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PREFÁCIO 

 

 

O olhar 

 

O teu problema não é o Problema 

O teu problema é a parte do Problema para 

onde tu olhas. 

 

Gonçalo M. Tavares 

In “Breves Notas sobre Ciência” 

 

 

Em ciência, tal como na vida, temos uma tendência 

natural egocêntrica para nos colocarmos no centro de 

um círculo, onde tudo gravita à nossa volta ou se 

conforma ao nosso pensamento. O problema deixa de 

ser da Humanidade e passa a ser do nosso espírito, 

enquanto a nossa hipótese se converte num axioma, 

ainda que apenas indiscutível aos nossos olhos. A 

capacidade de abstração do nosso problema implica 

conhecimento, reflexão e distanciamento temporal. 

Quando nos afastamos do centro para a periferia e 

percorremos a circunferência, percebemos que o 

problema que nos inquieta é relativo, por vezes uma 

fração microscópica de um Problema infinito que 

assalta toda a Humanidade. Só quando andamos à 

roda, sem pressa, atentos aos problemas dos outros e 

a analisar outras hipóteses, é que somos capazes de 

entender o contexto e a relevância do nosso 

problema, bem como reconhecer as limitações do 

nosso método. Um dia, se formos persistentes e 

tivermos sorte, conseguiremos encaixar no sítio certo 

a nossa peça deste puzzle infinito que é a ciência.  

 

Em ciência, tal como na vida, as perguntas nascem de 

respostas e os problemas dos homens gravitam à 

volta do Problema da Humanidade. 

 

Tiago Antunes Lopes 

Abril 2020 

The look  

 

Your problem is not the Problem  

Your problem is the part of the Problem you are 

looking at.  

 

Gonçalo M. Tavares 

In “Brief Notes on Science” 

 

 

In science, as in life, we have a natural egocentric 

tendency to place ourselves in the center of a circle, 

where everything gravitates around us or conforms to 

our thinking. The problem is no longer of Humanity 

and becomes one of our spirit, while our hypothesis 

converts in an axiom, even if only irrefutable to our 

eyes. The capacity of abstraction from our problem 

implies knowledge, reflection and temporal distance. 

When we move away from the center to the 

periphery and go around the circumference, we 

realize that the problem that concerns us is relative, 

sometimes just a microscopic fraction of an infinite 

Problem that assaults all Humanity. Only when we 

walk around, unhurried, alert to others’ problems and 

analyzing further hypotheses, are we able to 

understand the context and relevance of our 

problem, as well as recognize the limitations of our 

method. One day, if we are persistent and lucky, we 

will be able to fit our piece of this infinite puzzle that 

is science into the right place. 

 

In science, as in life, questions stem from answers and 

men's problems gravitate around the Problem of 

Humanity. 

 

Tiago Antunes Lopes 

Abril 2020 
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II. BIOMARKERS IN OVERACTIVE BLADDER 

 

 

1. The Ideal Biomarker 

 

Biomarkers are objectively measurable characteristics that can help to diagnose 

the underlying pathology of a clinic condition (diagnostic biomarker), to assess its 

severity and progression (prognostic biomarker) or to monitor the response to a 

particular treatment (predictive biomarker) (Biomarkers Definitions Working Group, 

2001). Therefore, biomarkers constitute important tools to identify the causing agent(s) 

of a specific pathology, establish the prognosis, develop new drugs, obtain information 

about the effects of a specific treatment and follow disease progression (Cruz CD et al., 

2015) (figure 3). In addition, Shulte has outlined that one of the capabilities of a 

biomarker is to identify the mechanisms by which exposure and disease are related 

(Shulte PA, 1993).  

An ideal biomarker should be easily accessible, reliable, and reproducible, while 

also having high specificity and sensitivity (Mayeux R, 2004). It should correlate with the 

severity of the disease, provide information that is not available from clinical 

assessment, improve the outcome, and predict responses to specific therapies. Finally, it 

should be cost-effective and easy to use in daily clinical practice (Seth JH et al., 2013). 

 

 
 

Figure 3. Utilities of biomarkers (courtesy of Prof. Francisco Cruz). 
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2. Detrusor Overactivity: The First Proposed Biomarker of OAB 

 

Detrusor overactivity was the first proposed biomarker of OAB and was 

extensively researched. It is defined as the urodynamic finding of involuntary detrusor 

contractions during the filling phase (Abrams P et al., 2002), and can only be detected by 

urodynamics, an invasive and expensive exam. However, it must be remembered that 

DO does not equate to OAB. It has been demonstrated that DO was present in 

approximately 45% of OAB dry and 60% of OAB wet patients (Hashim H and Abrams P, 

2006). As the core symptom of OAB may suggest the presence of DO, several attempts 

have been made to correlate urgency with DO. However, it was reported that urgency 

sensation was as likely to occur before or after an episode of DO, during filling 

cystometry. Likewise, near one third of involuntary detrusor contractions recorded were 

not associated with urgency (Lowenstein et al., 2009). Finally, subjects without OAB 

symptoms may exhibit involuntary detrusor contractions (Heslington K and Hilton P, 

1996; van Waalwijk van Doorn ES et al., 1997; Hashim H and Abrams P, 2006). In fact, in 

the study by Hashim and Abrams (Hashim H and Abrams P, 2006), 36% of the total OAB 

patients studied (n=1076) did not present DO, while more than 30% of subjects without 

LUTS had DO. Moreover, DO cannot predict the response of patients to antimuscarinic 

treatment (Malone-Lee JG and Al-Buheissi S, 2009), as well as to botulinum toxin A or 

neuromodulation (Rachaneni S and Latthe P, 2017), although the National Institute of 

Health and Care Excellence (NICE) guidance recommends the last two therapies, only in 

patients diagnosed with DO on urodynamics (Smith A et al., 2013).  

