nitric oxide; 5-HT, 5-hydroxytryptamin (serotonin); NE, norepinephrine; GABA, 𝛾-amino-

butyric acid. (Modified from Hawksworth and Burnett14) 
 

Peripheral Neural Regulation 

Penile erection is also controlled by the peripheral nervous system through sympathetic, parasympathetic, somatic, and sensory 
innervation. The nerves involve specific neurotransmitters and have been categorized as adrenergic, cholinergic, and nonadrenergic 
noncholinergic (NANC). Together, the nerves and vascular endothelium produce and release transmitters and modulators, which in 
turn interact and control the contractile state of the penile smooth muscles14. The sympathetic nervous system, originating from the 
T12th to the L2th segments of the spine, controls the corporal smooth muscle contraction and induces penile flaccidity, while the 
parasympathetic division, originating from the S2 to the S4 sacral segments, is responsible for the smooth muscle relaxation and 
penile erection (Figure 1.1)9.  

Norepinephrine (NE) represents the principal sympathetic neurotransmitter controlling penile flaccidity. It is released from the local 
adrenergic nerve terminals and stimulates postsynaptic 𝛼-adrenergic receptors in the penile vasculature and in the corpus caverno-
sum, resulting in the contraction of the helicine vessels and trabecular smooth muscle, respectively (Figure 1.3 - A)20. On the other 
hand, nitric oxide (NO) is considered the principal neurotransmitter in mediating penile erection21. NO is synthesized as a by-product 
of the catalytic conversion of L-arginine to L-citrulline by the enzyme NO synthase (NOS). Constitutive NOS enzymes are found in 
endothelial cells (eNOS) and NANC neurons (nNOS), and are activated in the presence of calcium, calcium-binding calmodulin, oxygen, 
and reduced nicotinamide adenine dinucleotide phosphate (NADPH). Upon stimulation, intracellular calcium concentration increases 
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and binds to calmodulin, forming a calcium–calmodulin complex that binds to and activates NOS. NO is then produced and released 
in small amounts until calcium levels decrease. Following release of NO from the neurons and endothelial cells, NO activates guanylyl 
cyclase, and this enzyme catalyses the production of cyclic guanosine monophosphate (cGMP), which in turn relaxes the cavernous 
smooth muscle (Figure 1.3 - B)20. NO derived from nNOS is responsible for the initiation and the majority of the smooth muscle 
relaxation, while NO originating from eNOS contributes to the maintainability of the erection22. 

Acetylcholine is also released from cholinergic presynaptic nerve endings and indirectly contributes to penile erection by the presyn-
aptic inhibition of adrenergic neurons and the stimulation of nitric oxide (NO) release from endothelial cells23.  

 

 

Figure 1:3 Peripheral and cellular modulation of erection.  
A) Flaccid state. Adrenergic stimulation by norepinephrine induces the contraction of smooth muscle cells maintaining the penis in a flaccid state. 
B) Erect state. Cholinergic and NO stimulation induce the relaxation of smooth muscle cells and the induction and maintenance of penile erection.  

(Modified figure from Yafi et al.20) 
 

Cellular Control Mechanisms 

The regulation of penile erections, in addition to the intricate interplay of the multiple neurotransmitters and hormones originating 
from the CNS and PNS, also depends on molecular mechanisms operating at the level of the corporal smooth muscle cell10. Mecha-
nisms involved in the intracellular calcium ion (Ca2+) concentration play a significant role in the regulation of corporal smooth muscle 
contraction and relaxation. Increased levels of intracellular Ca2+ result in its binding to calmodulin. Following a conformational 
change, the Ca2+-calmodulin complex binds to and activates the myosin light-chain kinase (MLCK) by phosphorylation. Phosphory-
lated myosin light-chain subunits activate myosin adenosine triphosphatase (ATPase), which hydrolyses ATP to generate energy for 
myosin crossbridging along actin filaments, thus resulting in the smooth muscle contraction (Figure 1.3 - A). Following the contraction, 
levels of intracellular Ca2+ decrease and once calmodulin dissociates from the complex, MLCK is dephosphorylated by myosin light-
chain phosphatase (MLCP), detaching from the actin filament and reverting back to its inactive state, resulting in smooth muscle 
relaxation14. RhoA/ROCK pathway is also required for penile detumescence and flaccidity. The Rho-associated protein Kinase (ROCK) 
phosphorylates MLCP, which renders it inactive. This process sensitizes the myosin-actin contraction to lower levels of cytosolic cal-
cium in smooth muscles, which facilitates tonic contraction and the penile flaccid state24. 

The mechanism of smooth muscle relaxation responsible to initiate and maintain an erection occurs via the second messengers, cyclic 
adenosine monophosphate (cAMP) and cyclic guanosine monophosphate (cGMP). They activate cAMP- and cGMP-dependent pro-
tein kinases, which in turn phosphorylate certain proteins and ion channels, resulting in the opening of potassium channels and 
subsequent hyperpolarization, sequestration of intracellular Ca2+ by the sarcoplasmic reticulum, and inhibition of voltage-dependent 
calcium channels, blocking calcium influx. This all results in a significant drop in the intracellular free calcium and furthers smooth 
muscle relaxation (Figure 1.3 – B)10. The termination of the signals evoked by cAMP and cGMP is mainly executed by phosphodiester-
ase enzymes (PDEs), which catalyse the hydrolysis of cAMP and cGMP to AMP and GMP, respectively. The superfamily of PDEs con-
sists of 11 families,  with PDE5  considered as the primary enzyme responsible for the termination of cavernous cGMP signalling25. 
The PDE5 enzyme is the target of the PDE5-inhibitors (PDE5-Is), which is the initial and most common treatment against erectile 
dysfunction. By inhibiting the hydrolysis of cAMP and cGMP, PDE5-Is promotes the accumulation of cGMP, resulting in increased 
smooth muscle relaxation, facilitating erection induction and maintenance14. In addition to the mechanisms described above, 
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communication among individual smooth muscle cells and thus coordination of their synchronized relaxation or contraction is 
achieved via gap junctions. These intercellular channels allow the interchanging of ions as calcium and second-messenger mole-
cules26.  

 

1.3 Pathophysiology	of	Erectile	Dysfunction	
Erectile dysfunction is the most common sexual dysfunction in men27. It is estimated that approximately 5-20% of men have moder-
ate-to-severe ED, and currently, up to 70% of men with ED are not treated28. In a survey carried out in France, Germany, Italy, Spain, 
and the UK among 28,511 adult men (47.18±16.07 years old), 17% of the participants self-reported cases of ED over the past 6 
months29. By extrapolation of those results on the whole population, an estimated 21.7 million men in these countries may experi-
ence problems with initiating or maintaining a satisfactory erection29, which is in accordance with the results obtained in a similar 
study in the US, where the prevalence of erectile dysfunction was estimated as 18.4% for men aged ≥20 years old30. 

The incidence of ED is highly related to age30. According to the Massachusetts Male Aging Study, men at 60 to 69 years old have a 
four-times higher risk of ED than those aged 40 to 49 years old27. Taking into account the rapid ageing of the population, the preva-
lence of ED is expected to rise to approximately 322 million worldwide by the year 2025, which corresponds to an increase by nearly 
170 million in comparison to the year 19952. 

  

 Table 1:1 Etiology and risk factors of erectile dysfunction (ED) (adapted from Porst et al.31) 
Psychogenic factors  Endocrine factors 

Psychosexual development in childhood/adolescence (special negative 
experiences, etc.) 
Sexual orientation problems? 
Partnership problems? 

 Hypogonadism (primary/secondary) 
Hyperprolactinemia (microprolactinoma/macroprolactinoma or drug 
induced) 
Thyroid disorders (hypothyroidism/hyperthyroidism) 

Lifestyle factors and individual health conditions  Neurologic disorders 
Permanent stress factors? (private/business life) 
Sedentary lifestyle? 
Nicotine? 
Alcohol abuse? 
Drug addictions? 

 Cerebral, spinal, and peripheral affections: central (brain) diseases such 
as multiple sclerosis, cerebrovascular atherosclerosis, 
Parkinson’s disease, dementia, etc. 
Somatic and autonomic polyneuropathy 
Pudendal nerve lesions (“vulnerable perineum”) 

Cardiovascular risk factors  Iatrogenic ED 
Hypertension (including antihypertensive medications) 
Dyslipidemia 
Coronary artery disease 
Peripheral arterial occlusive disease 
Diabetes mellitus (types 1 and 2) 

 Drug induced (drugs with a negative impact on central and peripheral 
erectile functions) 
Postoperative (pelvic, perineal, urethral, and penile surgery) 
Post-radiation (prostate cancer, bladder cancer, and rectum cancer) 

Urological disorders  Posttraumatic ED 
Benign prostate hyperplasia (BPH) and lower urinary tract symptoms 
(LUTS) 
Chronic prostatitis 

 Brain/spinal cord injuries 
Pelvic fractures, urethral ruptures, straddle traumas, and penile injuries 

Penile/cavernous factors  Respiratory disorders 
Cavernous myopathy and fibrosis (veno-occlusive dysfunction) 
Peyronie’s disease or penile fracture 

 Chronic obstructive pulmonary disease 
Sleep apnea 

Medical/metabolic disorders   
Renal insufficiency 
Hepatic insufficiency 
Dyslipidemia 
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Figure 1:4 Demographics of erectile dysfunction. 

In addition to age, erectile dysfunction has a number of organic and psychogenic etiology (Table 1:1 and Figure 1.4). Additionally, for 
many patients, the disorder may be multifactorial32. Indeed, the risk of ED development is higher in men with one or more cardio-
vascular or metabolic risk factors, such as hypertension, diabetes, hypercholesterolemia, obesity, unhealthy diet, lack of physical 
activity, smoking or alcohol abuse27,30,33. As an example, the incidence of ED among men with diagnosed diabetes mellitus is above 
50%34. ED is often classified as psychogenic, vascular, or neurogenic, depending on the root cause of the disease. As the penile erec-
tion mechanism involves central, peripheral, and cellular regulation, numerous origins of ED exist in the case of impairment of any of 
the regulatory pathways or direct tissue properties. An increased fibrosis of the corpora cavernosa and the media of penile arteries 
is a highly prevalent process that is the underlying factor in most cases of erectile dysfunction (ED). The excess of collagen deposition 
of stiff fibres and decrease of elastic fibre content impairs the elastic properties and expandability of the corpus cavernosum35,36, 
which are required to insure tissue compliance and accommodation of blood within the cavernosal sinuses during erection, and is 
essential for proper compression of subtunical venules, guaranteeing the pro-erectile veno-occlusive mechanism10. In addition to 
organic etiologies, patients undergoing pelvic surgery often suffer from ED due to nerve injury during the surgical procedure. Amongst 
them, radical prostatectomy surgery is one of the most prevalent causes of erectile dysfunction37.  

Although the research presented in this thesis may benefit multiple etiologies of ED, this work focuses primarily on hypercholester-
olemia-induced ED and post-prostatectomy ED.  

Hypercholesterolemia-induced ED 

Hypercholesterolemia resulting in atherosclerosis of the penile vasculature is one of the leading cause of vasculogenic ED38,39. One 
of the major mechanisms involved has been attributed to oxidative stress within the corpus cavernosum, which triggers a higher 
vasoconstrictor tonus and a reduction of nitric oxide (NO) bioavailability40,41. In the long-term, prolonged oxidative stress within the 
corpus cavernosum leads to hypoxia and inflammatory response42, triggering the release of mitogenic and pro-fibrotic cytokines43 
inducing fibrosis. Therefore, in the long-term, hypercholesterolemia may lead to severe ED by promoting fibrosis and exaggerated 
collagen deposition36,39. 
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Fibrosis 

The fibrosis process is characterized by an increased collagen fiber deposition, following fibroblast activation and differentiation into 
myofibroblast (Figure 1.5). The activation and differentiation of fibroblasts to myofibroblasts, which are major cells responsible for 
the collagen production, represent a key event in the fibrosis establishment and progression43,44. Myofibroblast differentiation is 
known to be initiated by multiple inflammatory factors, especially by transforming growth factor beta (TGF-𝛽1), leading to a pheno-
type modification characterized by the acquirement of a stellate shape, expression of alpha smooth muscle actin (𝛼-SMA), and aug-
mented secretion of collagen type-I fibers45. Activated myofibroblasts are then able to secrete TGF-𝛽1 themselves, amplifying the 
pro-fibrotic process43. TGF-𝛽1 is known to mediate its fibrotic effects by activating the receptor-associated Smads, including Smad2 
and Smad3. TGF-𝛽1 binds to a type I receptor known as activin receptor-like kinase (ALK). The phosphorylation of serine/threonine 
residues in ALK5 subsequently phosphorylates the major downstream signaling molecules Smad2 and Smad3, that form a heter-
omeric complex with Smad4, which then translocate into the nucleus and regulates the transcription of TGF-𝛽1-responsive genes, 
thereby inducing fibrosis-related changes46 (Figure 1.5). In the other hand, Smad7 has been identified as inhibitory of Smad2/3 sig-
naling pathways, while, TGF-𝛽-Smad2/3 signaling pathways are known to mediate smooth muscle cell apoptosis and to inhibit endo-
thelial cell proliferation47. 

 

 

Figure 1:5 Fibrosis process. (figure modified and adapted from Tomasek et al.48 and Tang et al.49) 
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Post-prostatectomy ED 

 

Figure 1:6 Schematic representation of the male pelvic anatomy showing the  
bladder, the prostate, the penis and the nerve plexus.  

(Modified Image from National Cancer Institute (NCI), NIH Medical Arts, 2007) 
 

The prostate is a walnut-sized gland located between the bladder and the penis (Figure 1.6). The urethra runs through the centre of 
the gland, from the bladder to the penis. The prostate secretes fluid that nourishes and protects sperm cells, expelled during ejacu-
lation as semen. Prostate cancer is the most common cancer found in men50, and despite the fact that prostate cancer remains the 
second leading cause of cancer deaths51,52, it is the cancer with highest rate of survival, mostly due to the radical prostatectomy 
surgery, which is a gold-standard treatment. Over 450’000 radical prostatectomies are performed annually in the EU and US37,53,54. 
This surgical procedure leads to ED due to the inevitable damage to the neural pathway triggering penile erection55. The human 
cavernous nerves travel from the pelvic-plexus, a highly interconnected and twisted network with microscopic nerves56, to the penile 
tissue through a complex anastomosis. Moreover, the fine nerve fibres responsible for penile erection are intimately located around 
the prostate56–58 (Figure 1.7), and may consequently become damaged during surgery. A significant anatomic variability in the loca-
tion of the cavernous nerve, as well as each patient’s specific anatomy, disease stage, and cancer location, are factors increasing the 
risk of nerve damage during the surgery. The neural injury is thought to be caused by the mechanical stretching of the nerves that 
may occur during prostate retraction, thermal damage due to electrocautery, ischemia of the nerves as a result of the disruption of 
blood supply while attempting to control surgical bleeding, and local inflammatory effects associated with surgical trauma59–61. Sur-
geons often attempt to perform nerve-sparing surgery, however, even with meticulous dissection, some degree of nerve damage is 
inevitable because of the close proximity of the nerves with the prostate gland62. As a result, up to 70% of patients undergoing 
prostatectomy will develop ED37,63,64. Assisted-robotic surgery emerged as superior method for prostatectomy. Indeed, this method 
delivers several beneficial outcomes,  yet despite the industry claim of improved cavernosal nerve preservation, studies point out 
minor to no improvement of erectile function following this method when compared to open surgery65.  

 

Figure 1:7 Illustration of the neuronal path for erection in the pelvic region. 
Left image (A) shows the lateral view of the course and distribution of the left cavernous nerve fibres. Right image (B) shows the antero-superior 

oblique view of the same anatomical structures. In both images the nerves and pelvic plexus are shown in yellow colour.  
(Figure adapted from Burnett et al 66)  
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Due to peripheral nerve regeneration and regrowth, erectile functions (EF) can be naturally recovered in some patients after prosta-
tectomy67. However, long periods of EF loss, which may last  a few months to years61,  can lead to irreversible vascular ED condition. 
Prolonged absence of penile erection leads to chronic penile hypoxia and consequent fibrogenic cytokine production. This local in-
trapenial environment can result in apoptosis and increased collagen production, altering the cavernosal structures68.  As nocturnal 
autonomous or voluntary erection is important to allow blood flow renewal and appropriate oxygenation of the erectile tissues69,70, 
prolonged inability to achieve an erection makes EF recovery to previous baseline difficult,  and requires the need for faster nerve 
regeneration and penile rehabilitation therapy during this time-lapse61,71.  

Erection rehabilitation (sometimes named penile rehabilitation) emerged recently as an approach to protect erectile structures after 
prostatectomy67. Its concept is defined as the use of any medical intervention or combination, at the time of or after prostatectomy, 
with the goal to increase in penile blood flow and improve the intracorporal oxygenation to avoid or minimize fibrosis until the natural 
erectile function is recovered61. This concept has not been clearly proven to be a viable option as, collectively, clinical trials reported  
minor to no improvement using current tools67,72–76. Nevertheless, the scientific community strongly supports the penile rehabilita-
tion concept, pointing out the need for better tools and strategies to provide efficient penile rehabilitation, neural regeneration, and 
prevent penile structure alteration following pelvic surgery. 

 

1.4 Current	Treatments	of	Erectile	Dysfunction	
Until the mid-1970s, psychological factors were considered to be the main etiology for ED7. Later on, with the development of novel 
diagnostic strategies and research expansion, it has become clear that most cases of ED are organogenic77. Nowadays, it is well 
accepted that the main mechanisms responsible for ED include failure in the neuronal response/transmission, increased tone/con-
tractility of the smooth muscle, and structural abnormalities of the erectile tissues13,78.  

Three lines of treatment with varying degrees of success are currently available (Figure 1.8). The first and preferred treatments are 
oral pharmacological therapies. The most prominent of them being isozyme-selective inhibitors of phosphodiesterase 5 (e.g. sildena-
fil, Viagra®; tadalafil, Cialis® or vardenafil, Levitra®)7 which are efficient for the majority of ED patients. However, they show low 
effectiveness for severe ED, or ED resulting from prostatectomy or others causes associated with failure in the neuronal response63. 
Patients, who cannot receive sildenafil therapy due to the adverse effect or contraindications, as well as non-responsive patients, 
often resort to the second and third-line of treatment.  

1st Therapeutic Line 

In the late 90’s, a pioneering drug class for the treatment of male ED emerged, the phosphodiesterase-5 (PDE5) inhibitors (e.g.: 
sildenafil, Viagra®). These oral drugs showed high effectiveness and safety, and rapidly expanded into the clinic, revealing the size of 
the clinical problem than ED represented, which were masked by social conventions. PDE5 inhibitor administration was proven to be 
effective in up to 70% of the patients with ischemic heart disease and 52% in men with diabetes5. At the same time, more than 50% 
of ED patients taking PDE-5 inhibitors reported some level of treatment dissatisfaction29. They required, at least, an hour to exert 
effects after administration, and may have produced significant side effects including abnormal vision, flushing, headache, and diar-
rhea79. Such drugs potentiated the actions of NO5 by inhibiting the enzyme phosphodiesterase type 5. PDE-5 is responsible for break-
ing down the intracellular second messenger cGMP generated by NO stimulus, which in turn regulates protein-dependent kinases 
responsible for smooth muscle cell relaxation5. Due to the dependency of PDE-5 inhibitors for the initial NO release by the cavernosal 
nerve terminals, patients with neurogenic ED were poorly-responsive to this therapy6,13. At the same time sildenafil and its analogs 
provided few benefits for men suffering from severe impotence, associated with strong deterioration of endothelial/smooth muscles 
function and/or pronounced structural abnormalities within the tissue80,81. 

In addition to oral therapies, several topical therapies have been explored as a potential treatment of ED, as this delivery system is a 
simple, safe, reversible, and relatively non-invasive alternative to the 2nd and 3rd lines of treatment, and would be considered for 
patients who are nonresponsive to oral PDE5 inhibitors or who have contraindications to their use. The most promising candidate 
for this type of administration have been prostaglandin E1 (alprostadil) combined with percutaneous absorption enhancer or perme-
ation enhancer respectively (Topiglan®, MacroChem or Alprox-TD®, NexMed). When studied in cats and humans, topical alprostadil 
has been shown to induce a sustainable erection, presenting only minimal adverse systemic effects, such as transient penile oedema, 
genital pain, penile burning, and erythema82,83. The formulation, however, does not seem to be an effective treatment option as a 
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single agent, but rather may be of benefit when used in combination with other medications such as PDE5 inhibitors. Further clinical 
trials are needed to determine its importance in ED treatment and its approval worldwide14. 

2nd and 3rd Therapeutic Lines 

The alternative therapies for patient’s non-responsive to oral or topical treatments are unfortunately more invasive and less com-
fortable. The second most common therapeutic line is intrapenial injection of vasodilators, which produce direct smooth muscle 
relaxation and consequent erection, independently of the neural pathway63,84. Alprostadil (Prostaglandin E1, PGE1) is the most com-
mon vasodilator used for penile injection85,86. This drug binds to a specific receptor on smooth muscle cells and activates intracellular 
adenylate cyclase to produce cAMP, which in turn induces smooth muscle relaxation. When administrated directly into the erectile 
tissues, it is effective in over 80% of patients85. However, despite the high efficacy of this second-line treatment, its usage is often 
associated with high discontinuation rate caused by the necessity of the drug injection directly into the penis6. Local administration 
of the vasodilators into corpus cavernosum leads to adverse effects such as penile pain, prolonged erection (priapism), infection, 
subcutaneous haemorrhage, emergence of fibrotic nodules, scarring and penile fibrosis, which contributes to further deterioration 
of the erectile function6,7,84,87,88. In addition, this therapy is contraindicated in men with psychologic instability, history of priapism, 
history of unstable cardiac disease, coagulopathy, and use of monoamine oxidase inhibitors14. 

 

Figure 1:8 Therapeutic lines for ED. A) Oral treatment: PDE5 inhibitors. B) Intracavernosal injection. C) Intraurethral suppositories. D) Vacuum erection 
device. E) Inflatable Penile implant. (Obtained and modified from https://orchid-cancer.org.uk,  https://www.zavamed.com and https://www.univer-
sityurology.com) 

 

An alternative to intracavernosal injection is the use of intraurethral suppositories of alprostadil. Introduced in 1994 and currently  
known as MUSE® (Medicated Urethral System for Erection, Vivus), this system relies on absorption of the medication through the 
mucosa into the corpus spongiosum and then further diffusion into the corpus cavernosum14. Although the transurethral application 
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seems to be preferable to intracavernosal injection therapy, it provides limited efficacy, with about 50% erection response rate, and 
with limited successful responses resulting in sexual intercourse. Moreover, the treatment has frequent side effects such as pain, 
burning sensation or urethral bleeding14. Because of its inferiority with regard to PDE5 inhibitors and intracavernosal injection ther-
apy, it is mostly offered as combination therapy in patients who are poor responders to single-agent therapy. 