The invasive nature of urodynamics and its low predictive value, both for diagnosis 

and outcome of OAB treatment, calls into question the relevance and definite benefit of 

urodynamics in the routine assessment of non-neurogenic OAB patients. On the other 

hand, OAB could be a disorder of urothelial dysfunction or sensory dysfunction that 

causes the occurrence of urgency sensation or urgency urinary incontinence (UUI), but 

not necessarily associated to DO. Hence, a biomarker for DO might not indicate a good 

biomarker for OAB, and vice-versa (Kuo HC, 2012).  

Validation of a biomarker against DO may be more quantitative than for OAB, 

which is based on subjective symptoms rather than objective clinical measures and has a 

multifactorial etiology (Fry CH et al., 2014). Recently, some non-invasive imaging 
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methods to detect DO were investigated, namely near-infrared spectroscopy (NIRS) 

(Farag FF et al., 2011; Mastoroudes H et al., 2012) and ultrasound measurement of 

bladder wall thickness/detrusor thickness (BWT/DT) (Khullar V et al., 1996; Chung SD et 

al., 2010; Kuo HC et al., 2010; Kuhn A et al., 2011; Robinson D et al., 2016; Rachaneni S 

et al., 2016; Bray R et al., 2018).   

NIRS is a function imaging technology that can detect oxygen-dependent 

hemodynamic changes in the bladder wall either during voiding or during involuntary 

detrusor muscle contractions (Farag FF and Heesakkers JP, 2011). The measurement of 

changes in the concentration of oxygenated hemoglobin (O2Hb) and deoxygenated 

hemoglobin (HHb) in response to DO relative to baseline, can reflect detrusor oxygen 

consumption (Farag FF and Heesakkers JP, 2011). Based on the finding that in patients 

with BOO, the thickness of the total bladder wall or the detrusor layer, measured by 

ultrasound, was significantly increased (Hakenberg OW et al., 2000; Oelke M et al., 2006, 

2007), it was hypothesized that, in OAB patients, the work overload caused by DO during 

the filling phase could promote detrusor hypertrophy, increasing BWT/DT. Both 

technologies have shown unreliable and contradictory results in several studies by 

different researchers.  

Based on the evidence showing that adenosine triphosphate (ATP) has a key role 

in the pathophysiology of DO, acting both in efferent and afferent paths of the voiding 

reflex, Silva-Ramos and colleagues assessed the putative role of ATP as a non-invasive 

biomarker of DO in OAB patients (Silva-Ramos M et al., 2013). They measured the 

urinary concentration of ATP in OAB women with confirmed DO and in age-matched 

controls and concluded that urinary ATP was a sensitive dynamic non-invasive biomarker 

of DO in OAB patients (Silva-Ramos M et al., 2013). 

Further data regarding these non-invasive methods to detect DO may be found 

elsewhere (Antunes-Lopes T et al., 2011a, 2014).  

 

 

3. Urinary Biomarkers of OAB 

 

The macroscopic examination of urine, known as uroscopy, is as old as medicine 

itself. The first reports of urine examination can be found in Babylonian and Sumerian 
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texts, 6000 years ago. Hippocrates (460-377 BC) denoted the value of urine examination 

in the diagnosis and prognosis of diseases (Magiorkinis E and Diamantis A, 2015). Later, 

Galen (129-c.200/c.216 AD) advocated that the condition of the four cardinal humours 

(black bile, yellow bile, phlegm and blood) could be assessed by inspecting the urine, 

which reflected the state of health. The physician could establish a diagnosis by 

examining the color, consistency, and taste of the patient’s urine and the matter 

suspended or sedimented in it. Uroscopy provided sufficient hints for differential 

diagnosis, as the direct examination of the patient was considered socially unacceptable 

(Seufert WD, 1996). During the Middle Ages, there were no significant progresses and 

only during the nineteenth century, with the use of microscope in the analysis of urine 

sediment, the microscopic examination of urine has replaced uroscopy (Magiorkinis E 

and Diamantis A, 2015).  

Nowadays, urinalysis is one of the more commonly performed laboratory studies 

and comprises a physical and gross examination (evaluation of color and turbidity), a 

dipstick chemical analysis (with tests for specific gravity, pH, blood, protein, glucose, 

ketones, urobilinogen, leukocyte esterase, and nitrites) and a microscopic examination 

of the urinary sediment to detect cells (erythrocytes, leucocytes, epithelial cells – 

squamous, transitional and renal tubular cells), casts, crystals, bacteria, yeast, and 

parasites (Castle EP et al., 2020). 

In the last decade, with advances in molecular biology techniques, urine has been 

perceived as an unlimited convenient source for novel biomarkers (exosomes, cells, 

proteins, and other small molecules) that might provide insights to human health, in 

particular LUT dysfunctions, such as OAB, bladder pain syndrome/interstitial cystitis 

(BPS/IC), and urinary tract infections (UTI) (Urinology Think Tank Writing Group, 2018).  