Patients who are non-responsive to pharmacological treatments may resort on the third line of therapies which consist of medical 
devices such as the vacuum erection devices (VED). VED promotes erection through creating a negative pressure (vacuum) around 
the penis, facilitating penile engorgement and subsequent erection. A constriction band is then placed at the base of the penis to 
prevent blood drainage and maintain the erection. The use of VED is safe and only minor adverse effects are reported, including 
hematomas or pain, while penis numbness or anejaculation is often reported due to the obstruction of the venous outflow and 
compression of the penis base by the constriction band89. Although the satisfaction rate of VED is high, patients often report erections 
that are not firm enough for sexual intercourse. This therapy is usually used in combination with oral treatments and/or as an erection 
rehabilitation tool in the attempt to increase the penile bloodflow and maintain a proper tissue oxygenation to avoid irreversible 
tissue remodelling following post-surgery ED90. As a last option, patients with severe erectile dysfunction currently resort to penile 
prosthesis91. This consists of a pair of malleable or inflatable rods surgically implanted within the erection chambers of the penis92. 
There are different types of penile prosthesis (rigid, semi-rigid or inflatable), all of them requiring an irreversible and destructive 
surgery with the risk of intra- and post-operative complications, such as infections93, hematoma94, penile shortening7, device erosion 
and mechanical failure7, frequently requiring surgical revision95. Nevertheless, implantation of penile prosthesis is a common proce-
dure, as about 25’000 prostheses are implanted every year in the United-States and Europe, due to the lack of better alternatives96,97.  

 

1.5 Limitations	of	Current	Treatments	and	Unmet	Needs	
Despite all the recent advances in understanding the molecular mechanisms and pathophysiology of ED and the discovery of PDE5 
inhibitors, which allow the treatment of millions of patients, there is an important demographic of the population that is non respon-
sive to the first line of oral treatment and therefore resort to problematic, uncomfortable, non-optimal and invasive 2nd and 3rd lines 
of treatment, especially patients with severe or neurogenic ED. Taking into account the limited number of strategies currently existing 
for the treatment of ED and their drawbacks, there is a clear unmet need for alternative therapies. In addition, current treatments 
are inducing assisted erection rather than handling the root cause of the disease. Due to the fact that both vascular and neural 
components are required to induce and maintain a satisfactory erectile response, as well as the multifactorial origins of ED, new 
therapies able to combine multidisciplinary approaches would increase the chances of treatment success, while focusing on providing 
more comfortable solutions for patients with neurogenic ED and aiming on alleviating the initial cause of ED. 

 

1.6 Clinical	and	Pre-clinical	Research	in	the	Treatment	of	ED		
Recently, restoring NO bioavailability by rejuvenating or regenerating cavernous endothelial cells, cavernous nerves, or inhibiting 
tissue fibrosis secondary to tissue hypoxia from neurovascular dysfunction, was found to be a promising therapeutic strategy for ED, 
especially in men with severe ED that are unresponsive to PDE5 inhibitors47. This section reviews the current state of research on ED 
treatment. Novel technologies and drug research are focusing mainly on the modulation of the central and peripheral control of 
erection, such as hormonal treatments or neuromodulation of the erectile function; the research on new potential vasoactive and/or 
anti-fibrotic compounds; or the neuro-regeneration of injured cavernous nerves. 

1.6.1 Modulation	of	the	central	and	peripheral	control	of	erection	
As PDE5 inhibitors are not suitable for all ED patients due to contraindications, side effects or limited responsiveness, researchers 
around the world have investigated different potential therapeutic targets of either the central or peripheral pathways controlling 
erection. In an attempt to induce or facilitate erection, multiple agonists of the central pro-erectile regulation of erection have been 
investigated. Among them, melatonin II and bremelanotide (PT-141), two melanocortin receptor agonist and ABT-670, a selective 
dopamine receptor agonist, have all shown successful induction of penile erection in animals or humans98,99. In addition, Clavulanic 
acid (zoraxel) improved erectile function in rats and humans through the upregulation of serotonin and dopamine100. Apomorphine, 
a central dopamine receptor agonist, produced a significantly durable erection when orally administered101 and Trazadone, an atyp-
ical antidepresive agent that selectively inhibits central 5-HT uptake and increases the brain dopamine turnover, successfully induced 
penile erection in rats102. Phentolamine mesylate, a selective adrenergic receptor antagonist that inhibits corporal smooth muscle 
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contraction, facilitates penile erection in humans103. When administered orally, no severe side effects were shown, and it was con-
cluded that phentolamine is a safe, well-tolerated, and efficacious treatment for mild to moderate ED. However, further comparative 
clinical trials are needed to determine its ability to be a competitive treatment alternative14. Similarly, peripherally acting agents, 
including guanylate cyclase activators (BAY60-4552), Rho-kinase inhibitors (SAR407899) or calcium-sensitive Maxi-K ion channel com-
plementary DNA injection (hSlo cDNA), which all induce smooth muscle cell relaxation, have been shown to improve erectile func-
tion47. However, further development of these centrally and peripherally acting compounds have been interrupted due to failure in 
showing superiority to PDE5 inhibitors or to reproduce a beneficial effect in humans as observed in animal studies, and the sole 
recommended oral treatment for ED remains PDE5 inhibitors31,47. 

In addition to pharmacological compounds acting on the central and peripheral regulation of erection, scientific reports have shown 
that electrostimulation (ES) of the cavernous nerves can induce and maintain penile erection in animals and humans104–108. Since 
then, neurostimulation to activate the erectile response has been considered as a marvellous solution for ED, particularly for post-
prostatectomy ED. However, despite the recognized potential, this technology has not been further developed. The main obstacle 
for this is the complex anatomy of human cavernous nerve. Locating the optimal site for stimulation has proven to be rather difficult, 
since the human cavernous nerve travels from the pelvic-plexus to the penis through a complex anastomosis and is not macroscopi-
cally visible, as already stated previously. Therefore, the identification of the cavernosal nerve segments for selective stimulation is 
fundamentally difficult. An intraoperative tool, called CaverMapTM, which applies electrical stimulation to the pelvic nerves while 
monitoring changes in penile tumescence, was designed to map and identify the cavernous nerves during prostatectomy, allowing 
surgeons to perform optimal nerve sparing decisions109,110. Despite initial reports documenting a better rate of erectile function re-
covery after prostatectomy110, CaverMapTM was never integrated by surgeons due to the extensive time added to the surgical proce-
dure and the fact that, even with the nerve path identification, some degree of damage or neuropraxia is inevitable111,112. Neverthe-
less, the technique confirmed that ES of the cavernosal nerve within the pelvic plexus to evoke penile response is feasible. Therefore, 
in the frame of this thesis, we have investigated whether intra-operative ES of the CN in patients undergoing radical prostatectomy 
may induce a penile erection, providing a new strategy to avoid the requirement of precise CN identification. This research is pre-
sented and discussed intensively in the chapter 3.   

1.6.2 Vasoactive	and	Anti-fibrotic	compounds	
Erection formation requires sufficient relaxation of the cavernosal vessels and large increase of the blood flow into the organ13, which 
indicates that the cardiovascular system plays an important role in the maintenance of male sexual function. Indeed, occurrence of 
ED might indicate asymptomatic oncoming cardiovascular disorders113. A clear link between ED and cardiovascular disease has been 
uncovered, and both diseases were shown to share the same risk factors, including hypercholesterolemia, hypertension, diabetes 
mellitus, and smoking, with endothelial cell dysfunction being the common denominator between these two conditions114. The vas-
cular and cavernous endothelium have a crucial role in regulating the tone of the underlying smooth muscle and physiologic penile 
erection115. Therefore, in the investigation of new ED treatment, it is reasonable to pay attention to the molecular pathways involved 
in the cardiovascular homeostasis and vascular structure. In addition, fibrosis from increased collagen synthesis is also an important 
cause of ED. An increased fibrosis of the penile structure has been associated to vaso-occlusive mechanism failure and subsequent 
ED38.  

Preclinical studies of angiogenic growth factor therapy, such as vascular endothelial growth factor (VEGF) and angiopoietins, have 
been extensively studied. Local intracavernous delivery of VEGF gene or protein has been shown to restore erectile function in rat 
models116,117 . However, it was reported that VEGF administration by itself cannot promote the formation of mature and functional 
vessel in adult animals118, which greatly limits the therapeutic utility of VEGF. Nonetheless, it was recently shown that the delivery of 
both angiopoietin-1 and VEGF into the corpus cavernosum produces an additive effect on erectile function compared with that of 
either therapy alone, promoting endothelial cell proliferation, eNOS phosphorylation, increasing cGMP expression and decreasing 
the production of ROS119. Similarly, adenovirus-mediated combined gene therapy of adrenomedullin, a vasoactive peptide that has 
vasorelaxant and proangiogenic activities, and angiopoietin-1 into the corpus cavernosum of diabetic mice produced an additive 
effect on erectile function by increasing the expression of vascular endothelial-cadherin and smooth muscle α-actin120. Although 
promising results have been achieved in animal models, difficulty in large-scale production of the recombinant protein and current 
restrictions on viral-mediated gene therapy limit the clinical application of such treatments47.  

As explained in section 1.3, TGF-𝛽1 is considered the main pro-fibrotic cytokine responsible for activating the cellular pathway induc-
ing the production and accumulation of collagen fibers. An increase in cavernous TGF-𝛽1 expression and collagen synthesis has been 
reported in patients with ED121. Therefore, inhibition of TGF-𝛽1 signaling pathway might be a potential strategy for the development 
of ED treatments. Smad7, an inhibitory Smad protein that blocks TGF-𝛽1 signaling through a negative feedback loop, has emerged 
recently as a potential target. Indeed, Smad7 protein binds to TGF-𝛽 type I receptor, which prevent the phosphorylation of the Smad2 
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and Smad3 proteins, inhibiting further down-stream signaling122 (Figure 1.5). It was recently reported that injection of an adenovirus 
encoding the Smad7 gene into the corpus cavernosum of a mouse model of cavernous nerve injury significantly decreased the pro-
duction of fibronectin, collagen I, and collagen IV, decreased endothelial cell apoptosis and induced eNOS phosphorylation, enhancing 
the erectile function123. Alternatively, injection of PT144 peptide, a TGF-𝛽1  antagonist known to have an anti-fibrotic effect in animal 
models of fibrotic diseases, was reported to decrease cavernous fibrosis and restored erectile function in rats124. These pre-clinical 
results represent a promising strategy to treat one of the major causes of ED, however, the safety and effectiveness of such treatment 
remains to be demonstrated in humans. 

Apelin system is an important regulator of the cardiovascular function present in the heart and vasculature, modulating cardiovas-
cular homeostasis by activating the G-protein-coupled receptor APJ125–127. Isoforms of Apelin peptide are potent inotrope effectors, 
peripheral vasodilators and regulators of vascular NO bioavailability and have therefor emerged as promising targets for the devel-
opment of ED treatment128. Apelin precursor is secreted as a 77 amino acid, which is later cleaved to form several active peptides, 
denoted by their length as apelin-13, -16, -17, -19 and -36129–131. Among the apelin family, apelin-13 and apelin-17 exhibit stronger 
physiologic responses129. The role of Apelin–APJ system in cardiovascular physiology has not been fully elucidated. However, intra-
venous apelin administration in anesthetized rats evoked a dose-dependent transient drop in systolic and diastolic blood pressure 
without altering heart rate132,133. Such an effect was abrogated by pre-treatment with a nitric oxide synthase inhibitor133. In addition, 
apelin produced venous and arterial dilatation in conscious rodents. These initial experiments suggest that apelin is a peripheral 
vasodilator whose effects may be mediated by a NO dependent mechanism. Furthermore, Apelin appears to also regulate extracel-
lular matrix content and vascular remodelling. For instance, Apelin was shown to inhibit TGF-𝛽-mediated fibrotic response in cardiac 
fibroblasts and prevented their phenotypic switching to hyper-secretory myofibroblasts134,135. A significant restoration of erectile 
function was noted 24 hours after injection of apelin protein into the penis of hypercholesterolemic mice. However, erectile function 
returned to baseline values thereafter136. Although numerous observations indicate beneficial effects of apelin-APJ axis on the cardi-
ovascular system, no clear investigation was carried out to determine its chronic role on erectile function and penile structure. Further 
investigation of Apelin-13 as a potential treatment for ED and its anti-fibrotic effect were therefor studied in a mouse model of 
hypercholesterolemia-induced vascular ED in the framework of this thesis, and are presented and discussed in more detail in the 
Chapter 2. 

Vasoactive and/or anti-fibrotic compounds have shown promising results as potential treatments against ED and may potentially 
overcome the limitations of oral PDE5 inhibitors for some patients, however, no compound has yet made it through clinical evaluation 
and drug regulations into the clinic. 

1.6.3 Neuro-Regenerative	Strategies	
Nerve injury results in a complex set of interactions between different cell types, the extracellular matrix, and a large array of inter-
cellular signaling molecules137. After the peripheral nerve is damaged, the axon stumps retract and the distal stump undergoes Wal-
lerian degeneration138 (Figure 1.9). Following injury, the proximal segment swells and degenerates to the first node of Ranvier and 
multiple axonal sprouts arise. These axonal sprouts form a growth cone, which is guided by both physical and molecular cues139. The 
Schwann cells act as a guide through which regenerating axons grow towards their target end organ. They are important not only as 
a physical guide to growth, but also as a source of neurotrophic factors140. Neurotrophic factors include cytokines and constitutive 
growth factors (nerve growth factor (NGF), brain-derived neurotrophic factor (BDNF), neurotrophin-3 and -4/5, ciliary neurotrophic 
factor, glial-derived neurotrophic factor, and acid and basic fibroblast growth factor) that interact during nerve regeneration. The 
neurotrophic factor’s role is wide, and includes promoting cell survival, dendrite and axonal growth, and enhancement of axonal 
sprouting141.  



Introduction 

 26 

 
 

Figure 1:9 Nerge injury and regeneration process. A) Nerve injury. B) Wallerian degeneration of axon. C) New axonal sprouts and growth cone. D) 
Axonal sprout eventually reaches target organ and successfully regenerate. E) Failed regeneratin due to axonal sprout unable to reach target organ. 
(Modified from Arslantunali et al.142) 

 

Neuroregenerative and neuroprotective strategies offer the potential to restore a normal erectile function by restoring NO released 
from the cavernous nerve within erectile tissue, causing relaxation of the smooth muscles and subsequent penile erection. Several 
treatment modalities are currently under investigation in animal models, including immunophilin ligands, neurotrophins, sonic 
hedgehog (SHH), monoclonal antibody to nerve injury-induced protein 1 (Ninjurin-1), neurotrophic tyrosine kinase receptor type 1 
(TrkA), and neuregulins growth factors47. Neurotrophins are a family of proteins that induce the survival, development, and function 
of neurons. Brain-derived nerve growth factor (BDNF), glial cell line-derived neurotrophic factor (GDNF), neurotrophin-3 (NT-3), and 
growth differentiation factor-5 (GDF-5) all demonstrated the ability to restore erectile function in animal models of ED143. After CNI, 
BDNF was shown to facilitate recovery of nNOS-containing nerve fibers and myelination of Schwann cells and thereby preserved 
erectile function144. Likewise, immunophilin ligands have been shown to promote recovery of erectile function in animals145, how-
ever, it failed to induce a similar recovery in men undergoing nerve-sparing radical prostatectomy143. Neuregulins are a family of 
growth factors that play a crucial role in axoglial signaling during the development of the peripheral nervous system146. Recently, 
intracavernous administration of glial growth factor-2 (GGF-2) protein protected axonal integrity and preserved erectile function in 
a rat model of CNI147. Ninjurin-1, on the contrary, is known to influence neuro-inflammatory processes and have a negative impact 

A) 

B) 

C)

D)

E)
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on peripheral nerve regeneration148. Recently, it was found that local inhibition of Ninjurin-1 by monoclonal Ninj1 antibody (Ninj1-
mAb) significantly increased penile neuronal NOS (nNOS) and neurofilament contents, induced cavernous endothelial proliferation, 
phosphorylation of Akt and eNOS, and decreased endothelial cell apoptosis in mice. These findings suggest that dual neurotrophic 
and angiogenic effects of Ninjurin-1 blockage may provide a good opportunity for treating neurogenic ED47. Finally, erythropoietin 
(EPO) has also been investigated recently in the treatment of ED following nerve injury. EPO plays an important neuroprotective role 
by attenuating hypoxic damages, exert anti-apoptotic effects and activate BDNF, which is known to play a protective role in neuro-
genic ED149. 

Another promising regenerative strategy is the use of gene transfer therapy. It consists of transferring a gene to the target cells 
usually using a viral vector. A potential clinical advantage of gene therapy for the treatment of neurogenic ED is the opportunity to 
develop a patient-specific treatment143. Many different gene targets, focusing mainly on nerve regeneration, have been studied in 
animal models, however, due to the difficulties in developing a safe vector, none of these strategies have reached clinical trial in 
humans yet. While this topic will not be discussed further here, nonetheless, two recent review studies may provide additional infor-
mation on the use of gene therapy for the treatment of ED150,151. 

Stem cell therapy (SCT) has emerged recently as a treatment option that has the potential to reverse the structural and neuronal 
causes of ED152.  SCT is based on the ability of cells to differentiate into endothelial, neural or smooth muscle cells, thereby restoring 
normal tissue molecular signaling and architecture. In addition to their multipotent ability, SC are also known to secrete a wide range 
of paracrine factors such as anti-inflammatory and anti-fibrotic factors and to have an immunoregulatory effect on the immune 
system153. Multiple types of SC have been used in animal models of ED. Adipose tissue-derived stem cells (ADSC), bone marrow-
derived SC, and mesenchymal SC have all been investigated in animal models of ED152. The functional outcomes in the pre-clinical 
studies consistently demonstrated an improvement in erectile function152. The beneficial structural changes observed in the penile 
tissue following SCT treatment include an increase in endothelial and smooth muscle cell markers, an increase in neural cell markers, 
a decrease in collagen content, and a decrease in CN cell apoptosis. Importantly, pre-clinical studies have established that treatment 
with intracavernosal SCT is safe in animal models, while recent advances in SCT research have allowed clinical trials in men following 
RP, leading to promising preliminary results154,155. However, phase II clinical trials with longer follow-up periods and with more pa-
tients are needed to further evaluate this exciting application. Combination therapy including SCT, gene therapy, growth factors or 
central regulation can possibly become a standard ED treatment in the future. 

It has been demonstrated recently that low frequency electro-stimulation (LIES), similar to physiological neural mean firing frequency 
(20Hz), accelerate and enhance peripheral nerve regeneration156–159. The underlying mechanisms are still not fully elucidated, but 
may involve the recruitment and guiding of Schwann cell migration160, the induction of neurotrophic factors expression and secre-
tion161, the facilitation of axon residue elimination from the Wallerian degeneration and speed up of the axonal growth158, and/or 
provide a direct electrical guidance to the new growing axonal sprouts facilitating and fastening the regeneration of the neural func-
tion162. Additional to the action of evoking and maintaining penile erection for sexual intercourse and benefits on penile rehabilitation 
as discussed previously on section 1.6.1, LIES may then assist the cavernous nerve regeneration following nerve injury. This concept 
has been demonstrated to improve peripheral nerve regeneration in different anatomical areas157–159,162–166, however, it has never 
been investigated for the cavernous nerve. Therefore, in the framework of this thesis, the effects of LIES on erectile function and 
tissue structure have been investigated in a rat model of nerve injury ED. The details and results of this research are presented and 
discussed in more detail in the chapter 4. 

 

1.7 Animal	Models	of	Erectile	Dysfunction	
Due to the difficulty in obtaining human penile samples and the multicausal origin of ED, as well as for the initial investigations of 
novel treatment safety and effectiveness, a number of animal models of ED have been developed. Other than larger animals such as 
cats, dogs and monkeys, rodent models have become the predominant choice and have been extensively used for obvious economic 
and practical reasons167. Likewise, mice rapid reproduction and life cycle also allowed the development of genetically modified mod-
els allowing to implement human-like diseases. In this thesis, two rodent models of ED have been used; a mice model of hypercho-
lesterolemia-induced vascular ED and a bilateral cavernous nerve injury (BCNI) rat model. 
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1.7.1 Vasculogenic	ED	Model	
Hypercholesterolemia is largely known to induce ED168. This condition impairs penile erection mainly due to increased oxidative stress 
within the corpus cavernosum115. Moreover, in the long-term, it may induce remodelling of the corpus cavernosum, impairing the 
mechanical properties of the penis36,169. In chapter 2 of this thesis, a well-established model of hypercholesterolemia inducing ED 
was used170: the Apolipoprotein E gene deleted (ApoE-/-) mouse model of atherosclerosis. Experimental studies of hyperglycemia-
induced vascular lesions in rodents began in the mid-50’s with the feeding of cholesterol and cholate-rich diets in rats171. In 1992, 
Andrew et al.172 and Zang et al.173 independently described an Apolipoprotein E deficient mouse (ApoE-/-), which developed ather-
omatous plaques even when fed standard chow diets. Though atherosclerosis still develops when ApoE-/- mice are fed standard foods, 
its development is accelerated with a Western-type diet. This model has been extensively used for basic research of atherosclerosis 
and hyper-cholesterolemia-induced ED. Indeed, this mouse model presents erection deficiency, which has been linked to an in-
creased oxidative stress, reduction of NO release and exaggerated collagen deposition within the corpus cavernosum and penile 
arteries170,174.  Therefore, this model exhibits a phenotype closely related to the human ED associated with hypercholesterole-
mia168,175. 

1.7.2 Neurogenic	ED	Model	
To investigate the effects of LIES on the CN regeneration and penile structure, presented in chapter 4 of this thesis, a well-established 
rat model of nerve-sparing prostatectomy inducing neurogenic ED was used. First developed by Quinlan et al.176, this model was then 
optimized by Martinez et al.177 and Mills et al.178 by introducing the measurement of the intracevernosal pressure (ICP) and the 
normalization of the ICP measurement by the mean arterial pressure in order to generate reproducible data, while taking into account 
animal inter-variability and effects of blood pressure on the EF. Different techniques causing nerve injury  have been investigated 
previously, such as nerve transection, freezing, crush with a bulldog clamp or a fine hemostat, with all leading to a reproducible and 
consistent damage resulting in ED179,180. However, bilateral CN crush injury is considered to best represent nerve-sparing RP, along 
with inducing neuropraxia and ED, while not being as severe as the nerve transection which better represents a non-nerve-sparing 
surgery180. BCNI has been shown to induce neuropraxia, causing CC hypoxia and inflammation, as well as leading to erectile tissue 
modifications such as fibrosis and loss of smooth muscle cells in rats181–184. CN injury was also seen to induce apoptosis of nNOS 
positive ganglion in rat MPG185. In accordance, similar histological changes were observed in human penis after RP182, endorsing the 
reliability of the animal model selected here. 