Urine is an optimal biospecimen for biomarker analysis because it can be easily 

and recurrently collected by non-invasive techniques, in relatively large volumes, and 

without discomfort to the patient. Urine contains cellular elements, biochemicals, and 

proteins derived from glomerular filtration of plasma, renal tubule excretion, and 

urogenital tract secretions that reflect, at a given time point, an individual's metabolic 

and pathophysiologic state (Harpole M et al., 2016). Ideally, a urinary biomarker would 

obviate the need for invasive and expensive procedures such as imaging, urodynamics, 

biopsy, or cystoscopy. Hence, urine is today one of the most attractive body fluids for 
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non-invasive testing with a proteome composed by 30% of plasmatic proteins and 70% 

of urinary tract desquamated cells (Decramer S et al., 2008). In OAB, several urinary 

molecules were investigated as putative biomarkers: neurotrophins, prostaglandins, 

cytokines, and ATP. This thesis has focused in the role of urinary neurotrophic factors in 

OAB. 

 

 

Neurotrophic Factors  

 

In the lower urinary tract, the storage and periodic elimination of urine are 

regulated by a complex neural control system in the brain and lumbosacral spinal cord, 

involving three sets of peripheral nerves: sacral parasympathetic (pelvic nerves), 

thoracolumbar sympathetic (hypogastric nerves and sympathetic chain), and somatic 

nerves (pudendal nerves). Parasympathetic efferent nerves contract the bladder and 

relax the urethra. Sympathetic efferent nerves relax the bladder and contract the 

urethra. Somatic efferent nerves contract the external urethral sphincter. The afferent 

innervation of the urinary bladder consists primarily of small myelinated (Aδ) and 

unmyelinated (C fiber) axons that respond to chemical and mechanical stimuli (de Groat 

WC et al., 2015). Immunochemical studies indicate that bladder afferent neurons 

synthesize several neurotransmitters and express various types of receptors and ion 

channels (transient receptor potential channels, purinergic, muscarinic, and 

neurotrophic factor receptors), responding to chemicals present in urine or released in 

the bladder wall from nerves, smooth muscle, inflammatory cells, and urothelial cells 

(de Groat WC and Yoshimura N, 2015). In this setting, neurotrophic factors have been 

implicated in the pathophysiological mechanisms underlying the sensitization of bladder 

afferent nerves that occur in OAB (de Groat WC and Yoshimura N, 2012).  

Neurotrophic factors include a wide array of polypeptides that promote neurite 

outgrowth, neuronal cell differentiation and survival, both in the central and peripheral 

nervous system (Pezet S and McMahon SB, 2006; Skaper SD, 2018). Neurotrophic factors 

can be classified into three families based on their structures, receptors, and signaling 

pathways: the neurotrophin family, the glial cell-derived neurotrophic factor (GDNF) 

family, and the neuropoetic cytokine family. 
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Neurotrophins represent master modulators of neural plasticity and are the most 

fully characterized group, which includes nerve growth factor (NGF), brain-derived 

neurotrophic factor (BDNF), neurotrophin-3 (NT-3), and neurotrophin-4/5 (NT-4/5) 

(Pezet S and McMahon SB, 2006). All neurotrophins are synthesized as preproproteins of 

approximately 240-260 aminoacids, undergoing a series of posttranslational 

modifications, to form mature proteins of 118-129 amino acids (Frias B, 2011). 

Neurotrophins bind to two classes of transmembrane receptors to evoke distinct cellular 

responses, the tropomyosin-related kinase receptors (Trk) for cell survival and growth, 

and the p75 neurotrophin receptor (p75NTR), which may have a trophic effect or induce 

cell death, promoting apoptosis (Allen SJ and Dawbarn D, 2006; Cruz CD, 2014). These 

two classes of receptors are often present on the same cell and interact, coordinating 

and modulating the response to a neurotrophic stimulus (Huang EJ and Reichardt LF, 

2003). Whereas all neurotrophins may equally bind to p75NTR, affinity to Trk receptors 

are different among them. TrkA is the high-affinity receptor for NGF. BDNF and NT-4/5 

bind to TrkB and NT-3 preferentially binds to TrkC, albeit can also bind to TrkA and TrkB 

under certain circumstances (Pezet S and McMahon SB, 2006). Trk receptors display the 

structure of classical tyrosine kinase receptors, with two extracellular immunoglobulin 

(Ig)-like domains that are responsible for interaction with neurotrophins. Modified Ig-

like domains are able to sequester specific neurotrophins, suggesting that this 

interaction can be explored for therapeutic purposes (Ochodnicky P et al., 2012). Three 

main intracellular signaling pathways could be activated by transphosphorylation of the 

neurotrophin Trk receptors, including the mitogen-activated protein kinase 

(MAPK)/extracellular signal-regulated kinase (ERK) pathway, the phosphatidylinositol 3-

kinase (PI3K)/protein kinase B (PKB/Akt) pathway, and the phosphoinositide 

phospholipase C (PLC)-γ pathway. Each of these pathways mediates different but 

overlapping cellular responses (Huang EJ and Reichardt LF, 2003; Pezet S and McMahon 

SB, 2006; Skaper SD, 2018). All neurotrophins bind with lower affinity to the pan-

neurotrophin receptor p75NTR, a member of the death domain tumor necrosis factor 

(TNF) superfamily of receptors. These receptor types are known to promote apoptosis, 

by activating c-Jun-N-terminal kinase and nuclear factor k-light-chain-enhancer of 

activated B cells transcription factor (NF-kB), when activated by proneurotrophins. Upon 

binding of mature neurotrophins, on the other hand, p75NTR serves as a regulator and 
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interacting partner of Trk receptors that supports Trk-induced signaling, modifies Trk-

neurotrophin binding affinities and regulates endocytosis and retrograde transport of 

Trk receptors to downstream regulators (Ochodnicky P et al., 2012; Coelho A et al., 

2019). Mechanisms of action of NGF and BDNF are summarized in figure 4 (Coelho A et 

al., 2019). 