1.8 Aim	of	the	Thesis	
As seen in this introduction, ED is a multicausal disease with many different etiologies and associated risk factors. Three main lines 
of treatment are currently available; however, a significant part of the patient population poorly responds to, or has no response to 
the first line oral therapies. Resorting on the second and third therapeutic lines is correlated with problematic side effects and is 
often associated with treatment discontinuation. In addition, none of the therapeutic lines currently treat the root cause of the 
disease and those that provide an assisted erection will most likely be needed by the patient for their entire lifetime. As the extensive 
amount of ongoing research in the field points out, there is a clear need for better therapies, especially those that can tackle the root 
causes of the disease and can provide better solutions for patients not responding to PDE5 inhibitors. 

The goal of this thesis is to provide a multidisciplinary approach to manage the problem that ED represents for patients who are non-
responsive to PDE5 inhibitors and to investigate or develop novel solutions. ED incidence is closely correlated to aging, yet since little 
can be done about the increasingly aging population worldwide, this thesis focuses primarily on hypercholesterolemia induced ED 
and neurogenic ED as a result of pelvic surgery. Nevertheless, the research presented in this thesis could potentially be applied to 
the multiple causes of ED including ageing, and provide a better understanding of ED and ways to prevent or mitigate its causes. This 
research also aims to add to the development of more effective and comfortable treatment options which would not only improve 
quality of life of patients, but would also reduce the burden and cost it places on medical and public health systems14. 

 

1.9 Summary	of	Chapters	
As pointed out by this introduction, there is a clear need for the development of novel strategies and treatment against ED. Particu-
larly, there is a need for multidisciplinary approaches able to tackle the multiple etiology and multicausal property of this disease. 
The first chapter of this thesis presents a general introduction of the field and current state of the research, while the following 
chapters present the research on different novel strategies investigated in this thesis. The second, third and fourth chapters of this 
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dissertation, summarized below, have been written as manuscripts that have been published in peer-reviewed scientific journals, 
have been submitted, or are in preparation for publication. 

 

Chapter2: Apelin-13 Protects Corpus Cavernosum against Fibrosis induced by High-Fat Diet in an MMP-dependent mechanism 

An increased fibrosis of the corpora cavernosa is a prevalent process that underlies most cases of erectile dysfunction ED. Apelin, an 
endogenous circulating peptide, has been documented as an important effector on cardiovascular homeostasis, controlling vascular 
function and reducing fibrosis in multiple pathological conditions. Recently, initial studies have shown that Apelin, acting through the 
APJ receptor, also modulates penile erection, however, the role of this system on penile structure and intracorporal collagen remod-
elling has not yet been investigated. In this work, we are investigating the effect of chronic Apelin treatment on the corpus caverno-
sum structure of hypercholesterolemic mice, using Apolipoprotein gene-deleted (ApoE-/-) mice fed with a Western diet that received 
intraperitoneal injection of Apelin-13 or vehicle during the last 3 weeks to evaluate the potential protective effects against fibrosis of 
this peptide. Furthermore, the molecular effects of Apelin-13 were evaluated in cultured NIH3T3 mouse fibroblasts stimulated with 
TGF-β. 

Interestingly, three weeks of Apelin-13 treatment strongly reduced intracavernosal collagen content. Additionally, in cultured fibro-
blast, Apelin-13 inhibited TGF-β-induced fibroblast to myofibroblast differentiation and collagen production, possibly through the 
activation of ERK1/2 kinase. These results suggest an essential protective role of Apelin, indicating Apelin/APJ system as a promising 
candidate for the development of fibrosis-associated ED treatments. 

 

Chapter3: Novel Concept Enabling an Old Idea: A Flexible Electrode Array to Treat Neurogenic Erectile Dysfunction 

Many studies have shown that electrostimulation of the cavernosal nerve can induce and maintain penile erection. Based on these 
discoveries, neurostimulation to activate the erectile response has been considered a potential solution to treat erectile dysfunction 
(ED). However, despite recognized potential, this technology has not been further developed. The barrier with this being the complex 
anatomy of the human cavernous nerve, which challenges the intraoperative identification of the cavernosal nerves for placement 
of the electrodes. In this work, to overcome this major barrier, we have developed a practical solution: a 2-dimensional flexible 
electrode array which can cover the entire plexus area, ensuring that at least one of the electrodes will be in optimal contact with 
the cavernosal nerve, without the need of intraoperative identification. A significant time of the PhD studies from which the results 
are presented here has been spent in the development, prototyping, manufacturing and validation of the biocompatible multi-elec-
trode arrays (Figure 1.10) that have consecutively been used to evaluate this concept intraoperatively. The electrode arrays devel-
oped have been positioned on the pelvic nerve plexus of twenty-four patients enrolled for open radical prostatectomy and electrical 
stimulation was applied to induce penile erection. 

 

 

 

 

 

 

 

 

 

 
Figure 1:10 Schematic and representative images of the flexible multi-electrodes array developped. 

Schematic design of the electrodes array for bilateral stimulation (Top left), injection of the silicone during the manufacturing 
process (Top right), representative image of the 2x12 electrodes array (Bottom left) and picture of the electrodes array cleaned 
and packed before sterilization by EtO (Bottom right). 
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Electrical stimulation produced immediate penile response in all patients with different levels of penile engorgement. These data 
bring the first proof of concept that the flexible electrode array concept can ensure the electro-stimulation of erectogenic neuronal 
path in men without the need of extensive nerve localization, and bring hope for the development of a novel biomedical implant for 
the treatment of ED caused by mechanical nerve injury such as prostatectomy. 

 

Chapter 4: Low-intensity electrostimulation enhances neuroregeneration and improves erectile function in a rat model of cavern-
ous nerve injury 

In this last work, following the study on ES to induce on-demand penile erection in men, we have evaluated whether LIES can improve 
erectile function and prevent penile tissue remodelling induced by CN injury in a rat model of nerve-sparing prostatectomy, and 
explored the potential underlying molecular mechanisms. Bilateral cavernous nerve injury (BCNI) was induced by crushing the CN on 
treated and control animals, while nerve bundles of sham animals were exposed but kept intact. A bipolar electrode was then im-
planted on each CN bundle. LIES was applied daily for 1 hour over 7 days on the treated group. After that, EF was assessed by meas-
uring the continuous intra-cavernosal pressure in response to electrical stimulation. Penises and cavernous nerves were collected for 
biochemical and histological analysis. 

LIES treatments significantly enhanced EF recovery after 7 days compared to the control group, while treated rats showed a reduction 
in intra-cavernosal oxidative stress, a reduction of inflammation markers and pro-inflammatory cytokines, and a preservation of 
nitrergic CN fibres and myelination, leading to the protection of intra-cavernosal smooth muscle cell content and reduction of fibrosis 
compared to the control. This indicates a protective effect of LIES in the preservation of corporal cavernosa and CN function and 
structure. 

This study shows the first evidence of the beneficial effects of LIES on EF recovery, corporal remodelling and CN structure protection 
following nerve injury, indicating LIES as potential new tool for penile rehabilitation and ED management following radical prostatec-
tomy, minimizing the side effects of this important surgery. 
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2.1 Abstract	
Background: An increased fibrosis of the corpora cavernosa is a prevalent process that underlies most cases of erectile dysfunction 
(ED). Apelin, an endogenous circulating peptide, has been documented as an important effector on cardiovascular homeostasis, 
controlling vascular function and reducing fibrosis in multiple pathological conditions. Recently, initial studies have shown that Apelin, 
acting through the APJ receptor, also modulates penile erection, however, the role of this system on penile structure and intracor-
poral collagen remodeling has not been investigated yet.  

Aims: Here we sought to investigate the effect of chronic Apelin treatment on the corpus cavernosum structure of hypercholester-
olemic mice. 

Methods: Apolipoprotein gene-deleted (ApoE-/-) mice were fed with a Western diet for 11 weeks and received Apelin-13 
(2mg/kg/day) or vehicle during the last 3 weeks. Penile samples were obtained for histological and biochemical analyses to assess 
the intracorporal collagen content and key proteins expression. Furthermore, the effect of Apelin-13 was evaluated in cultured 
NIH3T3 mouse fibroblasts stimulated with TGF-β. 

Outcome: Local expression of Apelin-13 in mouse corpus cavernosum and its protective effect against fibrosis. 

Results: Apelin and APJ receptor were expressed (gene and protein) within the corpus cavernosum of ApoE-/- mice, indicating a local 
modulation of the Apelin system. Interestingly, three weeks of Apelin-13 treatment strongly reduced intracavernosal collagen con-
tent. In addition, Apelin-13 enhanced total matrix metalloproteinase (MMP) activity in the mice penis, which was associated with an 
increased protein expression of MMP-1, MMP-3, MMP-8 and MMP-9, while tissue inhibitor of metalloproteinase (TIMP) were unal-
tered. These beneficial actions were not associated with changes in nNOS or eNOS protein expression, intracavernosal ROS content, 
or atherosclerotic plaque deposition. Additionally, in cultured fibroblast, Apelin-13 inhibited TGF-β-induced fibroblast to myofibro-
blast differentiation and collagen production, possibly through the activation of ERK1/2 kinase. 

Clinical Translation: These results point out Apelin/APJ system as a potential target to treat intracavernosal fibrosis-related disorders. 

Strength & Limitations: These results provide the first evidence of the Apelin system’s positive role on erectile tissue structure/re-
modeling. Nevertheless, additional functional study addressing erectile response would bring extended validation regarding the rel-
evance of such effect. 

Conclusion: These results suggest a local modulation of the Apelin system within the corpus cavernosum. Remarkably, Apelin-13 
reduced intracavernosal fibrosis in hypercholesterolemic mice by: 1) enhancing MMPs expression and activity; and 2) inhibiting fi-
broblast differentiation into myofibroblast. Altogether, these results suggest an essential protective role of Apelin, indicating Ape-
lin/APJ system as a promising candidate for the development of fibrosis-associated ED treatments. 

Key Words: Erectile dysfunction; hypercholesterolemia; Apelin; APJ receptor; fibrosis; matrix metalloproteinase. 

 

2.2 Introduction	
An increased fibrosis of the corpora cavernosa and the media of penile arteries is a highly prevalent process that underlies most cases 
of erectile dysfunction (ED)1,2 and hypercholesterolemia is one of the most frequent cause of vasculogenic ED. One of the major 
mechanisms involved has been attributed to oxidative stress within the corpus cavernosum, which triggers a higher vasoconstrictor 
tonus and a reduction of nitric oxide (NO) bioavailability3,4. At long-term, prolonged oxidative stress within the corpus cavernosum 
leads to hypoxia and inflammatory response5, triggering the release of mitogenic and pro-fibrotic cytokines6 inducing fibrosis. The 
excess of collagen deposition of stiff fibers and decrease of elastic fibers content impairs the function of the penile erectile struc-
tures7,8. Indeed, elastic properties and expandability of the corpus cavernosum are required to insure tissue compliance and accom-
modation of blood within the cavernosal sinuses during erection and is essential for proper compression of subtunical venules, guar-
anteeing the pro-erectile veno-occlusive mechanism9. Therefore, at long-term, hypercholesterolemia may lead to severe ED by pro-
moting fibrosis and exaggerated collagen deposition2,8. 

The fibrosis process is characterized by fibroblast activation and differentiation into myofibroblast. The activation and differentiation 
of fibroblasts to myofibroblasts, major cells responsible for the collagen production, represent a key event in the fibrosis establish-
ment and progression6,10. Myofibroblast differentiation is known to be initiated by multiple inflammatory factors and especially by 
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transforming growth factor beta (TGF-𝛽), leading to a phenotype modification characterized by the acquirement of a stellate shape, 
expression of alpha smooth muscle actin (𝛼-SMA), and augmented secretion of collagen type-I fibers11. Activated myofibroblasts are 
then able to secrete TGF-𝛽 themselves, amplifying the pro-fibrotic process6. At the contrary, matrix metalloproteinase family (MMP) 
are enzymes known to degrade structural components of the extracellular matrix (ECM), regulating the repartition, type and content 
of collagen fibers within tissues12. 23 and 24 different MMPs have been identified in humans and in mice respectively. These essential 
collagenases are required during development in mammals, wound healing or tissue remodeling process and deficiency or over-
expression of MMP’s have been revealed in many pathological conditions such as rheumatoid arthritis or cancer12. The activity and 
expression of MMPs is controlled at many levels and the regulation of MMP activity remains a topic of intense research, nevertheless, 
it is known to be at least partially regulated by tissue inhibitor of metalloproteinase (TIMP) family. This endogenous proteins family, 
composed of four conserved enzymes in mammals (TIMP-1, TIMP-2, TIMP-3 and TIMP-4) act as significant regulators of the activities 
of MMPs and, in some instances, of other metalloendopeptidases13. 

The Apelin-APJ system has emerged in the last years as an important regulator of the cardiovascular function. Apelin is an endogenous 
circulating peptide family, which acts through the activation of the G protein-coupled receptor APJ14, evoking a wide range of actions 
in the cardiovascular system including vasodilation, nitric oxide release and angiogenesis15,16. Apelin and APJ are expressed in the 
vascular system, as well as in the cerebellum, heart, lung and kidney, where high concentrations have been reported15–18. Apelin 
peptide family derives from a 77 amino-acids precursor and is present in different active circulating isoforms denoted by their amino-
acid sequence length, such as apelin-12, apelin-13, apelin-17 and apelin-36, respectively corresponding to 12, 13, 17 and 36 amino-
acids17,18. Apparently, all these isoforms may activate APJ; however, apelin-13 exhibits higher affinity to APJ and promotes stronger 
physiologic response14,19. 

The role of Apelin–APJ system in cardiovascular physiology has not been fully elucidated yet. However, several studies, predominantly 
performed in animals, indicate that the Apelin system plays an important role in the cardio-vascular remodeling and homeostasis20–

22. For instance, Apelin inhibits TGF-β-stimulated activation of cardiac fibroblasts and prevents structural remodeling and fibrosis of 
the myocardium, avoiding ventricular dysfunction in an aortic banding model23. In accordance, Apelin was shown to reduce fibrosis 
in other pathological conditions, such as renal injury or pulmonary hypertension24–28. Recently, the Apelin system was shown to be 
down-regulated in hypercholesterolemic mice and hyperglycemic mice, two well-known vasculogenic ED models, while intracaver-
nosal acute injection of Apelin restored erectile functions of such model29. However, its action modulating penile structural compo-
sition, particularly collagen deposition, is unknown.  

Therefore, here we aimed to investigate the role and involved mechanism of Apelin in the modulation of cavernosal structural com-
position and fibrosis, using a well-known mouse model of vasculogenic ED30. 

 

2.3 Materials	and	Methods	
In vivo experimental design 

A well-established animal model of hypercholesterolemia-induced ED was used. The experimental protocol was performed as previ-
ously described31. Briefly, apolipoprotein-E knockout (ApoE-/-) male mice on a C57BL/6J background (n = 40) were obtained from 
Jackson Laboratories. All animals at 15-weeks-old were fed for 11 weeks with a Western-type diet consisting in 15% (wt/wt) cocoa 
butter and 0.25% (wt/wt) cholesterol (Diet W; abDiets). During the final 3 weeks of experimental protocol, the animals were randomly 
divided into two groups to receive intraperitoneal injections of Apelin-13 (2 mg/kg, in a volume of 100 µl, 5 days/week – Cat# 
4029109, Bachem, Switzerland) or vehicle (saline 0.9%). At the end of the experimental protocol, animals were anaesthetized (keta-
mine 100 mg/Kg, Xylazine 10 mg/Kg – Ketasol/Xylasol, Graeub, Switzerland) and blood samples were collected by cardiac puncture 
followed by perfusion with phosphate buffered solution (PBS). Blood samples were centrifuged at 2500 rpm for 10 min to obtain the 
serum and stored at -80 °C. Immediately after the cardiac puncture, the corpora cavernosa were carefully dissected from skin, dorsal 
vessels and urethra, snap-frozen in liquid nitrogen and stored at -80 °C for protein measurements, or frozen in cryoembedding me-
dium for histological analysis. Aorta was dissected from the ascending thoracic arch until the abdominal portion and fixed in 4% 
paraformaldehyde (PFA, Sigma) for 24 hours for atherosclerotic lesion analyses. The animal experimentation was approved by the 
local ethics committee and Swiss regulatory authorities (license number 2026.5) in accordance with the guidelines from the directive 
2010/63/EU of the European parliament on the protection of animals used for scientific purposes.  

 

Intracavernosal collagen content  
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Total intracavernosal collagen deposition was assessed by Sirius red staining (Sigma Chemical Co, St Louis, MO) as previously re-
ported32. Briefly, 6 µm mouse penis cryosections were rinsed with water and the nuclei stained with Weigert’s hematoxylin for 10 
min. After washing in tap water, the slides were incubated with 0.1% Sirius red in saturated picric acid for 60 min. Sequentially, the 
sections were rinsed twice with 5% acetic acid for 10 seconds, then immersed in absolute ethanol three times before clearing in 
xylene twice and cover-slipping. The sections were photographed using identical exposure settings under normal light microscopy. 
Intracavernosal total collagen content was quantified by Image J software (NIH). Data were calculated as percentages of stained area 
to total area. 

Intracavernosal matrix metalloproteinase activity 

Total matrix metalloproteinase (MMP) activity of mice penile protein was assessed using a commercial kit (cat# ab112146, Abcam, 
Inc) based on a fluorescence resonance energy transfer (FRET) peptide as generic MMP activity indicator. The assay was performed 
according to the manufacturer’s instructions. Penile protein extraction from Apelin-13 treated or untreated mice was first incubated 
with the assay buffer containing p-aminophenylmercuric acetate. Consecutively, the fluorescent substrate was added and incubated 
for 2h at 37 °C. The total fluorescence intensity (490/525 nm of excitation/emission) was read in a fluorescence plate reader. The 
relative total MMP activity was determined as total detected fluorescence. Each sample was run as a technical triplicate.  

Intracavernosal MMP and TIMP protein expression 

The relative protein expression level of MMP-1, MMP-2, MMP-3, MMP-8, MMP-9, MMP-10, MMP-13, and tissue inhibitor of metal-
loproteinase-(TIMP)-1, TIMP-2, TIMP-4 in mouse penile tissue were measured using a commercially available MMP array kit (cat# 
ab134004, Abcam, Inc). The assay was performed as described in the instructions manual with minor modifications to allow infrared 
wavelengths system detection (Odyssey Imaging System, LiCor Biosciences). Briefly, frozen penile tissue of mice treated or not with 
Apelin-13 were mechanically disrupted in lysis buffer containing protease inhibitor cocktail (cat# 11 836 170 001, Roche Diagnostics 
GmbH, Mannheim, Germany) for protein extraction. After centrifugation (10 min, 14000 rpm at 4 °C), the protein concentration of 
supernatant was determined by Bradford assay. Each kit membrane was placed into a well tray and blocked at RT for 1h (cat#927-
40000, Odyssey, Inc. with 0.05% Tween-20 (Sigma)). After pouring the blocking buffer, 250 µg of penile protein extract diluted in 1 
mL of blocking buffer was placed and incubated at 4°C overnight. Next, the membranes were washed with assay buffer and incubated 
with biotin-conjugated antibody diluted in blocking buffer for 1h. After washing with assay buffer, IRDye® infrared dye-labeled strep-
tavidin (dilution 1:2000, cat# 925-32230, LiCor Biosciences, Inc.) diluted in blocking solution was added to the membranes and incu-
bated for 45 min at RT. Finally, the membranes were washed with assay buffer and scanned using a fluorescence imaging system. 
The fluorescence intensity of acquired digital images was quantified by Image J software. The relative protein expression level was 
determined by normalizing the signal of each group with the signal of positive control (biotin-conjugated IgG protein printed on each 
membrane). 

mRNA expression analysis by RT-qPCR  

Total RNA was extracted from corpus cavernosum of ApoE-/- mice by TRIzol® Reagent (ThermoFischer Scientific). Quantity and purity 
of the extracted RNA was measured by spectrophotometry (NanoDrop; Thermo Scientific). To minimize DNA contamination, total 
RNA extracts were treated with DNAse (Roche) in the presence of RNAse inhibitor (Roche). Following DNAse treatment, 1 𝜇g of total 
RNA was reverse transcribed with ImProm-II™ System (Promega) according to the manufacturer’s protocol. Obtained cDNA was used 
to run qPCR using PowerUPTM SYBRTM Green Master Mix (ThermoFisher Scientific) on the QuantStudio 6 Flex Real-Time PCR System 
(Thermofisher Scientific).  1.5 𝜇l of cDNA at 1:10 dilution was used. qPCR reaction started with initial steps of 2 min @ 50 °C and 2 
min @ 95 °C, followed by 40 cycles of denaturation @ 95 °C for 15 sec and annealing/extention @ 60 °C for 1 min. Non-reverse-
transcribed RNA samples were used to confirm absence of genomic DNA contamination. Following primers were used in the current 
study: Apelin receptor 5’-CTTCTAGCTGTGCCTGTCATG-3’ (forward), 5’-TGAAGGGCACCACAAAGC-3’ (reverse); Apelin precursor 5’-
CACTGATGTTGCCTCCAGATG-3’ (forward), 5’-CCCTTCAATCCTGCTTTAGAAAG-3’ (reverse). Threshold cycles (Ct) were recorded. Size of 
the DNA fragments generated by PCR reaction and absence of additional bands were confirmed by agarose gel electrophoresis (10 
𝜇l/lane).  

Western Blotting 

Protein expression levels of APJ receptor, neuronal and endothelial nitric oxide synthase (nNOS and eNOS, respectively) within the 
corpus cavernosum of mice and, protein expression of APJ, alpha smooth muscle actin (𝛼-SMA), collagen type I (Col-I), total and 
phosphorylated extracellular signal-regulated kinases (ERK1/2 and P-ERK1/2 respectively, phosphorylation sites: ERK1-T-202 and 
ERK2-T185) from fibroblasts culture were assessed by Western blotting. After running 40 µg of mice penis protein extraction or whole 
cell lysate on a 10% SDS-PAGE gel, the proteins were transferred onto a polyvinylidene fluoride (PVDF) membrane (ImmobilionTM, 



Apelin-13 Protects Corpus Cavernosum against Fibrosis induced by High-Fat Diet in an MMP-dependent mechanism 

 47 

cat# IPFL00010, Merck Millipore, 0.45 µm pore size). After blocking for 1h, the membranes were probed with one of the following 
primary antibodies: anti-APJ (dilution 1:1000, cat# ab-84296, Abcam, Inc.); anti-eNOS (dilution 1:200, cat# sc-654, Santa Cruz Bio-
technology, Inc.); anti-nNOS (dilution 1:200, cat# sc-8309, Santa Cruz Biotechnology, Inc.); anti-α-SMA (dilution 1:1500, cat# ab-7817, 
Abcam, Inc.); anti-Col-I (dilution 1:500, cat#AB765P, Merck Millipore, Inc.); anti-ERK1/2 (dilution 1:500, cat#ab-54230, Abcam, Inc.); 
anti-P-ERK1/2 (dilution 1:500, cat# ab-201015, Abcam, Inc.); anti-α-actin (dilution 1:600, cat#32251, Santa Cruz Biotechnology, Inc.); 
or anti-GAPDH (dilution 1:1000, cat# sc-48167, Santa Cruz Biotechnology, Inc.). Membranes were washed 3 times for 10 min with 
Tris-buffered saline-Tween (TBS-T) and incubated with the following secondary antibodies: anti-mouse IgG conjugated with IRDye 
680RD (dilution 1:5000, cat# 926-68072, LiCor Biosciences, Inc.), anti-Rabbit IgG conjugated with IRDye 680RD (dilution 1:5000, cat# 
926-68073, LiCor Biosciences, Inc.), anti-goat IgG conjugated with IRDye 800CW (dilution 1:5000, cat# 926-32212, LiCor Biosciences, 
Inc.) or anti-rabbit IgG conjugated with IRDye 800CW (dilution 1:2000, cat# 926-32213, LiCor Biosciences, Inc.) for 2h at RT. After 
three washes of 10 min with TBS-T, the fluorescence signal of the membranes was detected by a fluorescence detector. The total 
amount of loaded protein and the membrane transfer quality were assessed by loading control or 5% Ponceau S staining (Sigma). 
The 300 dpi acquired images from an optical scanner were converted in 16-bit grey images using Image J software and analyzed 
similarly to the blot images using Image Studio Lite software (LiCor Biosciences, Inc.). The relative protein expression level was de-
termined by normalizing referring to control group. 

Reactive oxygen species (ROS) levels in the corpus cavernosum 

To assess ROS production within mice corpus cavernosum, cryosections were stained with dihydroethidium (DHE; Cat# 37291, Sigma-
Aldrich, USA) as previously described33. Slides containing mice penis transversal cryosections of 6 µm were thawed at RT and washed 
with PBS. Next, the sections were incubated with DHE at 2 µmol/L in PBS for 20 min in a dark humid chamber at 37 °C. After three 
washes, the slides were coverslip-sealed with DAPI containing mounting medium (FluoroshieldTM, cat#F6057, Sigma) and examined 
on a Confocal microscope (Carl Zeiss LSM 700, 20x magnification). DHE fluorescence intensity of acquired digital images was quanti-
fied by Image J software. 

Measurement of the atherosclerotic lesion area 

Atherosclerotic lesion area on the aortic arch and thoracic aorta were quantified by en face Oil-Red-O staining as previously re-
ported31. After tissue dissection and fixation in PFA4%, the aorta was opened longitudinally to expose the lumen surface. After stain-
ing with Oil-Red-O, the aorta was positioned between a slide and a coverslip to expose the internal lumen for visualization on the 
binocular (6x magnification). The images of the aorta en face were captured and the stained area quantified by Image J software.  

Dosage of serum lipid profile 

The lipids were measured by photometric enzymatic reaction using commercial kits (glucose cat.# 11447513; triglycerides cat.# 
12016648; total cholesterol cat.# 12016630; low-density lipoprotein cat.# 03038661; high-density lipoprotein cat.# 03030024 122; 
free fatty acids cat.# 11383175001; from Roche Diagnostics GmbH, Mannheim, Germany) and the chemistry analyzer Roche Hitachi 
902 (Roche Diagnostics GmbH, Mannheim, Germany). Concentration was expressed in mmol/L. 

Cell culture & collagen synthesis measurement  

NIH3T3 mouse fibroblasts collagen synthesis was assessed by Sirius red staining followed by dye elution for spectrophotometric 
analysis as previously reported34. In brief, cells cultured on 12-well plates were washed with cold PBS and fixed with 100% methanol 
for 15 min. After that, cells were incubated with 0.1% Sirius red F3B (Cat# 365548, Sigma) in saturated aqueous picric acid solution 
(Cat# 197378, Sigma) for 1h at room temperature (RT). Sequentially, the dye solution was removed and the preparation washed 
twice with 0.1% acetic acid. The stained dye was then eluted in 200	µl of 0.1 M sodium hydroxide for 1h at RT. Finally, the eluted 
solution was transferred into a 96-well plate and the optical density absorbance was recorded at 540 nm by a microplate reader 
(Wallac Victor2, PerkinElmer, Waltham, MA). Data in triplicate were normalized to the control group (non-treated cells). 

Induction of fibroblast to myofibroblast differentiation 

NIH3T3 mouse fibroblasts (Cat# 93061524, PHE, Salisbury, UK) were cultured in Dulbecco’s Modified Eagle’s medium (DMEM) with 
high glucose (cat# D6429, Sigma) and supplemented with 10% fetal bovine serum (FBS, cat# F6178, Sigma) and 1% antibiotics (peni-
cillin 10’000 Unit/mL and streptomycin 10’000 µg/mL, cat# 15140-122, Gibco). Cells were seeded into 8-well chamber slides (cat# 
154534, Thermo-Fisher) for immunostaining, 12-well plates for collagen synthesis measurement, or 150mm diameter petri-dishes 
for protein collection.  
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For experimental protocol, fibroblasts were cultured with 1% FBS supplemented DMEM for at least 24h and/or until 50% of conflu-
ence. Cells were pretreated with Apelin-13 (100 nM) or vehicle (fresh medium) for 20 min. Sequentially, TGF-𝛽 (10 ng/mL, Cat# 100-
21C, Peprotech, USA) was added for 24h, as previously described elsewhere 23. All cell culture and incubation were performed under 
humidified atmosphere at 37°C in 95% air and 5% CO2.  

Quantification of differentiated fibroblast  

Identification of naïve and differentiated fibroblasts was assessed by immunofluorescence. In brief, NIH3T3 fibroblasts were cultured 
on 8-well chamber slides. After Apelin or vehicle incubation for 20 min, cells were washed with cold phosphate-buffered saline (PBS) 
and fixed with 4% PFA for 10 min at RT. Cells were then permeabilized with 0.1% Triton X-100 (Sigma) for 10 min and sequentially 
washed with PBS. The slides were then blocked for 30 min with 3% bovine serum albumin (BSA, Sigma) and incubated for two hours 
at RT with the primary anti-𝛼-SMA antibody (dilution 1:100, cat# ab-7817, Abcam, Inc.), diluted in PBS containing 1% BSA. Following 
three washing steps of 5 min with PBS, the cells were incubated with secondary antibody conjugated Alexa Fluor® 555 (dilution: 10 
µg/mL, cat# A21422, Thermo- Fisher) for 1h at RT. Final washing steps were done with PBS before mounting samples with DAPI 
containing mounting medium. Slides were examined on a Confocal microscope (Carl Zeiss LSM 700, 20x magnification). Fluorescence 
intensity of acquired digital images was quantified by Image J software. Data were calculated as percentages of stained area normal-
ized by cell number. 

Data Analysis 

Statistical analyses for all measurements were performed using unpaired Student t test or one-way analysis of variance (ANOVA) 
comprising intergroup comparisons by Tukey’s post-hoc test. Statistical analysis was performed using GraphPad Prism V6.0 software 
(GraphPad, San Diego, CA, USA). A P value <0.05 was considered significant and the results are expressed as mean ± SEM. 

 

2.4 Results	
APJ system is present in mice corpus cavernosum 

In order to understand the regulation of the APJ system within erectile tissue, we first evaluated the local expression of Apelin and 
APJ receptor. Interestingly, Apelin precursor and APJ mRNA were both expressed within the corpus cavernosum of ApoE-/- mice (Fig-
ure 2:1 A). Accordingly, APJ protein expression was also detected by Western Blot, which revealed a single band of approximately 58 
kDa (Figure 2:1 B). Therefore, it appears that Apelin peptides and receptor are locally regulated within male erectile tissues. 

 

Figure 2:1 - Expression of APJ receptor and Apelin precursor in the corpus cavernosum of ApoE-/- mice and ApoE-/- treated with apelin-13. Western 
blotting and RT-PCR analyses were performed to detect APJ receptor and Apelin precursor in ApoE-/- mice penis. A) mRNA expression of APJ receptor 
and Apelin precursor in corpus cavernous tissue of ApoE-/- mice. The experiment was performed with RNA extract obtained from three different mice. 
Average Ct for Apelin receptor and Apelin precursor were 27.92±0.26 and 30.05±0.08, respectively. B) Representative Western Blotting picture show-
ing APJ protein expression levels in ApoE-/- mice penis treated and non-treated (vehicle) with Apelin-13 (in duplicate), revealing a specific single band 
at the expected molecular weight of 58kDa. Expression of 𝛼-actin protein is used as control. Expression of APJ and Apelin precursor in the penile 
tissue suggests existence of the “local” Apelin system in the tissue and its independent regulation. 

 

Apelin-13 attenuates fibrosis in the corpus cavernosum of hypercholesterolemic mice 
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The Apelin system has shown protective actions against pathological collagen deposition in diverse organs23,24,26. Therefore, as the 
next step, we evaluated the long-term effect of Apelin-13 on penile fibrosis in hypercholesterolemic ApoE-/- mice, a well-known ED 
animal model associated with exaggerated intracavernosal collagen deposition32.  

Remarkably, treatment with Apelin-13 for 3 weeks, produced a robust decrease in the collagen content within the corpus cavernosum 
of ApoE-/- mice when compared to vehicle group (Figure 2:2 A, B and C). Interestingly, this anti-fibrotic effect was associated with a 
significant increase in the total MMP activity (Figure 2:2 D, 35% of increase, p = 0.008). In accordance, the protein expression level of 
MMP-1, MMP-3, MMP-8 and MMP-9 was significantly increased in the Apelin-13-treated group compared to vehicle (Figure 2:2 E), 
while MMP-2, MMP-10 and MMP-13 expression was unchanged. Moreover, the increase of MMPs expression was not followed by 
changes in TIMP-1, TIMP-2 or TIMP-4 expression (Figure 2:2 F).  

Together, these data show that chronic treatment with Apelin-13 significantly decreases intracavernosal collagen deposition by in-
creasing MMP expression and activity.  

 

 

Figure 2:2 - Treatment with Apelin-13 strongly reduces hypercholesterolemia-induced cavernosal fibrosis by increasing total activity and protein 
expression of MMPs. Collagen content was assessed by Sirius red staining in penis from ApoE-/- mice treated or not with Apelin-13. Total MMPs 
activity was evaluated by MMP activity assay. MMP-1, -2, -3, -8, -9, -10, -13 and TIMP-1, -2, -4 expression levels were assessed by human MMP 
Antibody Array-Membrane. A) Quantification of intracavernosal total collagen content (n=12). B) and C) Representative images of corpus cavernosum 
from ApoE-/- mice sections under bright field microscope showing the collagen content (red staining) of untreated (vehicle) and Apelin-13-treated D) 
Quantification of MMPs activity (n=6). E) and F) Quantification of MMPs (E) and TIMPs (F) expression normalized by controls (n=6). * p<0.05, ** 
p<0.01, *** p<0.001 (Unpaired Student t test, with equal standard deviation (SD)). Each column represents the mean ± SEM of relative collagen 
content or fluorescence in arbitrary unit (A.U.).  

 

Apelin-13 inhibits TGF-𝛃-induced fibroblast differentiation and collagen production 

The differentiation of fibroblasts to myofibroblasts under inflammatory response has been pointed as an important event in fibrosis 
progression10. In order to understand the mechanism by which Apelin-13 reduces intracavernosal fibrosis, we next evaluated Apelin-
13 action on TGF-β-induced fibroblast differentiation and collagen production. For that, NIH3T3 fibroblasts were cultured and stim-
ulated with TGF-β to induce differentiation and collagen production. As expected, TGF-β stimulation induced a pronounced increase 
in collagen production and fibroblast to myofibroblast differentiation (assessed by 𝛼-SMA expression, a myofibroblast marker). Strik-
ingly, pretreatment with Apelin-13 significantly reduced 𝛼-SMA expression assessed by immunostaining (Figure 2:3 A and B) and 
Western blot (Figure 2:3 D and E). Furthermore, augmented total collagen production induced by TGF-β was completely reversed by 
Apelin-13 pretreatment, when evaluated by Sirius red staining assay (Figure 2:3 C), while TGF-β-induced increase in collagen type-I 
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expression was significantly attenuated (Figure 2:3 H and I). Together, these results suggest that apelin-13 decreases collagen pro-
duction due to, at least in part, inhibition of the pro-fibrotic inflammatory response.  

 

Figure 2:3 - Apelin-13 pretreatment significantly reduces fibroblast to myofibroblast differentiation and collagen production in NIH3T3 fibroblasts 
stimulated by TGF-𝜷. The number of cells undergoing differentiation from fibroblast to myofibroblast after TGF-𝛽 stimulation and pretreatment or 
not with Apelin-13 was assessed by immunostaining and western blot. The total collagen produced by the different cultures treated and non-treated 
was determined by Picro-Sirius Red staining of the total collagen, elution of the dye and photospectrometry. In addition, the expression of Collagen 
type-I was assessed by western blot. A) Representative immunofluorescence images of cells showing the nucleus in blue, 𝛼-SMA in red and the merged 
images. Cells expressing 𝛼-SMA are differentiated myofibroblast. B) Quantification of the number of differentiated myofibroblast compared to total 
number of cells after TGF-𝛽 stimulation and pretreatment or not with Apelin-13 (n=15). C) Quantification of the optical absorbance of the eluted 
Sirius Red dye at 540nm for each culture after TGF-𝛽 stimulation and pretreatment or not with Apelin-13 (n=12). The absorbance is directly repre-
sentative of the dye concentration in each sample reflecting the total collagen production. D) and E) Representative images of the Western blotting 
of APJ receptor and 𝛼-SMA expression showing a specific single band at the expected molecular weight. F) Representative image of the Western 
blotting of Collagen type I showing two bands at the expected molecular weight representing the 𝛼1 and 𝛼2 fibers of the type I collagen. Mouse 
endogenous collagen type-I was used as positive control. The molecular weight of the two subunits of the endogenous collagen is slightly lower (~130 
kDa) due to post-translational modifications and cleavage of the pro-collagen fibers when secreted 35. G), H) and I) Quantification of APJ receptor, 𝛼-
SMA and Collagen Type-I expression respectively, in fibroblast stimulated with TGF-𝛽 and pretreated or not with Apelin-13 (n=9). * p<0.05, ** p<0.01, 
*** p<0.001 (Unpaired Student t-test). Each column represents the mean ± SEM. Mw = Molecular weight markers. 

Of note, the presence of APJ receptor expression in NIH3T3 cell line was confirmed by western blot (Figure 2:3 F and G), but not 
affected by Apelin-13 treatment nor TGF-β stimulation. Moreover, pretreatment with only Apelin-13 did not affect fibroblast differ-
entiation or collagen production.  

 

Apelin-13 increases ERK phosphorylation, an important downstream kinase for TGF-𝛃 signaling  
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ERK MAP kinase is a well-known signaling cascade of the Smad-independent TGF-β pathways36,37. A key component of the signaling 
cascade activation is the phosphorylation of the ERK1 and ERK2 kinases. Analysis of the ratio between phospho-ERK1/2 proteins and 
total ERK1/2 expression showed a significant increase of the phosphorylated form of ERK1/2 when pretreated with Apelin-13 fol-
lowed by TGF-β stimulation (Figure 2:4 A and B, 194% increase compared with the non-treated group, P=0.0001). Surprisingly, the 
ratio between P-ERK1/2 and ERK1/2 was not affected by TGF-β stimulation alone. These results suggest that the anti-fibrotic effect 
of Apelin-13 might be due to blocking or alteration of the TGF-𝛽 signaling through activation of ERK1/2 phosphorylation. 

 

Figure 2:4 - Apelin-13 pretreatment in fibroblasts stimulated by TGF-𝜷 induces phosphorylation of ERK1/2. A) Representative images of the Western 
blotting of phosphorylated-ERK1/2 and total-ERK1/2 showing two expected bands at 42 and 44 kDa. B) Quantification of the ratio between phosphor-
ylated and total ERK1/2 expression (phosphorylation sites: ERK1-T202 and ERK2-T185) (n=9). *** p<0.001 (Unpaired Student t-test). Each column 
represents the mean ± SEM.  

 

Chronic Apelin-13 treatment does not affect the oxidative stress balance 

It was previously reported that acute Apelin-13 injection restores erectile function of hypercholesterolemic mice by increasing the 
NO bioavailability and reducing ROS production, however, ROS and NO levels were reported to return to normal levels within a few 
days 29. Therefore, we evaluated whether this beneficial action would take place at long-term treatment. In contrast to acute injec-
tions, 3 weeks of Apelin-13 treatment did not change the intracavernosal ROS content compared to vehicle (Figure 2:5 C, E and F), 
while no statistical difference was observed in the protein expression level of eNOS and nNOS in the penis of hypercholesterolemic 
mice treated with Apelin-13 compared to vehicle (Figure 2:5 A, B and D).  
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Figure 2:5 - Chronic treatment with Apelin-13 does not affect eNOS, nNOS expression and ROS production in penis from hypercholesterolemic 
ApoE-/- mice. Apelin-13 treatment does not affect the eNOS and nNOS expression levels in corpus cavernosum of ApoE-/- mice. A) and B) Quantifi-
cation of eNOS (A) and nNOS (n=12) (B) protein expression was performed by Western blotting of total proteins extracted from penis of vehicle- or 
Apelin-13-treated ApoE-/- mouse. C) Quantification of intracaverosal ROS production (n=15). D) Representative Western blotting images of eNOS and 
nNOS with α-actin control. E) and F) Representative DHE staining images of treated and non-treated corpus cavernosum section of ApoE-/- mouse 
representing the intracavernosal ROS content. Each column represents the mean ± SEM of relative protein expression or relative fluorescence in 
arbitrary unit (A.U.).  

 

Anti-fibrotic action of Apelin-13 was not associated with reduction in atherosclerotic plaque size 

Despite the 3 weeks treatment with Apelin-13 which significantly decreased the total cholesterol, LDL and free fatty acids serum 
levels of hypercholesterolemic ApoE-/- mice (Figure 2:6 C, D and F), no significant changes were observed in the size of atherosclerotic 
plaques developed in the aortic arch and thoracic aorta of Apelin-13-treated group compared to untreated mice (Figure 2:6 A and B). 
This data suggests that the beneficial actions of Apelin-13 on the cavernosal fibrosis might not be associated with atherosclerotic 
plaque reduction. 

No significant difference was observed in HDL, glucose or triglyceride levels (Figure 2:6 E, G and H). 
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Figure 2:6 - Apelin-13 treatment improves the total cholesterol, LDL and free fatty acids serum levels of hypercholesteremic mice, without affecting 
atherosclerotic aortic plaque lesion. Blood serum profile and aortic plaque of ApoE-/- mice treated or not with Apelin-13 were measured. A) Quanti-
fication of the atherosclerotic plaque size was obtained using Oil Red O staining and it is expressed in % of the total aortic area (n=16). B) Representa-
tive bright field images of the aorta en face with atherosclerotic plaques stained in red from Apelin-13-treated or non-treated hypercholesterolemic 
mice. C, D, E, F, G and H) Total cholesterol, low density lipoproteins (LDL), high density lipoproteins (HDL), free fatty acids (FFA), glucose and triglyc-
erides levels of blood serum collected from Apelin-13-treated or non-treated hypercholesterolemic mice (n=15). * p<0.05 (Unpaired Student t-test). 
Each column represents the mean ± SEM of the lesion size in % of area or the serum concentration in mmol/L. 
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2.5 Discussion	
Our study brings the first evidence that chronic administration of Apelin-13 modulates and protects penile structures within the 
corpus cavernosum of hypercholesterolemic ApoE-/- mice, which is associated with an enhanced MMP expression and activity. Fur-
thermore, we observed that Apelin-13 reduced the fibroblast to myofibroblast differentiation and collagen expression, possibly 
through an ERK1/2 dependent signaling mechanism. 

Hypercholesterolemia is largely known to induce ED38. This condition impairs penile erection mainly due to increased oxidative stress 
within the corpus cavernosum39. Moreover, in a long-term, it may induce remodeling of the corpus cavernosum, impairing the me-
chanical properties of the penis8,40. In the present study, a well-established model of hypercholesterolemia inducing ED was used30. 
This mouse model presents erection deficiency, which has been linked to an increased oxidative stress, reduction of NO release and 
exaggerated collagen deposition within the corpus cavernosum and penile arteries30,41.  Therefore, this model exhibits a phenotype 
closely related to the human ED associated with hypercholesterolemia38,42. Interestingly, here we reported that Apelin-13 treatment 
for 3 weeks significantly reduced the collagen content within the cavernosal tissues of this animal  model compared to non-treated 
animals, which is in accordance with previous studies evaluating the anti-fibrotic action of Apelin-13 in other organs, such as heart23, 
liver24, kidney26 and lungs28. The reduction in collagen content observed in this study was not associated with oxidative stress or 
atherosclerotic plaque reduction, although evidences reveal that augmented oxidative stress within the corpus cavernosum and ath-
erosclerotic plaque formation play a central role in ED development38,43. Indeed, beyond the decrease of NO bioavailability and/or 
increasing smooth muscle contractile tonus, chronic oxidative stress and inflammation contribute to the exaggerated collagen dep-
osition and penile fibrosis, worsen erectile function and lead to severe ED1,38,43. Several recent studies have shown that Apelin is able 
to mitigate ROS production and enhance NO production in different tissues44–46. In another study, Kwon et al. observed such benefi-
cial effect of Apelin on ED when administered acutely to an hypercholesteremic model. The mechanism behind the beneficial effects 
of Apelin was mainly due to an acute activation of eNOS and increase in NO bioavailability, however, this beneficial effect was re-
ported to be only transient29. In our study, the Apelin treatment neither reduced the size of atherosclerotic plaques nor changed the 
ROS production, or eNOS and nNOS expression in ApoE-/- mouse penis, but efficiently reduced collagen content. Therefore, it is plau-
sible to assume that changes in NO bioavailability and ROS production are observed only immediately after the administration of 
Apelin, while this study indicates an additional beneficial effect of Apelin-13 in the corpus cavernosum when chronically administered.  

The reduction of collagen content following Apelin treatment observed here could be attributed to a decrease of LDL levels and 
increase MMP’s activity. Indeed, it has been shown that an improvement of serum lipid profile is associated with modulation of 
collagen synthesis, MMP-1 expression and MMP-1 activity in cultured fibroblasts47. In the current study, a significant increase of 
MMP-1, -3, -8 and -9 protein expression and activity was observed after Apelin treatment. In accordance with our results, overex-
pression of MMP-1, also named collagenase-1, was shown to reduce fibrosis in models of induced liver-fibrosis as well as in heart 
and muscle fibrosis48,49. Similarly, MMP-8 (Collagenase-2) cleaves interstitial collagen type-I and type-III, and its expression was able 
to reduce fibrotic tissues in the liver of rats even after the establishment of fibrosis50. It is suggested that MMP-8, in addition, de-
creases inflammation and modulate cytokine and fibroblast activation12,51. Contrarily, MMP-3 and MMP-9 are known to process la-
tent TGF-𝛽1 to its active form, inducing epithelial cells EMT and generating myofibroblast, contributing to a pro-fibrotic effect12,51. 
Historically, MMPs were thought to function mainly as enzymes that degrade structural components of the ECM, however, MMP’s 
functions during fibrosis are not limited to effects on ECM turnover51. For example, MMP proteolysis creates space for cells to mi-
grate, produces specific substrate-cleavage fragments with independent biological activity, regulates tissue architecture through ef-
fects on the ECM and activates, deactivates or modifies the activity of signaling molecules, both directly and indirectly12. Although 
the literature shows contradictory pro- or anti-fibrotic effects of these enzymes regarding different organs or animal models519, 
based on our findings and previous publications, it is conceivable to assume that the anti-fibrotic effect of Apelin-13 observed in this 
study is correlated to a serum lipid profile improvement and an increase of MMP’s activity and expression. 