 

	
 

Figure 4. Mechanisms of action of NGF and BDNF (adapted from Coelho A et al., 

2019). 

NGF and BDNF are produced by a wide variety of cells, including epithelial (e.g. urothelium) and smooth 

muscle cells. They bind to high and low affinity receptors, respectively the Trk and p75 receptors, catalyzing 

downstream activation of signaling pathways. Ultimately, this results in modulation of cellular elements in the 

short-term. In the long-term, these signaling pathways may regulate gene expression and cell survival. 

Abbreviations: BDNF, brain-derived nerve factor; NGF, nerve growth factor; TrkA, tropomyosin-related kinase 

A; TrkB, tropomyosin-related kinase B. 

 

The survival promoting role of neurotrophins is not restricted to neuronal 

development, being also involved in the protection of neurons against various types of 

injury throughout life (Skaper SD, 2017). Thus, it is not surprising that a common trait of 

bladder dysfunction, irrespective of its origin, is an upregulation in synthesis and 

secretion of neurotrophins (Frias B et al., 2011). While neurotrophins modulate the 

peptidergic subpopulation of sacral visceral afferent neurons, GDNF regulates the non-

peptidergic subpopulation (Forrest SL and Keast JR, 2008). In fact, besides supporting 
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several neuronal populations in the central nervous systems (midbrain dopamine 

neurons and motoneurons), GDNF also promote the survival and regulate the 

differentiation of many peripheral neurons, including sympathetic, parasympathetic, 

sensory and enteric neurons (Sariola H and Saarma M, 2003). GDNF has further critical 

roles outside the nervous system in the regulation of kidney morphogenesis and 

spermatogenesis (Costantini F. Organogenesis 2010). GDNF binds to the GDNF family 

receptor α1 (GFRα1) and activates intracellular signaling cascades through the RET 

receptor tyrosine kinase (Sariola H and Saarma M, 2003). A crosstalk between GDNF and 

neurotrophins has been suggested, as both families of trophic factors activate common 

intracellular signaling pathways through their tyrosine kinase receptors (Airaksinen MS 

and Saarma M, 2002). 

The present review will mainly focus on the clinical and experimental evidence 

that supports a role for NGF and BDNF in the neural control of bladder function and in 

the emergence of OAB symptoms.  

 

 

a. Nerve Growth Factor 

 

NGF was first identified more than six decades ago, during a search for survival 

factors that could explain the deleterious effects of target tissue ablation on the 

subsequent survival of motor and sensory neurons, as a diffusible substance capable of 

inducing neurite outgrowth in explants from sympathetic and sensory ganglia 

(Hamburger V and Levi-Montalcini R, 1949; Levi-Montalcini R and Hamburger V, 1951; 

Hamburger V et al., 1981; Levi-Montalcini R, 1987).  

NGF is an essential trophic protein regulating the development and survival of 

small diameter primary dorsal root ganglia (DRG) neurons, postganglionic sympathetic 

neurons expressing TrkA (Pezet S and McMahon SB, 2006; Skaper SD, 2017), as well as 

some neural populations in the central nervous system (Ochodnicky P et al, 2011). 

Despite being a prototypical growth factor during development, NGF seems to serve as a 

more immediate modulator of nerve phenotype in adults (Coelho A et al., 2019). 

Tissue sources of NGF in the periphery are typically non-neuronal cells, including 

cells from the salivary glands (Watson AY et al., 1985; Nam JW et al., 2007), smooth 
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muscle cells (Steers WD et al., 1991), immune cells (Aloe L et al., 1992; Hefti FF et al., 

2006), epithelial cells (Pincelli C and Marconi A, 2000; Harrison SM et al., 2004; Stanzel 

RD et al., 2008) and urothelial cells (Birder LA et al., 2007).  

NGF is uptaken by peripheral nerve terminals and retrogradely transported via the 

axon to the cell bodies of DRG neurons. Neurons that establish this flow survive the 

period of developmental cell death, while those that do not, degenerate (basis of the so-

called neurotrophic hypothesis). Once the retrograde flow of neurotrophic factor is 

established, it must continue for the neuron’s lifetime in order to maintain a functional 

differentiated state of the neural cell (Yuen EC et al., 1996; Ochodnicky P et al., 2011). 

Although normal levels are low in adult tissue, they are sufficient to exert protective 

effects on peripheral innervation (Skaper SD, 2017).  