In addition to its effect on collagen remodeling through MMP’s activation and increased expression, Apelin was shown to inhibit TGF-
𝛽-induced phenotypic differentiation of fibroblast to myofibroblasts, preventing extracellular collagen accumulation23. TGF-𝛽 is con-
sidered a major factor in the induction of fibrosis in numerous tissues, including corpus cavernosum2. TGF-𝛽 level was shown to 
increase in the corpus cavernosum of men with vasculogenic ED, especially in men with dyslipidemia or atherosclerosis52. In addition, 
TGF-𝛽 was shown to be involved in MMP’s regulation through ERK1/2 activation36,53, while TGF-𝛽-induced Smad3 dependent signal-
ing is necessary for collagen type-I expression37. Therefore, TGF-𝛽 appears to be a central modulator of fibrotic process and it is 
reasonable to speculate that the anti-fibrotic effect of Apelin-13 in the corpus cavernosum of hypercholesterolemic mice could also 
be associated with inhibition of TGF-𝛽 signaling. In this study, we observed that Apelin-13 pretreatment was able to block the TGF-
𝛽-induced NIH3T3 fibroblast activation, preventing their differentiation into myofibroblasts and inhibiting collagen production, which 
appeared to be mediated by ERK1/2 phosphorylation.  
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In this study, an increase of ERK1/2 phosphorylation was observed only under the combination of Apelin-13 and TGF-𝛽 stimulus. In 
contrast with previous studies36,54, no variation of the phosphorylation of ERK1/2 was observed when treated with TGF-𝛽 alone. ERK 
is known to be an important non-canonical signaling pathway of TGF-𝛽 signaling37,55 and it has been documented that ERK signaling 
is involved in collagen production and myofibroblast differentiation. Phosphorylation of ERK1/2 is then commonly reported as asso-
ciated with a pro-fibrotic response36,54, however, it was also shown that ERK1/2 activation is required for the cardio-protective effect 
of Apelin-13 after ischemia-reperfusion injury, as inhibition of ERK signaling pathway abrogated such beneficial effect19, corroborating 
our findings. In addition, ERK1/2 was shown to directly phosphorylate Smads proteins to regulate their activities36,55. TGF-𝛽 signaling 
is a complex molecular pathway with differential role regarding the cell type and state, numerous parallel signaling branches and 
multiple crosstalk that have been reported between the different components of this signaling cascade37,53,55,56. An increased activa-
tion of ERK1/2 by Apelin-13 could then eventually modulate the Smads signaling cascade of TGF-𝛽, inhibiting the fibroblast to myo-
fibroblast differentiation and/or collagen expression (Figure 2:7), however, further study is required to confirm the complete molec-
ular mechanism of Apelin on TGF-𝛽 signaling. 

 

Figure 2:7 - Illustration of the possible molecular mechanism of Apelin-13 on the differentiation of fibroblast into activated hyper-secretory myo-
fibroblast, leading to collagen expression and ECM fibers deposition involved in Fibrosis. Apelin-13 pretreatment inhibited the pro-fibrotic effect of 
TGF-𝛽 stimulation, preventing the differentiation of fibroblast to myofibroblast and the subsequent collagen production, possibly by the phosphory-
lation of ERK1/2 and the modulation of TGF-𝛽 downstream signal transducers kinases SMADs, and by increasing MMPs expression and activity that 
in turn modulate the ECM and collagen. ECM = Extracellular matrix, MMP = matrix metalloproteinase. 

 

Although showing promising results of the protective effect of Apelin-13 on cavernosal structures, the major limitation of this study 
is that only molecular and immunohistochemical analysis of ApoE-/- mice corpus cavernosum samples were performed. Additional 
functional study addressing erectile response, in vivo and/or ex vivo, would bring extended validation regarding the relevance of such 
beneficial effect of Apelin-13 at long-term treatment and its potential in the management of ED. 

 

2.6 Conclusion	
In summary, our findings indicate that long-term treatment with Apelin-13 produces significant beneficial effects against the delete-
rious hypercholesterolemia-induced corpus cavernosum fibrosis. Apelin-13 behaves as a potent suppressor of increased collagen 
deposition within the cavernosal tissues, and such effect involves regulation of MMPs expression and activity and potentially the 
reduction of fibroblast to myofibroblast differentiation. Altogether, these results suggest an essential role of the Apelin system mod-
ulating cavernosal structure, indicating the Apelin/APJ system as a promising target for the development of new treatment against 
fibrosis-associated ED.  
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2.9 Supplementary	Material	
Amongst its pro-fibrotic effect, TGF-β has been reported to affect multiple proteins expression, including some common “house-
keeping” proteins like GAPDH or tubulin-𝛽 in fibroblasts, thenceforth negatively influencing western blot analysis of protein expres-
sion when normalized by a loading control57–59.  In our case, GAPDH expression was significantly affected by TGF-β and Apelin-13 
stimulation in NIH3T3 fibroblast cultures (Figure 1:8 C and D - supplementary material – P=0.0080). The western blot data were then 
normalized regarding the non-treated group, while the accuracy of the protein loading and transfer quality for each blot were as-
sessed by Ponceau S staining (Figure 1:8 E and F), a more stable control as suggested by previous studies60,61.   

 

Figure 2:8 - Expression of GAPDH was significantly affected by TGF-𝜷 and Apelin-13 treatment in NIH 3T3 fibroblast cultures, defending the use of 
Ponceau S staining for total protein expression as a loading control in Western blotting analysis. A) Representative image of the Western blotting 
of 𝛼-SMA showing clear visual difference of expression between control and treated groups. B) Quantification of 𝛼-SMA expression. The possible 
errors induced by different levels of proteins loading or transfer issues are minimized by division of each result by the total amount of protein deter-
mined by Ponceau S staining. C) Representative image of the Wester blotting of GAPDH showing an increased expression of the housekeeping protein 
when stimulated with TGF-𝛽 compared with Apelin-13 pretreatment. D) Quantification of the GAPDH expression showing significant alteration of 
GAPDH expression between groups. E) Representative scan image of the Ponceau S total protein staining. F) Quantification of the total protein ex-
pression for each fibroblast culture group stimulated with TGF-𝛽 and pretreated or not with Apelin-13. * p<0.05, ** p<0.01, *** p<0.001 (Unpaired 
Student t-test). Each column represents the mean ± SEM. Mw = Molecular weight markers. 
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3.1 Abstract	
Background: Many studies have shown that electrostimulation of the cavernosal nerve can induce and maintain penile erection. 
Based on these discoveries, neurostimulation to activate the erectile response has been considered a potential solution to treat 
erectile dysfunction (ED). However, despite recognized potential, this technology has not been further developed. The barrier is the 
complex anatomy of the human cavernous nerve, which challenges the intraoperative identification of the cavernosal nerves for 
electrodes placement.  

Aim: To overcome this major barrier, we proposed a practical solution: a 2-dimensional flexible electrode array which can cover the 
entire plexus area, ensuring that at least one of the electrodes will be in optimal contact with the cavernosal nerve, without the need 
of intraoperative identification. The present study aims to evaluate this concept intraoperatively. 

Methods: Twenty-four (24) patients enrolled for open radical prostatectomy were recruited. During the surgical procedures, the 
electrode array was positioned on the pelvic-plexus (on the prostatic apex or pelvic wall) and electrical stimulation was applied to 
induce penile erection. Penile erectile response was assessed by (i) visual change of penile tumescence and (ii) by a penile plethys-
mograph system.  

Outcomes: Ability and success rate of evoking penile response by applying electrical stimulation using the developed electrode array.  

Results: Electrical stimulation produced immediate penile response in all cases when tested before (on prostatic apex) or after pros-
tate removal (on pelvic wall). Clear visual penile engorgement was observed in 75% of the cases, whereas 25% showed minimal to 
moderate penile tumescence. As expected, patients with lower IIEF-5 score presented a reduced response, while stimulation before 
prostate removal showed greater response than following removal. Interestingly, erectile response was potentiated by bilateral stim-
ulation (circumference increase [mm]: 2.7 ± 1.02 vs. 8.2 ± 1.9, p = 0.01). 

Clinical Translation: These data bring sufficient proof of concept of a conceivable novel medical implant for the treatment of ED 
caused by mechanical nerve injury, such as prostatectomy and spinal cord injury. 

Strengths & Limitations: This is the first approach that can assure the optimal site stimulation of the erectogenic neuronal path within 
the lower pelvic area and overcome the major barrier of individual anatomical variability. However, since this study was performed 
intraoperatively in an acute scenario, further studies are needed to evaluate its chronic efficacy for clinical practice.   

Conclusion: The flexible electrode array concept can ensure the electro-stimulation of erectogenic neuronal path when positioned 
on the prostate apex or pelvic floor.  

Key words: Electrodes array; Erectile dysfunction; Neuromodulation; Neurostimulation; Post-prostatectomy; Spinal cord injury. 

3.2 Introduction	
Phosphodiesterase-5 (PDE5) inhibitors represents the first line in the treatment of ED, demonstrating substantial effectiveness and 
safety; however, these drugs are ineffective in at least 30% of patients1. As alternative, individuals that are non-responsive to PDE5 
inhibitors mostly resort to intrapenial injection and penile implants. Intrapenial injection of prostaglandin E1 is effective in over 80% 
of patients, but is associated with considerable side effects, such as pain, hematoma, priapism, discomfort and penile fibrosis2,3, while 
penile prosthesis requires an irreversible and destructive surgery, which often requires surgery revision4. Therefore, improved mo-
dalities in the treatment of ED are needed.  

Scientific reports have shown that electrostimulation of the cavernosal nerve can induce and maintain penile erection in animals and 
humans5–7. Since then, neurostimulation to activate the erectile response has been considered as a potential solution for erectile 
dysfunction (ED), particularly for spinal cord injury and post-prostatectomy patients6,7. The principle is based on applying an elec-
trostimulus using conductive electrodes placed in contact or close vicinity with the cavernosal nerve6. However, despite the recog-
nized potential, this technology has not been further developed for use in clinical practice. The barrier is the complex anatomy of 
human cavernous nerve, which is embedded in the pelvic-plexus. Locating the optimal site for stimulation has proven to be rather 
difficult, since the human cavernous nerve travels from the pelvic-plexus to the penis through a complex anastomosis and it is not 
macroscopically visible, while, the cavernosal nerve pathway presents a strong variability between individuals8–10. In addition to in-
trinsic anatomical issues, difficulties faced during surgical procedure when assessing the pelvic cavity, such as presence of overlying 
tissue, blood obscuring the surgical field, and poor exposure due to bodily habitus, all contribute to the challenges faced with optimal 
location placement11. Taken together, the main difficulty in applying neurostimulation to treat ED is the identification of the caver-
nosal nerve within the surgical field, thus leading to difficulties in identifying optimal and specific location for electrode placement. 
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In pioneering efforts, Lue et al. used an oval electrode consisting of a stainless-steel mesh to apply neurostimulation on the neuro-
vascular bundle posterolateral to the prostate5, while Burnett et al. applied a curved tripolar electrode comprised of a central cathode 
and two adjacent anodes to be positioned on the pelvic neurovascular bundle7. These electrode designs aimed to trigger the pro-
erectile nerve located within or near the neurovascular bundle. However, only half of the cases resulted in penile erectile response, 
which could be due to the fact that the cavernosal nerve may present different patterns along the prostate. Additionally, it is possible 
that the cavernosal nerve travels outside the vascular bundle8,9,12. Importantly, the large electrode surface area used in previous 
studies may lead to a diffusion of electrical stimulus and thus, reducing the activation potential, while smaller electrodes with minimal 
spacing would increase stimulation selectivity and produce greater activation potentials13,14. 

To overcome this major barrier in locating the cavernous nerve within the variable pelvic plexus anatomy, our research group pro-
posed a practical solution: a 2D flexible flat patch with multiple electrodes of smaller dimension to be positioned on the plexus area. 
The overlying concept is to cover the entire plexus area using a 2D multi-electrode patch so that at least one of the electrode pairs 
will be in optimal contact with the cavernosal nerve. The multi-electrode patch aims to be implanted without intraoperative identi-
fication of the nerve path and, in a post-operative ambulatory setting, a scan can be performed to identify the electrode(s) yielding 
the best erectile response. The electrodes in contact with the cavernosal nerve (those evoking the penile erection) can then be 
selected and stored for stimulation/therapy.  

In order to evaluate the principle and feasibility of this new concept, the present study aimed to assess if the proposed multi-elec-
trode patch can ensure the nerve stimulation and evoke penile erection, without the need of finding the best stimulation site, in-
traoperatively. Therefore, the testable hypothesis herein is to determine if the positioning of electrodes array on the pelvic plexus 
(prostate apex or pelvic floor) for electro-stimulation, without cavernous path pre-identification, can ensure the activation and stim-
ulation of the cavernous nerve to induce penile erection. 

 

3.3 Materials	and	Methods	
Subject Population 

Patients that were in preparation to undergo open radical prostatectomy for local or locally advanced prostate cancer routinely 
assessed and confirmed at the National and Kapodistrian University of Athens, Medical School, Laïkon Hospital of Athens, Greece, 
were enrolled for this study. The experiments were performed between September 2014 to June 2017. In total, twenty-four patients, 
aged between 49 to 75 years old, were recruited (table 3:1). Four cases were excluded due to technical or surgical issues (system 
failure or erroneous placement of the electrode, for instance, laterally to the prostate instead of on the prostatic apex). The Interna-
tional Index of Erectile Function-5 (IIEF-5) score was used to assess the patient ED history, such as the possible use of erectile function 
medication (PDE5i). Patients were counselled and consented to participate (written consent). The study was conducted according to 
the Helsinki Declaration and protocol was approved by the Institutional Review Board of Laikon Hospital in Athens (protocol n.: ES798 
– ID: NCT03425240).  

Experimental Setup  

The device developed for the present study was not proposed for chronic implantation, but exclusively for temporary assessment, 
and the entire evaluating procedure lasted maximum 20 minutes. The setup was designed to be a non-risk device for acute use. It 
was built to guarantee that only standard biocompatible materials in contact with patients (medical grade silicone and platinum 
electrodes), and standard safety tests were performed prior experimentation.  

The experimental setup (figure 3:1 A), was composed of: i) a stimulation system, comprised of  a stimulator (battery-powered pulse 
generator), a switch able to select unilateral or bilateral stimulation, and the multi-electrode patch; ii) a penile plethysmograph sys-
tem (PPS, model MP36R, Biopac Systems Inc) able to record precise changes in penile circumference through a flexible transducer 
(PPS gauge, model TSD205, Neurospec AG) placed around the penis base, and continuously monitoring the circumference using an 
acquisition data system (software AcqKnowledge 4.4.1 from Biopac Systems Inc.).  

The flexible multi-electrode patches were made of platinum coated electrodes embedded in flexible silicone matrix and were com-
prised of two identical mirrored parts, designed to deliver bilateral stimulation on right and left segments of the pelvic-plexus (figure 
3:1 B, C and 3:2). Two multi-electrode patch designs, with distinct on electrode numbers, were used (figure 3:1 B): i) 64-electrodes 
array, which is comprised of two rod shaped projections, containing 32 electrodes each part (2x32); and ii) 24-electrodes array, com-
prised of two L-type shaped projections, containing 12 electrodes each part (2x12). The initial cases were performed using the 64-
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electrodes array (cases #1 to #9), while the remaining with 24-electrodes array (cases #10 to #24). The stimulator was able to generate 
bipolar and monophasic electrical square pulses with control of amplitude (current), pulse width and frequency. Additionally, the 
unit is able to stimulate each individual electrode pair independently or execute pre-programed automatic stimulatory sequences 
(scan modes) in which every electrode pair stimulation (bipolar stimulation) is performed in between the interpulse interval of the 
other electrode pairs. The scan modes were applied from case #3 onwards and were able to optimize the experiment, as it was not 
possible to independently scan all electrode pairs of the array within the maximal experimental period of 20 minutes. The stimulator 
was connected to the electrode array by a 1.5-meter cable to secure the sterile field and a oscillate in between allowed to set unilat-
eral or bilateral stimulation.  

 

Figure 3:1 - Experimental setup and electrodes array placement. A) Schematic of the two-different models of electrodes arrays used: 2x32 electrodes 
array (left) and 2x12 electrodes array (right) B). Schematic representation of the stimulation system and recording setup. C) Photograph showing the 
experiment setup: white arrows indicate the PPS transducer around the penis base, and the cables of the left and right electrodes arrays placed on 
the pelvic wall. PPS: penile plethysmograph system. 
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Design Protocol 

Under general anaesthesia and complete muscle relaxation, the incision was made vertically on the lower abdomen and the proce-
dure progressed following a typical protocol for open radical prostatectomy. After locating and dissecting both pelvic fascias, creating 
space adjacent to the prostate, the electrode patches were positioned bilaterally on the prostatic apex, prior prostate removal (PR), 
or on the pelvic wall, near the urethra, after PR and before the urethrovesical anastomosis (figure 3:2). The electrode patches were 
maintained in place holding by dry surgical gauzes (no sutures), while electrical stimulation was applied to induce penile erection. 
Erectile response was assessed qualitatively by visual change of penile tumescence state, and quantitatively by variation of penile 
circumference recorded using the PPS (case #7 onwards). Continuous electro-stimulation was performed at 12Hz of frequency, 1 
millisecond of pulse width, and 7 or 10 volts of potential, which provided 6mA of current amplitude in average. Usually the stimulation 
started unilaterally followed by bilateral stimulation. In few cases, due to limitation in time, only bilateral or unilateral stimulation 
was performed. Electrical stimulus was applied from 1 to 3 minutes for each parameter set, until a PPS measured plateau was 
reached. Upon stimulation completion, electrode patches and PPS gauge were removed and the surgery routinely concluded.  One 
of the most important aspects during patch positioning was the dry surgical field, so that in all cases the haemostasis was meticulous 
in order to ensure optimal contact between the patch and the tissues.  

 

Figure 3:2 - Flexible electrode array placement. Illustration representing the electrode array positioned bilaterally on the prostatic apex, prior pros-
tate removal, or on the pelvic wall, near the urethra, after prostate removal and before the urethrovesical anastomosis. 

   

Data Analysis  

Qualitative visual assessment data were defined as: i) large tumescence, referring to a clear visual change of penile engorgement 
(matched with circumference increase greater than 3mm by PPS); ii) small response, referring to a minor penile engorgement, not 
clearly defined visually, but detected by the PPS measures (matched with circumference increase less than 3 mm by PPS); and iii) no 
response, no variation detected visually or by PPS. Penile circumference variation data, obtained by PPS recording, present variables 
intrinsic to each single PPS gauge, therefore, just after experimentation, a calibration was performed using a metallic cylinder com-
prising precise standard circumference measures for linear regression (5 measurements of 5mm circumference increment). 

Two-tailed paired t-test was used to compare the penile circumference change between unilateral and bilateral stimulation (per-
formed same individuals), while two-tailed unpaired t-test was used to compare the maximal penile circumference changes before 
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and after PR (not always perform in the same individuals), changes between 64- and 24- electrode array, and changes observed for 
each individual compared with previous results, as reported by Burnett et al.7. Statistical analysis was performed using GraphPad 
Prism software (GraphPad 6.0, San Diego, CA, USA). A value of p < 0.05 was considered significant and the results are expressed as 
mean ± SEM. 

 

3.4 Results	
The study cohort and stimulation protocol for each case is shown on table 3:1. Remarkably, erectile response was observed in all 
cases (20 cases, 100% response). Considering the entire cohort, 75% (15 of 20) presented large tumescence (clear visual engorge-
ment, higher than 3 mm increase in circumference), 25% (5 of 20) showed small response (detected by PPS, and smaller than 3 mm 
increase in circumference), while no case presented lack of response (figure 3:3 A).  No statistically relevant difference was observed 
when comparing the protocols using 64-electrodes array vs. 24-electrodes array (64-electrodes: 86% large tumescence, n = 6, and 
14% small response, n = 1, max. penile circumference increases 6.13 ± 2.05, n=3; 24-electrodes array: 69% large tumescence, n = 9, 
and 31% small response, n = 4, max. penile circumference increase 7.99 ± 2.02, n=9; P value 0.63) (figure 3:3 B). These results demon-
strate that the 2D flexible electrode array concept can guarantee the nerve stimulation, without the need to locate it intraoperatively. 

Table 3:1 - Study cohort & demographic  

Case 
# 

  Demographics  
Erectile 
Func-
tion  

 Stimulation Protocol 

Maximal 
Penile response 

Age  
[year] Comorbidities IIEF-5  

score 

System  
(# of elec-

trodes) 
Unilateral Bilateral Before 

PR 
After 

PR 

2 75 Coronary disease 
Smoker 12 64 Yes No Yes No Large tumescence 

3 71 Hypertension 22 64 Yes No Yes No Large tumescence 

4 70 Dyslipidemia 
Smoker 22 64  Yes No Yes No Large tumescence 

6 63 - 15 64 Yes No Yes No Large tumescence 

7 75 Hypertension 23 64 Yes Yes Yes No Small response 

8 75 Diabetes 22 64 Yes Yes Yes Yes Large Tumescence 

9 73 Hypertension, Arrhythmias 
Previous myocardial infraction 23 64 Yes Yes Yes Yes Large tumescence 

10 63 Hypertension, Smoker 
Coronary disease 6 24 Yes Yes Yes No Small response 

12 75 Hypertension, Coronary disease 
Previous cerebral stroke 5 24 No Yes Yes No Small response 

13 63 Hypertension 
Dyslipidemia 22 24 Yes Yes Yes No Small response 

14 74 Hypertension, Smoker 
Dyslipidemia 23 24 Yes Yes Yes Yes Large tumescence 

16 67 Smoker 
Arrhythmias 12 24 Yes Yes Yes Yes Large tumescence 

17 60 Hypertension, Smoker 
Dyslipidemia, Diabetes 25 24 Yes Yes No Yes Large tumescence 

18 67 Hyperthyroidism 
Smoker 25 24 No Yes Yes Yes Large tumescence 

19 61 Dyslipidemia 
Previous cerebral stroke 23 24 Yes Yes Yes Yes Small response 

20 48 - 25 24 Yes Yes Yes No Large tumescence 

21 73 Previous aortic aneurysm 25 24 No Yes Yes No Large tumescence 

22 68 Dyslipidemia 
Arrhythmias 22 24 Yes Yes Yes Yes Large tumescence 

23 64 - 22 24 Yes Yes Yes Yes Large tumescence 

24 70 Hypertension 
Coronary disease 25 24 Yes Yes Yes Yes Large tumescence 

Considering the location of electrodes array placement before and after PR, stimulation on the prostate apex (before PR) demon-
strated a slightly higher response compared to pelvic wall placement (after PR), despite no observed statistical difference (before PR: 
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7.17 ± 1.70 mm, n=14; vs. after PR: 5.76 ± 2.13 mm, n=9; P = 0.61) (figure 3:3 C). Considering the visual increase classification, which 
is a non-quantitative measure, the response after PR was smaller (before PR: 68% large tumescence and 32% small response; vs. 
after PR: 40% large tumescence and 60% small response) (figure 3:3 C). 

 

Figure 3:3 - Penile response in different setups. A) Left chart shows the penile response achieved in the entire cohort when evaluated by the quali-
tative measure of visual change in penile tumescence. Right graphic shows the maximal circumference increase assessed by PPS and compares the 
qualitative measures (large tumescence vs. small response). B) Charts of visual penile response when comparing 64 electrodes array (left, n=7) with 
24 electrodes array (right, n=13). C) Left charts show visual penile response prior and after prostate removal, while right graphic shows respective 
maximal circumference increase. 
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Interestingly, bilateral stimulation potentiated erectile response compared to unilateral stimulation (figure 3:4). The figure 3:4 A 
displays a typical PPS recording, in which the protocol is initiated with unilateral stimulation, followed by bilateral stimulation after 
reaching a response plateau. Bilateral stimulation clearly evoked an amplification on penile circumference enlargement. Indeed, 
analysis of the data in which the protocol of unilateral stimulation followed by bilateral stimulation had been executed on the same 
patient, unilateral stimulation produced a mean increase of 2.7 ± 1.02 mm in penile circumference, while bilateral stimulation en-
hanced the response to 8.2 ± 1.9 mm (figure 3:4 B, n = 13, p = 0.01). Additionally, a 10-volt stimulus produced a higher response than 
7 volts, except in one case in which 7 volts stimulation showed greater response. The current applied for 10 volts was measured as 6 
mA, and no collateral stimulation was observed in the pelvic wall (e.g. no shaking of pelvic muscles, as previously described when 
higher intensity of stimulation was used15).  

 

Figure 3:4 - Bilateral stimulation potentiated electrostimulation-induced penile circumference increase. A) Typical PPS recording data. Penile cir-
cumference increases during unilateral and bilateral electrostimulation, demonstrating a clear potentiation of the response when bilateral stimulation 
is applied, and rapid return to baseline when interrupted. B) Penile circumference increases in response to bilateral stimulation compared to unilateral 
stimulation (n=13). C) Time-frame photographs of a typical case, showing a clear visual penile engorgement following bilateral stimulation. 

 

The majority of the patients recruited in the study reported intact erectile function status, when assessed by IIEF-5 score (IIEF-5 score 
of 22 or higher). Two subjects (2 out of 5) presenting a previous ED history showed minor penile response (table 3:1). When only 
considering patients with intact erectile function status (table 3:2), 80% (12 out of 15) evoked large penile tumescence, 20% (3 out 
of 15) small response and none without response. Interestingly, these results demonstrate more robust effectiveness than previous, 
similar attempts7, which documented 42% of large tumescence, 8% of small response, and 50% no response in a cohort of non-ED 
patients (figure 3:5). Accordingly, the maximum average increase in penile circumference was also significantly higher in our study 
(7.5 ± 1.6 mm vs. 2.5 ± 0.85 mm, n=12, p value = 0.01). 
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Figure 3:5 - Penile response (visual tumescene state) and penile circumference increase in patients without ED history compared with previous 
study. A) Chart of penile response comparing patients without ED history from the present study (left, n=15) with reported data from publication [7] 
(right, n=12). B) Penile circumference increase, present study compared to reported data [7]. 

 

 

 Table 3:2 - Penile circumference increase in patients without previous ED 

Case # Maximal penile circumference in-
crease [mm] 

Maximal 
Penile response 

2 * Large tumescence 

3 * Large tumescence 

7 2.6 Small response 

8 6.1 Large tumescence 

9 9.7 Large tumescence 

13 2.9 Small response 

14 19.0 Large tumescence 

17 7.7 Large tumescence 

18 6.1 Large tumescence 

19 1.5 Small response 

20 8.7 Large tumescence 

21 ** Large tumescence 

22 3.3 Large tumescence 

23 16.6 Large tumescence 

24 6.1 Large tumescence 

*     No PPS system used 
**   Numerical data not available due to PPS calibration error 

 

3.5 Discussion	
The present study describes a novel concept, a 2D flexible electrode array to guarantee the blind identification of the cavernosal 
nerve path within the pelvic plexus, without the need of extensive intraoperative maneuver.  The use of electro-stimulation to induce 
penile erection has been extensively reported and suggested as potential therapy against ED5–7,16. However, the difficulty to identify 
the optimal location for electrode placement, considering the anatomical variability between individuals, distinguishability of over-
lying tissue and blood obscuring the surgical field, has blocked further development and reaching clinic use. The proposed flexible 
electrode array was able to induce penile response in all patients (20 cases), providing substantial evidence that our approach can 
guarantee the nerve activation, without requirement of precise identification of the nerve fiber.  
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The first study in human proposing electrostimulation to treat ED was done by Lue and colleagues5. In an intraoperative environment, 
they used an oval device consisting of a stainless-steel mesh with a broad stimulating surface to stimulate the neurovascular bundle 
posterolateraly to the prostate. Penile response was reported in 8 of 16 patients (50%)5. In another study, Burnett et al.7 used a 
curved tripolar electrode comprised of a central cathode and two adjacent anodes to be positioned on the pelvic neurovascular 
bundle. They observed an increase in penile circumference in 50% of the patients, assessed by a penile plethysmograph, while visual 
penile engorgement was observed only in 25% of the patients7. These previous studies demonstrated that electrical stimulation 
applied on the prostatic apex5 or pelvic neurovascular bundle7 can induce penile response in human, supporting the therapeutic 
concept. However, these previous approaches presented low efficacy (25-50% visual engorgement – 50% no response). A plausible 
explanation could be the inadvertent induction of sympathetic nerve firing, which has erectolytic effects, as previous studies used 
electrodes with large surface areas. Our approach covers a holistic area for stimulation, however, each electrical pulse is applied only 
between two electrodes within the array, providing punctual stimulus and, therefore, minimizing the chances to trigger other nerves 
and favoring the desired activation potential. Large electrode area applications, as used in previous studies, may lead to a diffusion 
of electrical stimulus and, therefore, reduce activation potential, while smaller electrodes with minimal spacing increases stimulation 
selectivity and leads to greater activation potentials of the adjacent tissue, requiring a lower stimulation intensity to achieve better 
neuronal activation13,14. Indeed, comparing the stimulatory parameters used, our study was able to evoke penile erection with 7-10 
volts and 6mA stimulus, while others required a higher intensity to attain penile response (40 mA to 60 mA7, or 12 to 32 volts5). 
Additionally, the low efficacy of previous studies might be related to electrode positioning. Lue et al. applied stimulus to the prostatic 
apex5, while Burnett et al. applied the stimulus on the neurovascular bundle following prostate removal although it has been docu-
mented that the cavernosal nerve may present different patterns along the prostate, in addition to the possibility that the cavernosal 
nerve travels outside the vascular bundle8,9,12. The cavernosal nerve travels along the posterolateral aspect of the prostate, in a 
complex anatomical pattern within the pelvic plexus, and starts converging in the prostatic apex when approaching the membranous 
urethra, at the 3 and 9 o’clock positions, prior to crossing the pelvic floor muscle near the urethra8,10,17. Sequentially, the fiber merge 
and form the cavernosal nerve, which traverses within the penile structures. Thus, when considering the site of injury (prostatectomy) 
and the general nerve path, we proposed the pelvic floor area, in close proximity to the urethra, as best location for the electrode 
array. In this area, the neuronal path starts to converge and is distal to the injured area. Indeed, our trial was executed by positioning 
the electrodes array in such region, following PR, and the results demonstrate the higher probability of targeting the nerve with such 
approach. Importantly, these results demonstrated that our approach can stimulate the distal portion of the nerves and evoke penile 
response, even after PR (positioned on the pelvic wall).  

It is plausible to assume that more nerves will be injured once the prostate is removed and poorer response would be reached, 
implying efficacy issues to future clinical practice application in prostatectomy patients. However, in the present study, stimulation 
after RP was slightly lower and this comparable response suggests a favorable outcome for further development. Importantly, this 
data highlights the importance of performing nerve sparing techniques to improve efficacy of neuromodulation therapy in the treat-
ment of ED in post-prostatectomy patients.   

There are several concerns when considering nerve integrity during prostatectomy, and it is probable that some or many of the 
cavernosal nerves fibers may be injured by extirpation of the prostate and may eventually undergo Wallerian degeneration18. There-
fore, one may argue that, despite the possibility to still being able to stimulate these nerves in an acute manner, they may eventually 
degenerate and lose the ability to be stimulated over the long-term, which would limit the therapeutic application. However, not all 
nerves will be damaged when considering the nerve sparing approach that might be used, and the remaining intact nerves could be 
sufficient to trigger penile erection which, for instance, could be potentiated by supplementation with PDE5 inhibitors. Importantly, 
it has recently been demonstrated that low frequency electrostimulation, similar to physiological neural mean firing frequency (10 
to 20Hz), accelerates and enhances peripheral nerve regeneration19,20. The underlying mechanisms are still not fully elucidated, but 
they may involve i) the recruitment and guiding of Schwann cell migration21; ii) the favoring of neurotrophic factors expression and 
secretion22; iii) the facilitation of axons residue elimination from the Wallerian degeneration and acceleration of axonal growth23; 
and iv) the direct electrical guidance of the new growing axonal sprouts, facilitating and fastening the regeneration of the neural 
function24. Therefore, it is possible that electro-stimulation therapy, in addition to effect on evoking penile erection for sexual inter-
course, could be used to prevent or minimize injured nerve degeneration or facilitate and fasten nerve regeneration. Nevertheless, 
all these assumptions still remain to be demonstrated in a chronic scenario, and the primary aim of the present study was to demon-
strate the principle that an electrodes array can enable the cavernosal nerve activation without precise nerve localization and without 
extensive intraoperative exploration. 

Although the results reported here add to previously published studies, the obtained maximal penile response observed in this study 
was preponderantly a large visual engorgement and not a fully rigid erection. The mean penile circumference increase during a fully 
rigid erection should average 20 mm in normal physiological conditions25, while we observed a 7.5 mm increase in our study. One 
may argue such response is not sufficient for sexual intercourse; however, it is important to note that the intraoperative conditions 
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of the tests are not optimal to demonstrate efficacy, while these factors will not be present in the clinical setting. During surgery, loss 
of blood, hemodynamic depression, decrease in body temperature, peripheral vasoconstriction and, critically, the anesthesia effects, 
altogether may contribute to diminish final erectile response. For instance, it has been documented in animals that electrostimulation 
induced penile erection was inhibited to a certain degree by inhalation of anesthesia5,26. In our study, the patients were anesthetized 
with midazolam (3mg i.v.), fentanyl (100 mg i.v.) and propofol (1.5 to 3.0 mg/kg) for induction, and desflurane (6% of total gases) or 
sevoflurane (2% of total gases), which could have reduced the magnitude of response. One important factor to be considered is that 
anesthesia may significantly reduce vaso-occlusive mechanism of erection necessary for full erection. Following the neural response 
that initiates the vaso-occlusive mechanism, a muscular response occurs as well by the autonomous contraction of the perineal 
muscles (bulbo- and ischio-cavernous muscles) in order to reach complete rigidity27,28. Deep anesthesia and muscular relaxant agents 
may then contribute to the lack of full erectile rigidity by inhibiting such mechanism. In addition, the lack of a patient’s natural or 
endogenous stimuli during general anesthesia and possible acute neuropraxia may also impair the erectile response. Finally, in the 
present study, the optimal stimulation parameters were not extensively investigated, mostly due to limitation of experimentation 
time. In the present study, frequency and pulse width were kept constant, while the potential varied between 7 and 10 volts. Con-
sidering the envisioned clinical application in which the parameters will be set after surgery recovery in an ambulatory environment, 
optimal parameters and electrodes pairs can be better established, since adequate time will be available for patient specific optimi-
zation. Taken together, we speculate that the magnitude of erectile response in the clinical scenario will be higher than the present 
intraoperative results, postulating promising gains in the advancement of this therapeutic option.  

Beyond the intraoperative limitations that might have affected the magnitude of erectile response, it is reasonable to speculate that, 
during clinical application scenario using neuromodulation therapy, penile engorgement produced by electrostimulation could cer-
tainly be potentiated by PDE5 inhibitors, as the mechanisms of action are directly linked. PDE5 inhibitors act by amplifying the re-
sponse evoked by the neurotransmitter nitric oxide, as it inhibits the degradation of the nitric oxide intracellular messenger cGMP, 
in the penile vasculature, potentiating its vascular reaction1.  

As discussed above, our data were taken during general anesthesia and muscle relaxation, and activation of somatic nerve is pre-
sumed to be inhibited under this condition. Consequently, it raises the question of the possible effects of this technology on somatic 
nerves stimulation that could represent limitations to future neuromodulation therapy for ED. Indeed, when anesthesia and muscle 
relaxant agents are not present, somatic nerves could be activated by electrostimulation of the pelvic floor. Certainly, somatic nerve 
stimulation is also possible when stimulating the apex area of the prostate. However, punctual stimulation, as permitted by the 
electrodes array principle (patient specific selected electrodes pair within the array), may reduce inadvertent somatic nerve activa-
tion and favor selection of autonomic nerves. In addition, by optimizing the stimulation parameters, which can be meticulously set 
in an ambulatory environment, it becomes feasible to maximize the activation potential of unmyelinated (parasympathetic cavernous 
nerves), while minimizing the activation of myelinated (somatic nerves). Indeed, similar techniques are applied in spinal cord stimu-
lation paddles used for the treatment of chronic pain, in which, by optimizing the stimulus parameters, specific and selective targeting 
activates the dorsal column nerves and avoid dorsal root fibers in conditions of  paresthesia29. Finally, the proportion of somatic 
nerves surrounding the prostate apex represent less than 5% of the autonomous nerves, comprising both sensory and motor nerves30. 
In the event of involuntary stimulation of motor nerves innervating the bladder or urinary sphincter, electrical stimulation would 
result in a contraction of those muscles and may represent a beneficiary effect against post-prostatectomy urinary incontinence, 
indicating another potential therapeutic application. However, no urethral sphincter contraction or pelvic floor electromyography 
were measured during this study and further investigations are required to understand such application. Inadvertent stimulation of 
the anal sphincter or rectum nerves is not expected as the main nerves fibers innervating those structures originate from the puden-
dal nerve that is traveling far enough away from the pelvic wall surrounding the urethra when considering the application of a punc-
tual stimulation within the electrodes of the array.  

As for limitations, the measurements of penile circumference started after case #6, reducing the number of quantitative measures. 
Moreover, four cases were excluded as the stimulatory protocol could not be performed:  in two cases the stimulator showed error 
message and the experimentation was terminated, while two other cases, the electrodes array were misplaced and positioned later-
ally on the prostate instead of on the prostatic apex. It is important to mention that, due to limitation of time and to avoid safety 
issues with the ongoing surgery, unilateral and bilateral stimulation was not always performed in the same patient, as for stimulation 
before and after PR. In some cases, the unilateral stimulation or before PR was avoided to gain time during the testing, or the exper-
iment was terminated before sufficient time needed to test bilateral or after PR stimulation. This time-based limitation was reduced 
to 13 cases for the comparison between unilateral vs. bilateral response (figure 3:4 B), and 14 and 9 cases for before and after PR 
respectively. 

The study was performed with 2 different electrode arrays, 64- and 24-eletrodes, as we opted for a new array design following the 
initial cases in which we observed the more optimal areas to be covered. Most importantly, the results from the 24-electrode array 
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demonstrated a similar response to the 64-electrode array, thus this configuration is also suitable for further device development 
aimed for clinical practice.  

In general, the present cohort grouped mainly patients without ED (IIEF score higher than 22). Therefore, it is still not clear if ED 
patients, particularly vasculogenic ED, would benefit from neuromodulation therapy. Most likely, as electro-stimulation can sole ac-
tivate and/or restore the neuronal pathway, it may not overcome the penile vasculature dysfunction. In practice, this may restrict 
the group of patients that can potentially benefit from future clinical translation. Even considering such limitation, the envisioned 
medical implant may still benefit a large population of neurogenic ED patients, such as prostatectomy, spinal cord injury or multiple 
sclerosis patients. In addition, as discussed above, it is reasonable to speculate that a minor penile response could also be potentiated 
by PDE5-inhibitor, however, the benefit to vasculogenic ED remains to be answered in a clinical trial scenario.  

The present study was performed during open radical prostatectomy; however, future application of this technology will not be 
limited to this procedure. The electrode array has features, such as flexibility (silicone matrix) and convenient dimensions, which are 
compatible for implantation in robotic-assisted surgery. The electrode array can be rolled and passed through standard trocars, while 
its fixation on the pelvic floor can be performed with standard surgical sutures. 

On important aspect to consider in order to bring the present concept into the clinical practice is the available technology. The device 
envisioned here presents standard features and similar stimulation parameters of existing implantable neuromodulators used today 
for treating chronic pain and Parkinson31. Therefore, no major innovation is required in terms of implantable pulse generator for the 
clinical translation of this concept into a potential medical device. The envisioned device concept is to place the electrodes arrays on 
the pelvic floor and pulse generator subcutaneously, while the system is remotely controlled for activation.  

 

3.6 Conclusion	
In summary, our study demonstrates that the proposed 2D flexible electrode array can ensure the stimulation of the erectogenic 
neural path within the pelvic plexus when positioned on the prostatic apex or pelvic floor, since all patients responded to the desired 
extent. Importantly, these data open avenue for further development of a novel implantable medical device to alleviate ED, particu-
larly in cases associated with mechanical neuronal damage, such as prostatectomy and spinal cord injury patients.  
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4.1 Abstract	
Background: Erectile dysfunction is a frequent complication of radical prostatectomy. In the long-term, the absence of pro-erectile 
nerve response may lead to corporal cavernosal remodelling and permanent ED. Low-intensity electrostimulation (LIES) has been 



Low-intensity electrostimulation enhances neuroregeneration and improves erectile function in a rat model of cavernous nerve injury 

 76 

shown to enhance peripheral nerve regeneration, however, the application of LIES and its mechanisms of action on cavernous nerves 
(CN) have never been investigated.  

Aims: This study aims to evaluate whether LIES can improve erectile function (EF) and prevent penile tissue remodelling induced by 
CN injury and to explore the potential underlying molecular mechanisms. 

Methods: 36 male Sprague-Dawley rats were divided into Sham, BCNI, and BCNI + LIES (1V, 0.1ms, 12Hz, 1h/day). Bilateral cavernous 
nerve injury (BCNI) was induced by two consecutive pressure crushes using a haemostat clamp. Sham group had nerve bundles 
exposed but untouched. A bipolar electrode was then implanted on each CN bundle. After 7 days, EF (intracavernosal pressure) was 
measured, then penes and cavernous nerves were collected for molecular analyses of TGF-𝛽1, Il-6, CRP, Collagen type-I and eNOS 
protein levels and histological analysis of corpus cavernosum and CN structure.  

Outcome: Effects of LIES on EF, erectile tissue remodeling and CN structure. 

Results: EF was decreased 7 days after BCNI and normalized by LIES. In accordance, LIES induced a reduction in intracavernosal 
oxidative stress, inflammation markers, pro-inflammatory cytokines, and fibrosis, preserving nitrergic CN fibers and myelination com-
pared to control, indicating a protective effect of LIES on corpus cavernosum and CN following BCNI. 

Clinical Translation: These results indicate LIES treatment as a promising new therapeutic tool to enhance EF recovery and minimize 
the side effects of radical prostatectomy. 

Strengths & Limitations: This study provides evidence of the protective effect of LIES on EF and tissue remodeling following CN injury; 
nevertheless, this study has only been conducted on rat models, and the translation to humans remains to be demonstrated. Further 
research to fully identify the underlying mechanisms of action is required. 

Conclusion: This study shows the first evidence of beneficial effects of LIES on EF recovery, corporal cavernosal remodeling, and CN 
structure protection following nerve injury, indicating a potential new tool for penile rehabilitation and ED management following 
radical prostatectomy. 

Key Words: Neurogenic erectile dysfunction; postprostatectomy erectile dysfunction; cavernous nerves; LIES; nerve stimulation; 
nerve regeneration; penile rehabilitation.  

 

4.2 Introduction	
Penile erection is defined as a coordinated neurovascular event where both neuronal and vascular constituents are essential to in-
duce and maintain an erection1. The release of neuronal nitric oxide synthase from the cavernous nerve (CN) terminals initiates the 
penile erection by activating the NO/cGMP pathway in endothelial and corporal smooth muscle cells. The CNs originate from the 
pelvic plexus and travel along the posterolateral side of the prostate to finally innervate the erectile tissues2. These fibers are accom-
panied by vascular structures traveling alongside them and together are defined as neurovascular bundles (NVBs)3. Pelvic surgery,par-
ticularly radical prostatectomy (RP) surgery, often leads to erectile dysfunction (ED)4. Despite the nerve-sparing technique and tech-
nological improvements, the surgical removal of the prostate is almost invariably associated with temporary neuropraxia of the 
nerves controlling erectile function (EF)5. In addition to direct injuries to the nerves, neuropraxia can be caused by traction, compres-
sion, coagulation, or inflammatory response3. This injury initiates Wallerian degeneration of the nerves, and the subsequent dener-
vation of the corpora cavernosa, leading to ED, a loss in nocturnal erectile activity, penile hypoxia, fibrosis, and an increase of apop-
tosis, causing irreversible smooth-muscle cell loss within the erectile tissue2. The production of fibrogenic factors such as transform-
ing growth factor-β1 (TGF-𝛽1) and inflammation, responsible for structural changes in the erectile tissue, including impairment of 
the elasticity of the corpora cavernosa and the apoptosis of smooth muscle cells, may finally result in permanent veno-occlusive 
dysfunction3. Recovery of EF has been reported after 3 to 24 months following nerve injury3, however, the chronic lack of erection 
period following neuropraxia, eventually leading to definitive damage of the corpora cavernosa, may preclude to regain the level of 
presurgical EF in patients5. To avoid permanent structural modifications of the corpora cavernosa due to the lack of erectile function 
following prostatectomy surgery, the concept of penile rehabilitation as emerged. It is based on the use of any therapy or combina-
tion of therapies able to induce erectile response and limit cavernosal hypoxia, to prevent fibrosis and smooth muscle loss and to 
preserve erectile function until some degree of neural function is restored5. As penile rehabilitation has not shown clear beneficial 
effects on EF recovery6, it has brought attention to the need for new strategies to induce erectile response and enhance CN regen-
eration following RP. Many preclinical studies have provided promising results in EF recovery following CN injury by aspiring to im-
prove and fasten nerve regeneration using neurotrophic factors, immunomodulatory, or stem cell therapy5,6. Unfortunately, these 
strategies have failed to demonstrate a clinically relevant effect or have not extended to the clinical practice yet. 
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Electrostimulation of the CN has been shown to induce penile erection in humans7,8, which could be used as a way to produce penile 
response and promote penile rehabilitation following RP. In addition, it has been demonstrated recently that low-frequency elec-
trostimulation (LIES), similar to physiological neural mean firing frequency with intensity lower than the nerve activation threshold, 
accelerate and enhance peripheral nerve regeneration9–12. The underlying mechanisms of LIES on nerve regeneration are still not 
fully elucidated, and may involve: the recruitment and guiding of Schwann cells migration13; the secretion or favoring of neurotrophic 
factors expression14; the facilitation of axons residue elimination from the Wallerian degeneration and subsequent speed-up of the 
axonal growth11; and/or the direct electrical guidance to the newly growing axonal sprouts, facilitating and fastening the regeneration 
of the neural function15. In order to understand the potential impact of this strategy in the treatment of post-prostatectomy ED, this 
study aims to evaluate the effects of LIES on CN regeneration, by means of penile structure protection in a cavernous nerve injury rat 
model which mimics nerve-sparing radical prostatectomy and neurogenic erectile dysfunction16. This study also intends to explore 
the cellular and molecular mechanisms underlying a potential beneficial effect of LIES. 