 

Nerve growth factor in the bladder  

 

NGF is the most well-studied neurotrophin in the LUT, fostered by the pioneer 

studies of Steers and colleagues (Steers WD et al., 1991), who demonstrated high levels 

of NGF in the bladders of rats after partial urethral obstruction and investigated its role 

in the regulation of neurite outgrowth of cultured major pelvic ganglion neurons (Tuttle 

JB and Steers WD, 1992; Tuttle JB et al., 1994a; Tuttle JB et al., 1994b). The interest as a 

potential biomarker also emerged from the evidence that NGF is a regulator of sensory 

afferent plasticity in response to injury or inflammation (Ochodnicky P et al., 2011).  

In the bladder, NGF is secreted by smooth muscle cells (Persson K et al., 1997; 

Tanner R et al., 2000) and urothelium (Lowe EM et al., 1997; Birder LA et al., 2007). 

Interestingly, urothelial cells express both TrkA and p75NTR (Murray E et al., 2004), 

being modulated by NGF. Finally, NGF can also be found in the cell bodies of bladder 

sensory afferents (Sasaki K et al., 2002) and major pelvic ganglia (Murray E et al., 2004).  

In humans and in rodents, the production of NGF in the LUT and in the neuronal 

circuits regulating bladder function is increased in pathological conditions, including 

cystitis and spinal cord injury (Lowe EM et al., 1997; Vizzard MA, 2000; Murray E et al., 

2004). Although there is no data on the effects of exogenous neurotrophin 

administration on human bladder function, in experimental studies, NGF induced 

bladder overactivity when administered to the bladder or intrathecally to lumbosacral 
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spinal cord (Lamb K et al., 2004; Yoshimura N et al., 2006; Zvara P and Vizzard MA, 

2007). Likewise, modulation of NGF levels through TrkA blockade or NGF sequestration 

normalized bladder function (Hu VY et al., 2005; Cruz CD, 2014). Interestingly, NGF 

regulates other key receptors for sensory activity, as transient receptor potential 

vanilloid 1 (TRPV1), an acid-sensitive, heat-sensitive and capsaicin-sensitive cationic 

channel (Avelino A and Cruz F, 2006). It has been shown that bladder overactivity 

following the systemic injection of NGF is virtually absent in TRPV1-knockout mice (Frias 

B et al., 2012). This indicates that modulation of TRPV1 represents the primary 

mechanism of NGF-induced hypersensitization of bladder afferents and modulation of 

urothelial function. Peripheral mechanisms involved in the neurotrophin-mediated 

development of bladder overactivity are resumed in figure 5 (Ochodnicky P et al., 2012).  

Experimental studies addressing the manipulation of NGF levels have been difficult 

to translate into the clinics. The first trials in humans of anti-NGF antibodies were 

conducted over a decade ago (Lane NE et al., 2010). In the urology field, anti-NGF 

antibodies are already being investigated in BPS/IC (Evans RJ et al., 2011; Nickel JC et al., 

2016). Tanezumab was the first to be investigated, and a new antibody, ASP6294, is 

currently being investigated in a phase 2 clinical trial (SERENITY study) (Dellis AE 

and Papatsoris AG, 2018). Whether the data from BPS/IC can be translated to OAB is 

unknown.  

 

 

b. Brain-Derived Neurotrophic Factor 

 

BDNF is the most abundant neurotrophin in the brain and promotes the growth 

and maturation of the central and peripheral nervous systems (Pezet S et al., 2002), and 

synaptic plasticity, such as long-term potentiation and learning (Jasińska KK et al., 2016). 

In adulthood, BDNF has been implicated in the regulation of neural transmission and 

plasticity in many areas of the central nervous system, including the hippocampus, visual 

cortex and spinal cord (Schinder AF and Poo M, 2000). 

 

 

 



INTRODUCTION 

   Tese de Doutoramento 26 

 
 

Figure 5. Neurotrophin-mediated development of bladder overactivity: peripheral 

mechanisms (Ochodnicky P et al., 2012).  

In urinary bladder, NGF (shown in blue) is produced by several cell types—including urothelium, mast cells and 

detrusor smooth muscle cells – upon stretch or inflammation. The urothelium also potentially produces BDNF 

(shown in red). NGF binding to TrkA receptors on the urothelium might directly activate urothelial sensory ion 

channels, such as TRPV1 (shown in purple), or increase expression of TRPV1 and MSC (shown in pink). 

Increased TRPV1 and MSC activity stimulate the release of urothelial mediators, such as ATP, which sensitize 

the underlying afferents. In addition, NGF activates TrkA receptors expressed on suburothelial afferent C-fiber 

terminals, directly sensitizing neuronal TRPV1, MSCs and voltage-gated ion channels (shown in orange). The 

TrkA-NGF complex is internalized (dashed lines) and retrogradely transported to cell bodies in lumbosacral 

DRG, where de novo transcription of TRPV1, VGCs, MSCs and additional sensory ion channels (including 

purinergic P2X3 receptor for ATP; shown in green) is initiated. These newly synthesized ion channels are 

anterogradely transported back to afferent terminals to contribute to peripheral hypersensitivity. 

Neurotrophin receptors TrkB (shown in red) and p75NTR (shown in black) are also expressed on both 

urothelium and afferent terminals, although their role has not yet been completely defined.  

Abbreviations: ATP, adenosine triphosphate; BDNF, brain-derived nerve factor; BOO, bladder outlet 

obstruction; BPS, bladder pain syndrome; DRG, dorsal root ganglia; MSC, mechanosensory channel; NGF, 

nerve growth factor; OAB, overactive bladder syndrome; P2X3, P2X purinoceptor 3; TrkA, tropomyosin-related 

kinase A; TrkB, tropomyosin-related kinase B; TRPV1, transient receptor potential cation channel vanilloid 

subfamily member 1; VGC, voltage-gated ion channel.  

 

As NGF, BDNF is constitutively synthesized by a subpopulation of small- and 

medium-sized peptidergic DRG neurons (Merighi A et al., 2004), but also by non-
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muscle are thought to be the major sources of NGF 
(Figure 1). In culture, NGF controls the survival and 
outgrowth (axon and dendrite) of sensory neurons from 
the DRG, as well as the sympathetic neurons of the major 
pelvic ganglia (MPG; projecting postganglionic efferent 
axons to the bladder).18,19 This essential facet of neuro-
trophin action has been demonstrated in the bladders of 
transgenic mice that overexpress NGF in the urothelium, 
which are characterized by extensive hyperinnervation 
caused by nerve fibre expansion of sympathetic neurons, 
unmyelinated C fibres and Aδ-myelinated afferents.20

The survival-promoting role of neurotrophins is not 
restricted to neuronal development; these peptides also 
protect neurons against various types of injury, including 
hypoxic, excitotoxic and hypoglycaemic damage. Thus, 
it is not surprising that infiltrating inflammatory cells 
such as mast cells can produce NGF, which modulates 

neuronal function under inflammatory conditions.21,22 
Elevated bladder NGF levels have been reported in 
animal models of chemical, neurogenic and immune-
mediated inflammation,23–25 suggesting that an increase 
in NGF release represents a generalized response to 
bladder inflammation.26 During the development of 
adult organisms, neurotrophins switch roles from pro-
survival factors to general regulators of differentiaton 
and functional neuronal phenotype. This neuromodula-
tion is achieved via the regulation of neuronal expression 
profiles, including those of neuropeptides, neurotrans-
mitters and membrane ion channels.11,27 Peripheral 
sensory neurons are specifically sensitive to the neuro-
modulatory effects of NGF, as highlighted by the role 
of this peptide in the regulation of pain perception.11,27 
In clinical trials of patients with neuropathy and neuro-
degeneration, NGF has been shown to induce acute 
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Figure 1 | Peripheral mechanisms involved in the neurotrophin-mediated development of bladder overactivity. In urinary 
bladder, NGF (shown in blue) is produced by several cell types—including urothelium, mast cells and detrusor smooth 
muscle cells—upon stretch or inflammation. The urothelium also potentially produces BDNF (shown in red). NGF binding to 
TrkA receptors on the urothelium might directly activate urothelial sensory ion channels, such as TRPV1 (shown in purple), 
or increase expression of TRPV1 and MSC (shown in pink). Increased TRPV1 and MSC activity stimulate the release of 
urothelial mediators, such as ATP, which sensitize the underlying afferents. In addition, NGF activates TrkA receptors 
expressed on suburothelial afferent C-fibre terminals, directly sensitizing neuronal TRPV1, MSCs and voltage-gated ion 
channels (shown in orange). The TrkA-NGF complex is internalized (dashed lines) and retrogradely transported to cell 
bodies in lumbosacral DRG, where de novo transcription of TRPV1, VGCs, MSCs and additional sensory ion channels 
(including purinergic P2X3 receptor for ATP; shown in green) is initiated. These newly synthesized ion channels are 
anterogradely transported back to afferent terminals to contribute to peripheral hypersensitivity. Neurotrophin receptors 
TrkB (shown in red) and p75NTR (shown in black) are also expressed on both urothelium and afferent terminals, although 
their role has not yet been defined. Abbreviations: ATP, adenosine triphosphate; BDNF, brain-derived nerve factor; BOO, 
bladder outlet obstruction; BPS, bladder pain syndrome; DRG, dorsal root ganglia; MSC, mechanosensory channel; NGF, 
nerve growth factor; OAB, overactive bladder syndrome; P2X3, P2X purinoceptor 3; TrkA, tropomyosin-related kinase A; TrkB, 
tropomyosin-related kinase B; TRPV1, transient receptor potential cation channel vanilloid subfamily member 1; VGC, 
voltage-gated ion channel.
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and many other criteria need to be evaluated before NGF can finally come of age as a 

biomarker of OAB. On the other hand, NGF alone may be insufficient, as many other 

factors are involved in the complex pathophysiology of this condition. Until now, no one 

investigated urinary levels of other neurotrophic factors in OAB patients, nor the 

chronobiological variations of their urinary levels in normal individuals of both sexes. It is 

possible that, as occurs with other proteins, the secretion of neurotrophic factors 

follows a rhythm, either circadian or along several weeks or months. Furthermore, this 

knowledge is relevant for both genders, as many LUT dysfunctions affect differently men 

and women. Finally, one of the main limitations of the studies published so far is the lack 

of an adequate control group. 

From the previous review, it becomes clear that neurotrophins are emerging as 

key players in OAB. Exploring their role as biomarkers will primarily contribute to a 

better understanding of the pathophysiological mechanisms of this prevalent bladder 

disorder.  

 

 

III. OVERACTIVE BLADDER: A MULTIFACTORIAL SYNDROME 

 

Recently, we have been assisting to a paradigm shift in OAB approach, which is 

seen by most clinicians as rather a multifactorial syndrome than a cryptogenic condition. 