 

4.3 Materials	and	Methods	
In vivo experimental design 

A well-established model of bilateral cavernous nerve injury (BCNI) was used17. Adult male Sprague-Dawley rats (325–350 g; Charles 
River Breeding Laboratories, Wilmington, MA, USA) were randomly separated into three groups (n=8–10/group): Sham, BCNI and 
BCNI+LIES. A bipolar microelectrode was implanted on the surface of each CN for all study groups.  In the BCNI+LIES group, the 
electrodes were connected to an implantable pulse generator to deliver low-intensity electrostimulation for 1h per day for 7 days. 
Twenty four hours after the last treatment, the erectile function of each animal was assessed by penile erection studies as previously 
reported18. Following the penile erection studies, the animal was perfused with 0.9% saline solution. Sequentially, the penis shaft 
was collected and cut in 3 sections in 0.9% saline solution.  2 parts were snap-frozen for molecular analysis. In contrast, the third 
section was embedded in the cryoprotective matrix and frozen for cryosectioning and histological studies. The prostate gland was 
collected en-bloc with the implantable electrodes, incubated in 4% paraformaldehyde solution (PFA, Sigma) for 48h, washed with 
PBS solution, and stored in 70% ethanol solution before paraffin infiltration and paraffin embedding for histological analysis. The 
electrodes were used as markers for the tissue sectioning plan (Figure 4:1 D).  A wash period of 5min was allowed after the last 
electrical stimulation and before perfusion and tissue collection to avoid confounding effects of repeated electrical stimuli of the 
cavernous nerve on the molecular measurements. 

Figure 4:1 - Microelectrodes and implantable stimulator used to deliver LIES treatment. The implantable system used to deliver LIES treatment to 
bilateral CN after BCNI was manufactured in our laboratory using biocompatible 3D-printed plastic cases and injection-molding of medical grade 
silicone matrix to embed platinum contact electrodes. A) Picture of the implantable system used to deliver LIES showing two bipolar microelectrodes 
and an implantable stimulator. B) Bipolar microelectrode details. The exposed electrode area are two squares surfaces of platinum of 1mm x 1mm 
embedded in a medical grade silicone matrix. The ruler shows the length scale in mm. C) Microelectrode implanted over a rat CN bundle. Contact 
electrodes are placed at the site of crush injury. D) Schematic of the microelectrode position on top of the CN with the contact electrodes positioned 
over the crush injury site, 2-3mm from the MPG. For histology analysis of CN, the prostate was collected en-block with the microelectrodes in place 
allowing the use of the electrodes as marks to determine the slicing plan. Abbreviations: LIES: low-intensity electrostimulation, CN: cavernous nerve, 
BCNI: bilateral cavernous nerve injury, MPG: major pelvic ganglion. 

The animal experimentation was approved by the local ethics committee and Swiss regulatory authorities (license number VD3431) 
under the guidelines from the directive 2010/63/EU of the European Parliament and by the Johns Hopkins University School of Med-
icine Institutional Animal Care and Use Committee under the National Institutes of Health Guide for the Care and Use of Laboratory 
Animals.  



Low-intensity electrostimulation enhances neuroregeneration and improves erectile function in a rat model of cavernous nerve injury 

 78 

Bilateral cavernous nerve crush injury (BCNI), bipolar electrodes implantation and low-intensity electrostimulation (LIES) 
treatment  

To perform BCNI, rats were anesthetized with isoflurane inhalation (Oxygen flow rate of 0.8–1.5 l/min, 2.5% Isoflurane). Prostate and 
bilateral major pelvic ganglia were identified via a midline lower abdominal incision, and left and right cavernous nerves were iso-
lated. Both nerves were crushed 1–2 mm distal to the major pelvic ganglia, as previously described19. To limit variability, all surgeries 
were completed by the same investigator. BCNI was induced by crushing both cavernous nerves with an ultra-fine hemostat (cat# 
13006-12, Fine Science Tools) at a constant “two-click” pressure for two times 2 minutes per side. Sham surgeries were completed 
by exposing the cavernous nerves but not manipulating them. In-house produced bipolar platinum microelectrodes (Figures 4:1 A, B, 
and C) were placed on each CN at the site of injury or on the untouched nerve for the Sham group and maintained in place by a drop 
of veterinarian tissue adhesive (Vetbond Tissue Adhesive, cat# 35061000, WPI). The electrode wires were then wound up and placed 
in a subcutaneous pocket with or without an implantable pulse generator before closing the skin incision with staples. In the 
BCNI+LIES group, the electrode’s cables were connected to a custom implantable pulse generator (Figure 4:1 A), delivering low-
intensity and low-frequency electrical stimulation for 1h per day. The stimulation parameters were 1volt intensity, 0.1ms square-
wave pulse duration, and 12Hz frequency for 1h per day for 7 days.  

Penile erection studies. 

Intracavernosal pressure (ICP) was measured in anesthetized rats (ketamine 100 mg/Kg, Xylazine 10 mg/Kg – Ketasol/Xylasol, Graeub, 
intraperitoneal injection), as described previously18. To induce penile erection, electrical stimulation was applied to the bilateral CN 
using the implanted microelectrodes. Electrode’s cables were accessed by an abdominal midline incision, and the crura of the penis 
were identified by opening the penis foreskin. Stimulation parameters to induce erectile response were 2, 4, 6, and 8 Volts at a 
frequency of 18 Hz with square-wave pulses lasting 5 ms for 1 min. Maximum ICP (maximum pressure that is reached during CN 
electrical stimulation) and total ICP (ICP area under the curve, indicating the ICP response for the duration of CN electrical stimulation) 
were expressed per mean arterial pressures (MAP) as a difference from baseline. Response parameters were recorded using data 
acquisition (DI-190, Dataq Instruments), and results were analyzed using Matlab software (Mathworks).   

Immunohistochemistry 

Intra-cavernosal reactive oxygen species (ROS) content  

To assess ROS content within rat corpus cavernosum, cryosections were stained with dihydroethidium (DHE; Cat# 37291, Sigma) as 
previously described20. Slides containing rat penis transversal cryosections of 8 µm were thawed at RT and washed with PBS. Sequen-
tially, the sections were incubated with DHE at 15mM in PBS for 20 min in a dark humid chamber at 37 °C. After three washes, the 
slides were coverslip-sealed with DAPI containing mounting medium (FluoroshieldTM, cat#F6057, Sigma) and examined under a con-
focal microscope (Carl Zeiss LSM 700, 20x magnification). DHE fluorescence intensity of acquired digital images was quantified by 
Image J software (NIH). 

Intra-cavernosal total collagen content  

Total intra-cavernosal collagen was assessed by Sirius red staining (Sigma Chemical Co), as previously reported21. Briefly, 8 µm rat 
penis cryosections were rinsed with water, and the nuclei stained with Weigert’s hematoxylin for 10 min. After washing in tap water, 
the slides were incubated with 0.1% Sirius red in saturated picric acid for 60 min. Subsequently, the sections were rinsed twice with 
5% acetic acid for 10 seconds, then immersed in absolute ethanol three times before clearing in xylene twice and cover-slipped. The 
sections were photographed using identical exposure settings under bright field light microscopy. Intra-cavernosal total collagen 
content was quantified by Image J software (NIH). Data were calculated as percentages of stained area to total area. 

Intra-cavernosal smooth muscles content 

The intracavernosal smooth muscle content was determined by immunostaining of the alpha-smooth muscle actin (𝛼-SMA), as pre-
viously reported22. Briefly, slides containing rat penis transversal cryosections of 8 µm were thawed at RT and washed with PBS. 
Subsequently, tissue sections were fixed with ice-cold acetone for 10min, washed 2x with PBS before heat-induced epitope retrieval 
(HIER) in 10mM trisodium citrate buffer (pH 6.0) at 95°C for 20min. After cooling and rinsing the samples 2x with a washing solution 
containing 1% BSA (Sigma) + 0.025% Triton X-100 (Sigma) in PBS, the slides were blocked with a 3% BSA in PBS solution for 30min. 
After two additional rinses with the washing solution, tissue sections were incubated overnight at 4°C with a primary antibody mouse 
anti-𝛼-SMA (dilution 1:800, cat# AB7817, Abcam) in a humidified chamber. The following day, tissues were rinsed 3x in washing 
solution before incubation with a fluorophore-conjugated secondary antibody donkey anti-mouse AF 488 (dilution 1:500, cat# 
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A21202, Thermofisher). After three washes, the slides were coverslip-sealed with DAPI containing mounting medium (FluoroshieldTM, 
cat#F6057, Sigma) and examined under a confocal microscope (Carl Zeiss LSM 700, 20x magnification). Intra-cavernosal smooth mus-
cle content was quantified by Image J software (NIH). Data were calculated as percentages of stained area to total area. 

Cavernous nerve staining 

The cavernous nerves between the crush injury and the MPG were stained for beta III tubulin (Tub-III), a nerve cell marker, S100 
protein, a Schwann cell marker which is directly correlated to the nerve myelin sheet thickness23 and neuronal nitric oxide synthase 
(nNOS) by immunostaining as previously described24,25. Briefly, slides containing paraffin-embedded prostate transversal section of 
8 µm were dewaxed and washed with PBS before heat-induced epitope retrieval (HIER) in 10mM trisodium citrate buffer (pH 6.0) at 
95°C for 20min. After cooling and rinsing the samples 2x with a washing solution containing 1% BSA (Sigma) + 0.025% Triton X-100 
(Sigma) in PBS, the slides were blocked with a 3% BSA in PBS solution for 30min. After two additional rinses with the washing solution, 
tissue sections were incubated overnight at 4°C with a primary antibody rabbit anti-Tub-III (dilution 1:500, cat# AB52623, Abcam), 
mouse anti-S100 (dilution 1:500, cat# AB212816, Abcam) and/or goat anti-nNOS (dilution 1:500, cat# AB1376, Abcam) respectively 
in a humidified chamber. The following day, tissues were rinsed 3x in washing solution before incubation with a fluorophore-conju-
gated secondary antibody donkey anti-rabbit AF 555 (dilution 1:500, cat# A32794, Thermofisher), donkey anti-mouse AF 647 (dilution 
1:500, cat# A31571, Thermofisher) and/or donkey anti-goat AF647 (dilution 1:500, cat# A21447, Thermofisher). After three washes, 
the slides were coverslip-sealed with DAPI containing mounting medium (FluoroshieldTM, cat#F6057, Sigma) and examined under a 
confocal microscope (Carl Zeiss LSM 700, 40x magnification).  

Cavernous nerve myelination was quantified by Image J software (NIH), and data were calculated as the percentage of the myelinated 
area (stained by S100) to percentage of nerve area (stained by Tub-III).  The cavernous nerve nNOS-positive cells ratio was quantified 
by Image J software (NIH), and data were calculated as the number of nNOS-positive cells normalized by total nerve cells. 

 Apoptosis of penile dorsal nerve cells 

The number of apoptotic nerve cells within the dorsal penile nerves was determined by Transferase-Mediated dUTP-biotin Nick End 
Labeling (TUNEL) staining (ApopTag® red In Situ apoptosis detection kit, cat# S7165, Millipore) following the manufacturer’s protocol 
and recommendations. In brief, slides containing rat penis transversal cryosections of 8 µm were thawed at RT and washed with PBS. 
Sequentially, tissue sections were fixed with 1% paraformaldehyde in PBS solution for 10min, washed 2x with PBS and post-fixed in 
precooled ethanol and acetic acid solution (2:1) at -20°C for 5min. Following two additional washes with PBS, heat-induced epitope 
retrieval (HIER) in 10mM trisodium citrate buffer (pH 6.0) at 95°C for 20min was applied. After cooling and rinsing the samples 2x 
with PBS, the slides were incubated in a equilibration buffer for 1min at room temp. before incubation at 37°C in a humidified cham-
ber with working strength TdT enzyme (70% reaction buffer and 30% TdT enzyme stock). The enzymatic reaction was stopped by 
placing the specimens in stop/wash buffer for 10min at room temp. before incubating the samples in working strength anti-digoxig-
enin rhodamine-conjugated antibody solution (53% blocking solution and 47% sheep anti-digoxigenin antibody stock) with rabbit 
anti-Tub-III (dilution 1:500, cat# AB52623, Abcam) primary antibody for 30min. Following three washes in PBS, samples were incu-
bated with donkey anti-rabbit AF 647 (dilution 1:500, cat# A31573, Thermofisher) secondary antibody for 30min. After three washes, 
the slides were coverslip-sealed with DAPI containing mounting medium (FluoroshieldTM, cat#F6057, Sigma) and examined under a 
confocal microscope (Carl Zeiss LSM 700, 40x magnification). The number of apoptotic nerve cells within the dorsal penile nerves was 
quantified by Image J software (NIH). Data were calculated as the percentage of TUNEL stained area to nerve area. 

Western Blot 

Protein expression levels of transforming growth factor-beta 1 (TGF-𝛽1), interleukin 6 (IL-6), C reactive protein (CRP), collagen type I 
(Col-I), endothelial nitric oxide synthase (eNOS), total and phosphorylated extracellular signal-regulated kinases (ERK1/2 and P-
ERK1/2 respectively, phosphorylation sites: ERK1-Thr185 and ERK2-Tyr187), total and phosphorylated protein kinase B (AKT and P-
AKT respectively, phosphorylation site: Ser473), within the rat corpus cavernosum were assessed by Western Blotting.  

After running 40 µg of rat penis protein extraction on a 10% SDS-PAGE gel, the proteins were transferred onto a polyvinylidene 
fluoride (PVDF) membrane (ImmobilionTM, cat# IPFL00010, Merck Millipore, 0.45 µm pore size). After blocking for 1h, the membranes 
were probed with one of the following primary antibodies: anti-TGF-𝛽1 (dilution 1:500, cat# AB179695, Abcam, Inc.); anti-IL-6 (dilu-
tion 1:500, cat# AB65842, Abcam); anti-CRP (dilution 1:500, cat# AB9324, Abcam); anti-Col-I (dilution 1:1000, cat# AB765P, Merck); 
anti-eNOS (dilution 1:1000, cat# AB76198, Abcam); anti-ERK1/2 (dilution 1:1000, cat# AB54230, Abcam); anti-P-ERK1/2 (dilution 
1:1000, cat# 700012, Thermofisher); anti-AKT (dilution 1:1000, cat# CST 4691-S, Cell Signaling Technology); or anti-P-AKT (dilution 
1:1000, cat# CST S473, Cell Signaling Technology). Membranes were washed three times for 10 min with Tris-buffered saline-Tween 
(TBS-T) and incubated with the following secondary antibodies: anti-mouse IgG conjugated with IRDye 680RD (dilution 1:5000, cat# 
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926-68072, LiCor Biosciences), anti-Rabbit IgG conjugated with IRDye 680RD (dilution 1:5000, cat# 926-68073, LiCor Biosciences), 
anti-goat IgG conjugated with IRDye 800CW (dilution 1:5000, cat# 926-32212, LiCor Biosciences) or anti-rabbit IgG conjugated with 
IRDye 800CW (dilution 1:5000, cat# 926-32213, LiCor Biosciences) for 2h at RT. After three washes of 10 min with TBS-T, the fluores-
cence signal of the membranes was detected by an Odyssey CLx imaging system (LiCor Biosciences). The total amount of loaded 
protein and the membrane transfer quality were assessed by REVERTTM total protein stain kit (cat# 926-11015, LiCor Biosciences). 
Acquired images were analyzed similarly to the blot images using Image Studio Lite software (LiCor Biosciences). The relative protein 
expression level was determined by normalization, referring to the sham group. 

Data Analysis 

Statistical analyses for all measurements were performed using an unpaired Student t-test (one-tailed) or one-way/two-way analysis 
of variance (ANOVA), respectively comprising intergroup comparisons by Tukey’s posthoc test. Statistical analysis was performed 
using Prism 6.0 software (GraphPad). A p-value <0.05 was considered significant, and the results are expressed as mean ± SEM. 

4.4 Results	
LIES enhanced the erectile function following CN injury 

One week after nerve injury, the EF of each animal was assessed. As expected, the EF of BCNI animals was significantly impacted by 
the nerve crush damage, and only a minor response to CN stimulation at higher current intensity was observed. In contrast, the EF 
of Sham animals was unaffected and equivalent to a typical EF response as reported24,26. Interestingly, after one week of LIES treat-
ment, a partially restored EF was observed (Figure 4:2 A). A significant increase of both the maximum ICP and total ICP (normalized 
ICP area above basal) was found in the BCNI+LIES group compared to the BCNI only group (5.9-fold increase, p<0.01 and 7-fold 
increase, p<0.01 respectively, n=6 animals per group). However, one week of LIES treatment was not able to induce a full recovery 
of the EF, as a significant difference with the Sham group was still observed (Figure 4:2 B, C, D, and E). The maximal difference 
between groups was seen at the stimulation of the CN at a sub-maximal intensity of 6 volts. A stimulation and contraction of the 
pelvic muscles were observed at an intensity higher than 8 volts. Only a negligible response was observed at 2 volts stimulation which 
differs from previously reported data27, yet this slight difference could be attributed to the use of different electrodes for the stimu-
lation or the fibrotic encapsulation of the implanted electrodes after one week, requiring a higher intensity to induce an erectile 
response. Nevertheless, these results also confirm that the LIES stimulation parameters chosen (1V) are far under the threshold 
required to induce an erectile response. Altogether, these results indicate a definite positive effect of LIES on EF recovery following 
CN injury. 
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Figure 4:2 - LIES treatment enhances erectile function recovery after nerve injury. To assess EF, ICP and MAP were measured continuously while an 
erectile response was induced by electrically stimulating the CN for 1min. Maximal normalized ICP response was observed at 6-volt stimulation. A) 
Representative ICP response curve to 6V stimulation showing a normal response for Sham, strongly reduced response for BCNI animals and partially 
restored response for BCNI+LIES group. B and D) Normalized ICP area and maximum normalized ICP above basal at 2, 4, 6, and 8V stimulation for each 
group, indicating a maximal response at 6V stimulation, and significant difference between groups. C and E) Normalized ICP area and maximum 
normalized ICP above basal at 6V showing significant difference in EF. n=6 animals per group. * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001 (Two-
way ANOVA or Unpaired Student t test, with equal standard deviation (SD)). Each data point represents the mean ± SEM. Abbreviations: LIES: low-
intensity electrostimulation, ICP: intra-cavernosal pressure, MAP: mean arterial pressure, CN: cavernous nerve, BCNI: bilateral cavernous nerve injury, 
SEM: standard error of the mean. 
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Figure 4:3 - LIES treatment reduces intra-cavernosal oxidative stress and inflammation following CN injury. To assess intra-cavernosal tissue health, 
ROS, pro-fibrotic and pro-inflammatory cytokines as well as inflammation marker protein expression have been measured. A) Quantification of intra-
cavernosal ROS content measured by DHE staining (n=9 animals per group). B) Representative images of the CC slices stained by DHE (Top) and DAPI 
(Bottom), indicating oxidative stress level and staining the cell nucleus respectively at 10x magnification. C, E and G) Quantification of the intra-
cavernosal protein expression of the pro-fibrotic cytokine TGF-𝛽1, the pro-inflammatory cytokine IL-6 and the inflammation marker CRP respectively 
(n=9 animals per group). D, F and H) Representative images of the Western blotting of TGF-𝛽1, IL-6 and CRP expression showing a specific single band 
at the expected molecular weight. * p<0.05, ** p<0.01 (One-tailed unpaired Student t test, with equal standard deviation (SD)). Each column repre-
sents the mean ± SEM of relative protein expression or relative fluorescence in arbitrary unit (A.U.). Abbreviations: LIES: low-intensity electrostimu-
lation, ROS: reactive oxygen species, DHE: dihydroethidium, CC: corpus cavernosum, DAPI: 4ʹ,6-diamidino-2-phenylindole, TGF-𝛽1: transforming 
growth factor beta 1, IL-6: interleukin 6, CRP: C-reactive protein, CN: cavernous nerve, BCNI: bilateral cavernous nerve injury, SEM: standard error of 
the mean. Marker = molecular weight markers. 
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Figure 4:4 - LIES protect the CC against nerve-injury induced increase of fibrosis and smooth muscle loss. In order to assess the fibrosis and smooth 
muscle cells content within the CC, total collagen by Sirius Red staining, intra-cavernosal collagen type-I protein expression and 𝛼-SMA immunostain-
ing, a marker for smooth muscle cells, were conducted. A) Quantification of total intra-cavernosal collagen content calculated from Sirius Red stained 
CC sections (n=9 animals per group). B) Representative image of CC sections stained with Sirius Red. Redder color indicates more collagen content. C 
and G) Quantification of Col-I and eNOS expression respectively, from penis tissue protein extracts (n=9 animals per group). D and H) Representative 
images of the Western blotting of Col-I and eNOS expression respectively, showing a specific single band at the expected molecular weight. E) Quan-
tification of the area fraction positive to 𝛼-SMA from CC sections immuno-stained against this marker and indicating the amount of smooth muscle 
cells content (n=9 animals per group). F) Representative images of CC sections stained for 𝛼-SMA (a marker for smooth muscle cells) in green and 
DAPI in blue. * p<0.05, ** p<0.01, *** p<0.001 (One-tailed unpaired Student t test, with equal standard deviation (SD)). Each column represents the 
mean ± SEM of relative protein expression or area fraction in arbitrary unit (A.U.). Abbreviations: LIES: low-intensity electrostimulation, CC: corpus 
cavernosum, 𝛼-SMA: alpha smooth muscle actin, Col-I: collagen type-I, eNOS: endothelial nitric-oxide synthase, DAPI: 4ʹ,6-diamidino-2-phenylindole, 
BCNI: bilateral cavernous nerve injury, SEM: standard error of the mean. Marker = molecular weight markers. 
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LIES protected the CC structure and health following CN injury 

After one week of treatment, the rat penises were collected for histological and protein expression analyses. A significant increase 
of intra-cavernosal reactive oxygen species (ROS) content was observed in the BCNI group compared to the BCNI+LIES and Sham 
groups (2.9-fold increase, p=0.0065, n=9 animals per group), as shown by DHE staining (Figure 4:3 A and B). Following the same 
pattern, the pro-inflammatory and pro-fibrotic protein expression of TGF-𝛽1 protein (Figure 4:3 C and D), the expression of pro-
inflammatory cytokine IL-6 (Figure 4:3 E and F) and the expression of inflammation signaling cascade protein and inflammation 
marker CRP (Figure 4:3 G and H) were significantly increased in the BCNI group ,while maintained at a normal level in the treated and 
Sham group (22.2 ± 11.3% increase, p=0.034; 42.7 ± 23.6% increase, p=0.042; 34.2 ± 18.7% increase, p=0.042 respectively, n=9 
animals per group). A significant increase in total and type-1 collagen expression was also observed in the BCNI group compared to 
Sham (33.7 ± 11.6% increase, p=0.01; 31.7 ± 16.1% increase, p=0.033 respectively, n=9 animals per group) (Figure 4:4 A, B, C, and 
D). A protective effect of LIES against intra-cavernosal collagen increase is possible as no significant difference was seen between 
Sham and BCNI+LIES group, however, no significant difference was observed between BCNI+LIES and BCNI groups either, potentially 
due to the natural high amount of collagen present in the CC tissues masking small differences in collagen content. On the other 
hand, the CN crush injury induced a significant decrease in intra-cavernosal smooth muscle content in the BCNI group compared to 
Sham (51.7 ± 7.7% decrease, p=0.008, n=9 animals per group). No decrease of smooth muscle content was observed in the LIES 
treatment group (Figure 4:4 E and F). Finally, no difference in intra-cavernosal eNOS protein expression was observed between groups 
(Figure 4:4 G and H), indicating that the reduction in smooth muscle cells is likely not associated with a significant decrease in endo-
thelial cells following seven days after BCNI.   

Those results indicate that one week of LIES treatment protects the CC structure and health by preventing intra-cavernosal oxidative 
stress, inflammation, fibrosis, and smooth muscle loss following CN injury. 

To investigate the potential molecular mechanisms involved in the protective effects of LIES, the expression of ERK and AKT signaling 
cascades have been measured in the protein extract from the rat penis. A significant increase in both p-ERK/ERK and p-AKT/AKT ratio 
was observed after one week of LIES treatment compared to Sham and BCNI groups (103.4 ± 44.0% increase, p=0.002; 60.2 ± 30.7% 
increase, p=0.035 respectively, n=9 animals per group) (Figure 4:5), indicating that both signaling pathways have been activated by 
LIES treatment.  

 

Figure 4:5 - LIES treatment activate ERK and AKT signaling pathways. To investigate the potential molecular mechanisms underlying the positive 
effects of LIES after BCNI, the total and phosphorylated form of ERK1/2 and AKT protein expression within the penis have been measured by Western 
Blot. A and C) Ratio of the phosphorylated ERK1/2 (phosphorylation site: ERK1-Thr185 and ERK2-Tyr187) over total ERK and phosphorylated AKT 
(phosphorylation site: Ser473) over AKT expression respectively, indicating an activation of both pathways by LIES treatment compared to controls. 
B and D) Representative images of the Western blotting of total ERK, p-ERK1/2, AKT and p-AKT expression respectively, showing a specific single band 
at the expected molecular weight (two distinct bands at 42 and 44 kDa for p-ERK1 and p-ERK2 respectively). n=9 animals per group. * p<0.05 (One-
tailed unpaired Student t test, with equal standard deviation (SD)). Each column represents the mean ± SEM of relative protein expression in arbitrary 
unit (A.U.). Abbreviations: LIES: low-intensity electrostimulation, CC: corpus cavernosum, ERK1/2: extracellular signal-regulated kinases 1 and 2, p-
ERK: phosphorylated ERK, AKT = protein kinase B, p-AKT: phosphorylated AKT, BCNI: bilateral cavernous nerve injury, SEM: standard error of the 
mean. Marker = molecular weight markers. 
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Figure 4:6 - LIES treatment preserve the Schwann cells and myelination of CN following injury. The S-100 protein, a marker for Schwann cells, for 
which expression is also directly related to the level of myelination of nerve fibers has been used to assess the CN structure following injury and LIES 
treatment. A, B and C) Representative images of the immunofluorescent staining of the CN bundle at the exit of the MPG at a 10x, 40x and 64x 
magnification. DAPI stains cell nucleus in blue, S-100 stains Schwann cells in yellow and Tub-III stains neural cells in red. D) Quantification of the area 
fraction stained by S-100 over the area fraction stained by Tub-III, representing the normalized amount of Schwann cells by the total number of neural 
cells. E) Representative images of the immunofluorescent stained CN sections at a 40x magnification used for the quantification of Schwann cells, 
showing each molecular marker channels, a merged image of all channels and the respective area fraction stained by S-100 for each group. Scale bar 
= 100𝜇m. n=8 animals per group. * p<0.05, ** p<0.01, *** p<0.001 (One-tailed unpaired Student t test, with equal standard deviation (SD)). Each 
column represents the mean ± SEM of relative area fraction ratio in arbitrary unit (A.U.). Abbreviations: LIES: low-intensity electrostimulation, CN: 
cavernous nerve, S-100: S100 protein, Tub-III: class III β-tubulin, DAPI: 4ʹ,6-diamidino-2-phenylindole, SEM: standard error of the mean. 

 

LIES protected the CN structure following nerve crush injury 

A prostate slide containing CN at the entry of the MPG level was stained for S-100 (Schwann cell marker), Tub-III (nerve cell marker), 
and/or nNOS. A significant decrease of the S-100 stained area (35.7 ± 17 % decrease, p=0.0283, n=8 animals per group) and nNOS 
positive nerve cells (37.9 ± 10 % decrease, p=0.0008, n=8 animals per group) within the CN section were observed following the 
nerve injury in BCNI group. The amount of S-100 protein is directly proportional to the myelin layer thickness of nerve cells23, indi-
cating here an impairment of the myelination following BCNI. Interestingly, one week of LIES treatment protected the myelination 
level and nNOS positive nerve cells in the BCNI+LIES group to the physiological Sham level (Figures 4:6 and 4:7). The apoptosis of DPN 
cells was also evaluated by TUNEL staining of CC slice. BCNI significantly increased the number of apoptotic nerve cells following 
nerve injury (2.3-fold increase, p=0.0064, n=5 animals per group). In comparison, LIES reduced the number of apoptotic cells in the 
BCNI+LIES group (1.6-fold decrease, p=0.025, n=5 animals per group) at a level slightly superior to the Sham group (1.7-fold increase, 
p=0.044, n=5 animals per group) (Figure 4:8). 
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Figure 4:7 - LIES treatment prevent the loss of nitrergic nerve cells in the CN following nerve injury. The number of nNOS positive nerve fibers within 
the CN has been used to assess the CN structure following injury and LIES treatment. A, B and C) Representative images of the immunofluorescent 
staining of the CN bundle at the exit of the MPG at a 10x, 20x and 40x magnification. DAPI stains cell nucleus in blue, nNOS stains nitrergic nerve cells 
in green and Tub-III stains neural cells in red. D) Quantification of the cell count ratio of nNOS positive cells over the total number of nerve cells stained 
by Tub-III. E) Representative images of the immunofluorescent stained CN sections at a 20x magnification used for the quantification, showing each 
molecular marker channels and a merged image of all channels for each group. Scale bar = 200𝜇m. n=8 animals per group. * p<0.05, ** p<0.01, *** 
p<0.001 (One-tailed unpaired Student t test, with equal standard deviation (SD)). Each column represents the mean ± SEM of relative nNOS positive 
cell count ratio in arbitrary unit (A.U.). Abbreviations: LIES: low-intensity electrostimulation, CN: cavernous nerve, nNOS: neuronal nitric-oxide syn-
thase, Tub-III: class III β-tubulin, DAPI: 4ʹ,6-diamidino-2-phenylindole, SEM: standard error of the mean. 
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Figure 4:8 - LIES treatment diminish DPN nerve cells apoptosis following BCNI. The number of apoptotic nerve cells within the DPN, 7 days after CN 
injury, has been measured by TUNEL assay. A, B and C) Representative images of the immunofluorescent staining of the DPN fibers within the CC at 
a 10x and 40x magnification. DAPI stains cell nucleus in blue, Tub-III stains neural cells in red and TUNEL assay stains apoptotic cells in green. D) 
Quantification of the ratio of TUNEL stained area fraction over nerve area. E) Representative images of the immunofluorescent stained CC sections at 
a 40x magnification used for the quantification, showing each molecular marker channels and a merged image of all channels for each group. Scale 
bar = 100𝜇m. n=5 animals per group. * p<0.05, ** p<0.01, *** p<0.001 (One-tailed unpaired Student t test, with equal standard deviation (SD)). Each 
column represents the mean ± SEM of relative TUNEL stained area ratio normalized by nerve area in arbitrary unit (A.U.). Abbreviations: LIES: low-
intensity electrostimulation, BCNI: bilateral cavernous nerve injury, DPN: dorsal penile nerve, CN: cavernous nerve, TUNEL: transferase-mediated 
dUTP-biotin nick end labeling, Tub-III: class III β-tubulin, DAPI: 4ʹ,6-diamidino-2-phenylindole, SEM: standard error of the mean. 

4.5 Discussion	
This study shows, for the first time, that LIES improves EF recovery by protecting erectile tissue and CN structures and functions from 
the harmful effect of BCNI. It indicates that LIES can be a promising tool to promote penile rehabilitation and diminish the burden of 
post-prostatectomy ED. Despite the fact that prostate cancer remains the most common cancer among men28, the survival rate is 
nearly 100 % for this locally restricted disease, due to the excellent cancer control provided by radical prostatectomy. Unfortunately, 
even with nerve-sparing techniques and technological improvements, some degree of nerve damage is inevitable due to the proxim-
ity of the CN with the prostate gland and can lead to temporary or permanent ED in the majority of cases29. CN and peripheral nerves 
are generally known to have the capability to regenerate30, however, the period of time for nerve regeneration is considerably long, 
which is detrimental for penile tissue structure3. Now that prostate cancer management has reached such a high survival rate, it 
points out the need for better strategies to manage surgical complications such as post-prostatectomy ED to increase the quality of 
life of these patients. The impact of penile rehabilitation  on humans is not fully validated as, collectively, clinical trials have reported 
minor to no improvement using current tools31–36, indicating that existing penile rehabilitation therapies are insufficient to prevent 
detrimental effects of nerve injury on penis and nerve structure. Hence, a combination of therapies or strategies that would take in 
account both penile tissue perfusion and nerve regeneration may provide the highest chances of erectile function recovery following 
injury or trauma37. Therefore, LIES appears as an optimal strategy by inducing nerve regeneration and penile erection to maintain 
normal tissue perfusion, protecting the penile tissue from the negative effect of neurapraxia.  

This study indicates that LIES treatment protects the CN structures as a decrease in apoptosis within the CN was observed compared 
to control. However, it cannot be determined whether or not LIES improves CN regeneration and nerve fiber regrowth by itself, as 
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shown for other peripheral nerves30. Nonetheless, this study indicates that the beneficial effect of LIES may involve the activation of 
the cell growth and survival signaling pathways, as we observed increased phosphorylation of ERK1/2 and AKT kinases. Indeed, Akt, 
also referred to as PKB or Rac, plays a critical role in controlling survival and apoptosis38, while the extracellular signal-related kinases 
(ERK1/2) regulate cell proliferation39. In accordance with these results, activation of ERK and AKT has been observed in rat peripheral 
nerve regeneration40, while the inhibition of RhoA/ROCK signaling cascade, which inhibits AKT, prevented CN apoptosis and nNOS 
uncoupling, preserving neurogenic mediated nitrergic relaxation of the CC24. In addition, ERK phosphorylation has also shown an anti-
apoptotic effect in neural cells41,42. It is then tempting to hypothesize that LIES protects the CN structure and function through the 
activation of ERK and AKT signaling; however, further studies are required to confirm this assumption. Further evaluation of alterna-
tive pathways such as cAMP/PKA, JAK/STAT, RhoA/ROCK or the production of neurotrophins such as BDNF may also shed more light 
on the actions of molecular mechanisms of LIES. 

The difficulty to recover EF following RP is attributed to slow CN regeneration and deleterious penile tissue remodeling3. However, it 
may also be due to a loss of sensitivity to NO. Indeed, following the crushing of both penile nerves, excellent regeneration of nitrergic 
axons occurred after 10–12 weeks in rats, but neurogenic relaxation of CC muscles was shown to remain relatively poor. This was at 
least partly due to attenuated tissue response to nitric oxide 3 weeks after injury37, showing a clear disparity between regeneration 
of nitrergic axons and functional recovery. In the same study, retaining normal tissue perfusion contributed to maintaining nitric 
oxide signaling and tissue response to NO, therefore exposing the importance of continued erectile function for the CC to retain 
responsiveness to nitric oxide37. Although LIES intensity is much lower than the CN activation threshold necessary to induce penile 
erection, it is possible that it still induces an undetected erectile response or allows maintainability of the NO responsiveness by 
activating some nerve fibers, while still not inducing enough NO release to provoke a penile erection. It is also feasible that LIES 
protects the cavernous nerve terminals, as it has been postulated that the CN terminals may generate survival signals to penile 
tissues27. 

A clear beneficial effect on the CC structure following LIES treatment has also been observed in this study, however, it is unknown 
whether LIES has an effect on CN by protecting the CC from harmful oxidative stress conseculatively with inflammation damage, or 
if there is a direct effect of LIES on the stimulation and survival of smooth muscle cells and penile tissue oxygenation. The results of 
this study show an increased Akt and ERK phosphorylation in the CC following LIES treatment. The beneficial effects of LIES may then 
be due to the protection of smooth muscle cells through the pro-survival signaling of AKT and ERK pathways. Alternatively It has been 
shown that the activation of cavernous eNOS via stimulation of the phosphatidylinositol-3-kinase (PI3K)/AKT pathway is required for 
the maintenance of penile erection following initiation of penile erection by neural-derived nitric oxide43. A direct activation of 
smooth muscle cells by LIES may then activate AKT pathway, which in turn activates eNOS and prevents eNOS uncoupling and super-
oxide generation44,45. Another possible mechanism could be that LIES may prevent nNOS uncoupling and ROS production, maintaining 
NO bioavailability, and reducing oxidative stress and subsequent inflammation24,46,47. Although the present study does not allow us 
to determine with certainty the complete underlying mechanisms of action of LIES on the protection of EF and erectile tissue struc-
ture, it indicates interesting possible mechanisms that further research may discover.  

It is important to point out several limitations of the current study. Primarily, the use of an animal model. The use of a well-defined 
animal model is desired to allow the comparison of the actual data presented here with previously published research, however, 
animal models are not perfect in representing human pathophysiology and discoveries made in animals may not be transferrable to 
humans. It has also been shown that in rats, that CN regenerates quickly after crush injuries (10-12 weeks)37, while in humans, the 
process may take more than 18 months following RP3. In addition, the CN in rats appear as an easily identifiable nerve bundle exiting 
the MPG, while in humans, although it is commonly accepted that the CN fibers are passing along the posterolateral side of the 
prostate within the so-called neurovascular bundles2,6, there is rising evidence that proximally to the prostate, some fibers present 
more variability in their course and show a more “spray-like” distribution on the posterolateral until the anterolateral surface of the 
prostate gland, up to the level of the 2 o’clock and 10 o’clock positions. Most of the CN fibers are also not macroscopically visible in 
humans, increasing the probability of nerve damage during RP48–50. Nonetheless, this study uses a well-established model of post-
prostatectomy neurogenic ED, first developed by Quinlan et al.51. This model was then optimized by Martinez et al.52 and Mills et 
al.53 by introducing the ICP measurement and the normalization of the ICP measurement by the MAP in order to generate reproduc-
ible data and taking into account animal inter-variability and effects of blood pressure on the EF. Different nerve injury techniques 
have previously been investigated, such as nerve transection, freezing, crushing with a bulldog clamp or a fine hemostat, with all 
showing reproducible and consistent damage leading to ED16,26. However, bilateral CN crush injury is considered to best represent 
nerve-sparing RP, inducing neuropraxia and ED, while not being as severe as nerve transection which better represents a non-nerve-
sparing surgery16. BCNI has been shown to induce neuropraxia, causing CC hypoxia and inflammation, finally leading to erectile tissue 
modifications such as fibrosis and loss of smooth muscle cells in rats54–57. CN injury was also seen to induce apoptosis of nNOS positive 
ganglion in rat MPG24. In accordance, similar histological changes were observed in the human penis after RP55, which is consistent 
with the results of this study where BCNI induced an increase of intra-cavernosal ROS content, an increase of inflammation as shown 
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by a rise in TGF-𝛽1, IL-6 and CRP protein expression, an increased collagen content, a reduction of smooth muscle cells, an increased 
apoptosis in DPN and ultimately, a decrease of erectile function, endorsing the reliability of the animal model selected.  

Another limitation is that the CN are peripheral nerves, and the parasympathetic and nitrergic status of those nerves may be respon-
sible for different molecular and physiological response to injury than other peripheral nerves. This possibility should be kept in mind 
while comparing CN and other peripheral nerves’ physiology and regeneration mechanisms. Finally, this study only shows the effects 
of LIES treatment after 7 days of nerve injury. The long-time effect of this treatment remains unknown. Nonetheless, this study 
presents promising results that may be translatable to human use in order to improve post RP ED management and diminish the 
unwanted effects of this essential surgical procedure.   

 

4.6 Conclusion	
Altogether, the results of this study are showing for the first time the beneficial effects of LIES treatment following CN injury. One 
week of treatment not only enhanced the EF of animals following BCNI, but also showed a protective effect on penile and nerve 
tissues, including the prevention of oxidative stress, inflammation, loss of smooth muscle cells, as well as increased fibrosis of the 
erectile tissue, while preventing apoptosis of the nitrergic CN fibers and maintaining nerve fiber myelination. This indicates LIES as a 
promising tool to reduce the burden of post-prostatectomy ED and propose a novel regiment to the principle of penile rehabilitation.  
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 :	Conclusion	
5.1 Achieved	Results	
In an attempt to investigate and develop new strategies to treat and alleviate ED using a multidisciplinary and multicausal approach, 
we have brought the first evidence of a chronic positive effect of Apelin-13, which represent an additional benefical effect than the 
acute and transcient effects shown previously1. Our findings indicate that long-term treatment with Apelin-13 produces significant 
beneficial effects against the deleterious hypercholesterolemia-induced corpus cavernosum fibrosis. Apelin-13 behaves as a potent 
suppressor of increased collagen deposition within the cavernosal tissues through the increase of MMPs expression and activity and 
potentially the reduction of fibroblast to myofibroblast differentiation. Altogether, it suggests an essential role of the Apelin system 
in modulating cavernosal structure, indicating the Apelin/APJ system as a promising target for the development of new treatment 
against fibrosis-associated ED. Further research may lead to the development of a treatment that would not only treat the symptoms 
of ED (i.e. inducing erection) as the currently available therapies but might prevent and possibly reverse the root cause of a frequent 
vascular ED that fibrosis represents. 

The use of electro-stimulation to induce penile erection is a long known concept that appears very attractive in the treatment of 
neurogenic ED2–5. Indeed, it would basically allow to bypass any neurological injury that had happen on the CN course such as surgical-
induced impairment or spinal cord injury. However, the difficulty to identify the CN location for electrode placement has blocked 
further development and clinical use of CN electromodulation. In the second work of this thesis, we investigated a new concept, a 
flat and flexible electrode array to guarantee the blind identification of the cavernosal nerve path within the pelvic plexus, without 
the need of extensive intraoperative burden.  The proposed flexible electrode array was able to induce penile response in all patients, 
providing substantial evidence that our approach can guarantee the nerve activation, without requirement of precise identification 
of the nerve fiber. Importantly, this study open avenue for further development of a novel implantable medical device to alleviate 
ED, particularly in cases associated with mechanical neuronal damage, such as post-prostatectomy and spinal cord injury patients, 
providing a more comfortable and less problematic solution. 

Finally, in addition of being able to activate the CN and induce on demand erection as shown in this thesis, recent studies also indicate 
that lower intensity stimulation, inferior to the nerve activation threshold, accelerate and enhance peripheral nerve regeneration6–

9. Our findings in this third work of the thesis are showing for the first time the beneficial effects of LIES treatment following CN injury. 
One week of treatment not only enhanced the EF of animals following BCNI but showed a protective effect on penile and nerve 
tissues, preventing oxidative stress, inflammation, loss of smooth muscle cells and increased fibrosis of the erectile tissue, while 
preventing apoptosis of the nitrergic CN fibers and maintaining nerve fiber myelination, indicating LIES as a promising tool to reduce 
the burden of post-prostatectomy ED and propose a novel regiment for penile rehabilitation. Similarly to Apelin-13 treatment devel-
opment, such strategy may also prevent and reverse ED, improving the quality of life of patients and reducing the burden and cost 
this disease is placeing on medical and public health systems. 

5.2 Limitations	and	Future	Development	
In brief, this thesis work has provided new therapeutic opportunities for the management of ED, with the potential of overcoming 
the drawbacks of currently available treatments. However, although showing promising outcomes, it is important to point out that 
the results obtained here present several limitations. Studies in animal or in small patient cohort need to be confirmed in larger and 
well controlled clinical trials in order to guarantee the safety and efficacy of such novel treatments before they could be used for the 
clinical management of ED. In the case of Apelin-13, additional functional and toxicological study addressing erectile response in vivo 
would bring extended validation regarding the relevance of such beneficial effect and toxicology at long-term treatment, before 
being investigated on humans. The investigation of this system in other pathophysiological conditions of ED such as diabetes should 
also be considered. To confirm the efficacy of Apelin-13, comparator studies with alternative apelin isoforms and the use of an APJ 
inhibitor should be investigated. 

In the case of electrostimulation of the CN to induce erection, a fully implantable medical device needs to be developed in order to 
investigate whether it is still feasible to induce penile erection after tissue encapsulation of the electrodes has happen, and whether 
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the injured nerves keep the capability to be stimulated in a chronic scenario. Furthermore, one important aspect to consider in order 
to bring the present concept into the clinical practice is the available biomedical technology. The device envisioned here presents 
standard features and similar stimulation parameters of existing implantable neuromodulators used today for treating chronic pain 
and Parkinson10. Therefore, no major innovation is required in terms of implantable pulse generator or implantable electrodes array 
for the clinical translation of this concept into a potential medical device. Nontheless, the road to develop an active implantable 
medical device is long and challenging. The development of such device is currently ongoing and could represent a great tool to 
confirm the feasibility of chronic CN neuromodulation in humans as well as to investigate whether the protectives effects of LIES are 
translatable into humans. And hopefully, as quoted by the physician Edward Teller, “The science of today is the technology of tomor-
row.” will appear to be true in this case in a close future. 
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