The categorization of patients with idiopathic OAB according to different underlying 

pathophysiologies could potentially improve the clinical problem of failed or refractory 

treatment, changing the current standard of general symptomatic management to more 

effective individualized specific therapies, directed to underlying causes (Peyronnet B et 

al., 2020) (figure 7). This is the basis of the new current model of precision medicine, 

defined by the National Institutes of Health (NIH) as “an emerging approach for disease 

treatment and prevention that takes into account individual variability in genes, 

environment, and lifestyle for each person” and as the process of “delivering the right 

treatments at the right time, every time to the right person”. This approach will allow to 

predict more accurately which treatment and prevention strategies for a particular 

disease will work in which groups of people. It is in contrast to a one size fits all 
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approach, in which disease treatment and prevention strategies are developed for the 

average person, with less consideration for the differences between individuals. 

 

 
 

Figure 7. From assessment of multifactorial OAB pathophysiology to a tailored 

treatment approach (adapted from Peyronnet B et al., 2019). 

 

In this thesis, two little explored and unclear OAB etiologies/phenotypes were 

comprehensively investigated and will be further discussed. 

 

 

1. After a Midurethral Sling Surgery in Women with Stress Urinary Incontinence 

 

More than one tenth of women submitted to a midurethral sling (MUS) procedure 

develop de novo urgency, and eventually UUI (Salin A et al., 2007; Laurikainen E et al., 

2014; Kim SW et al., 2014). Not surprisingly, this complication is rather devastating. In 

addition to the negative impact caused by the reappearance of incontinence, in contrast 

to what happened before surgery, when episodes of SUI could be easily predicted and 

eventually controlled, now the symptom arises unexpectedly and without a clear 

precipitating factor. Potential causes of de novo urgency after a MUS placement include 
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postoperative UTI, BOO or perforation of the urinary tract (Abraham N and Vasavada S, 

2014; Marcelissen T and Van Kerrebroek P, 2017). These are easily identifiable and 

treatable causes. More complex to manage is the de novo urgency, that arises gradually 

after months of a MUS placement. Generally, no obvious cause for the appearance of 

this symptom can be identified (Crescenze IM et al., 2016). 

The identification of women at risk for developing de novo urgency before a MUS 

placement is generally impossible. While the pursuit of relevant biomarkers associated 

with OAB has focused the attention of many researchers in recent years, very few 

studies have been performed in women with de novo urgency after surgical treatment 

of SUI, in order to elucidate its pathophysiology, identify patients at risk, and improve 

counseling regarding prognosis. Chai and co-workers (Chai TC et al., 2014) investigated 

inflammatory and tissue remodeling urinary biomarkers before and one year after a 

MUS for SUI. They reported that average levels of urinary NGF significantly increased 

after a MUS procedure (Chai TC et al., 2014), suggesting that bladder sensory fibers are 

at risk of sensitization, eventually leading to the appearance of de novo urgency and UUI 

in some patients (Ochodnicky P et al., 2012).  

 

 

2. Aging and Chronic Bladder Ischemia 

 

Increasing evidence suggests that atherosclerosis and subsequent chronic pelvic 

ischemia (CPI) affecting the bladder may be a cause of LUTS in advancing age (Pinggera 

GM et al., 2008; Camões J et al., 2015). Several experimental models using rabbits and 

rats have demonstrated that CPI leads to bladder ischemia. It is well-known that 

prolonged bladder ischemia induces morphological and functional changes in bladder 

innervation, urothelium, detrusor muscle, and the endothelium of microvessels 

(Yamaguchi O et al., 2014). Interestingly, studies with these models indicate that the 

severity and duration of bladder ischemia is relevant to the type of bladder dysfunction. 

In other words, moderate ischemia is associated with bladder hyperactivity, whereas 

severe and long-term ischemia would result in bladder underactivity (Nomiya M et al., 

2014; Yamaguchi O et al., 2014; Zhao Z et al., 2016; Andersson KE et al., 2017) (figure 8). 
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Figure 8. Chronic bladder ischemia as a cause of LUTS (Yamaguchi O et al., 2014). 

 

A number of cardiovascular, metabolic, and endocrine factors may be associated 

with the development of LUTS. Vascular endothelial dysfunction also occurs during the 

human aging process and is an independent risk factor for the development of 

atherosclerosis and hypertension (Yamaguchi O et al., 2014). Ponholzer et al. (Ponholzer 

A et al., 2006) have investigated the association between LUTS and vascular risk factors 

(hypertension, hyperlipidemia, diabetes mellitus, nicotine use) and reported that the 

international prostate symptom score (IPSS) increased significantly in both men and 

women with two or more risk factors, suggesting the potential role of atherosclerosis in 

the development of LUTS in both genders. Atherosclerosis-induced arterial insufficiency 

is a very common clinical problem in the elderly. Moreover, the abdominal aorta and its 

branches, especially the bifurcation of the iliac arteries, are particularly vulnerable to 

atherosclerotic lesion (Tarcan T et al., 1998), suggesting that atherosclerotic obstructive 

changes distal to the aortic bifurcation will have consequences for the distal vasculature 

and for bladder blood flow. Atherosclerosis potentially causes a reduction of pelvic 

blood flow, leading to chronic bladder ischemia. In this respect, men are even more 

vulnerable to its consequences, since BOO by itself may also reduce bladder blood flow. 

bladder ischemia depends on the degree and duration of
ischemia. Moderate ischemia may cause DO and storage
symptoms via sensitization of afferent pathways56 as well as
via a postjunctional supersensitivity due to partial denervation
of the detrusor muscle57 (Fig. 1). When bladder ischemia
becomes severe, progression of denervation and damage to
detrusor muscle may cause detrusor underactivity and voiding
symptoms.

FUTURE RESEARCH

Histopathophysiologic changes observed in these animal
models of chronic bladder ischemia appear to be similar in
many ways to those reported in BOO models. This would
suggest that chronic bladder ischemia might be a common
cause in the development of bladder dysfunction in both
conditions; however, the BOO models show higher maximum
pressure during the voiding phase and bladder weight changes
that are quite different from those caused by chronic bladder
ischemia in the absence of BOO. There seems to be no published
experience on the changes in electrophysiologic properties of
the smooth muscle in atherosclerosis-induced chronically
ischemic bladders.
The increased bladder activity under ischemic/hypoxic

conditions might be a defensive mechanism, because contin-
ued urine storage and distension will induce vessel compres-
sion, which in turn will worsen the ischemia/hypoxia by
consuming more energy during the voiding phase. However,
lack of perfusion, repeated ischemia/reperfusion during the
micturition cycle, and accumulation of noxious oxidative
elements in the bladder might eventually lead to the failure
of defensive mechanisms, inducing a decompensated state
(bladder underactivity) with a postvoid residual volume. Thus,
whether chronic medical treatment for OAB has a positive or
negative impact on bladder hyperactivity under ischemic/
hypoxic conditions would be a target for future research.

CONCLUSION

LUTS occur commonly in bothmen andwomen, and show an
increasing prevalence with age. Recent studies suggest that

arterial occlusive disease (atherosclerosis), a common aging-
associated disorder, has a role in the pathogenesis of lower
urinary tract dysfunction, such as DO. Chronic ischemia
secondary to BOO and atherosclerosis-induced chronic ische-
mia share common pathophysiological mechanisms. A better
understanding of the similarities and differences in both
conditionsmay lead tomore accurate assessments of LUTS, and
to better treatments of the condition.
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In the obstructed bladder, there is a reduction of blood flow due to the effect of raised 

intravesical pressure during voiding or the increased tissue pressure in the bladder wall 

during filling (Yamaguchi O et al., 2014; Thurmond P et al., 2016). Therefore, men may 

develop LUTS due to both atherosclerosis and BOO, which could act simultaneously and 

perhaps synergistically to increase consequences of bladder ischemia (Andersson KE et 

al., 2017; Bosch R et al., 2019). 

Advanced age is strongly associated with functional, cellular and molecular 

changes in vasculature, causing morphological and functional changes in the bladder 

(Camões J et al., 2015). Aging-related endothelial dysfunction is associated with a 

reduction of nitric oxide (NO) bioavailability, oxidative stress and consequent 

dysfunctional production of vasoconstrictor and vasodilator factors, prolonged low-

grade inflammation, impaired angiogenesis and endothelial cell senescence (Andersson 

KE et al., 2017). All these cellular changes are believed to contribute to the increased 

prevalence of LUTS among elderly subjects. Moreover, the fact that α1-blockers, the 

mainstay therapy for male LUTS, can improve bladder blood flow, promote smooth 

muscle relaxation and reduce afferent signaling and oxidative stress in the context of 

ischemia, further supports the hypothesis of vascular dysfunction in the 

etiopathogenesis of LUTS (Thurmond P et al., 2016; Andersson KE et al., 2017).  

Although the impact of atherosclerosis-induced chronic bladder ischemia alone on 

bladder function is not easily studied directly in humans, several experimental studies 

were recently carried out to investigate this issue (Nomiya M et al., 2012, 2014). In an 

initial phase, ischemia, through activation of molecular cascades with cell survival 

signaling, upregulation of cytokines and accumulation of inflammatory mediators, 

results in overactivity (Thurmond P et al., 2016). In particular, increased expression of 

NGF, prostaglandins, proinflammatory cytokines, HIF-1α, transforming growth factor 

(TGF)-β, vascular endothelial growth factor (VEGF), cytokine-inducible nitric oxide 

species (iNOS) and decreased endothelial and neuronal NOS (eNOS and nNOS) seem to 

take part in this response to ischemia in urothelial cells (Azadzoi KM et al., 2011; 

Thurmond P et al., 2016). Prolonged and severe ischemia, by exhausting smooth muscle 

energy resources, due to excessive metabolic demands for adaptation to the extreme 

levels of hypoxia, results in mitochondrial damage, smooth muscle atrophy, fibrosis, 

contractile dysfunction, as well as further neurodegeneration, progressing from 
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overactivity to underactivity (Zhang Q et al., 2014; Zhao Z et al., 2016; Andersson KE et 

al., 2017) (Figure 9).  

 

 
 

Figure 9. Possible mechanisms for LUTS induced by chronic bladder ischemia and 

oxidative stress (adapted from Andersson KE et al., 2017).  
Severe and prolonged ischemia may induce progression from DO/OAB to DU/UAB. 

Abbreviations: DO, detrusor overactivity; DU, detrusor underactivity; iNOS, inducible nitric oxide; LUTS, lower 

urinary tract symptoms; nNOS, neuronal nitric oxide; OAB, overactive bladder; UAB, underactive bladder.  
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