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SUMMARY

The microcirculatory aspects of inflammatory disorders are of importance in the pathology
of the urinary system. Our first aim was to perform a comparative analysis of the
microcirculatory responses of the urinary bladder in infectious and non-infectious
inflammatory animal models with direct or indirect endothelial damage. To this end, we
compared the local microcirculatory consequences of experimental interstitial (IC) cystitis
and hemorrhagic cystitis (HC) with those of bladder ischemia/reperfusion (IR). We found
that not only IR, where direct endothelial damage is present, but also HC and IC, where
microcirculatory inflammatory reactions are secondary after urothelial and interstitial
damage, are associated with manifest polymorphonuclear leukocyte (PMN)-endothelial
cell interactions. This finding confirms the common role of PMN-mediated
microcirculatory reactions in the pathogenesis of bladder diseases.

The overexpression of transient receptor potential vanilloid type 1 (TRPV1) has been
demonstrated in IC cases as well as in cases of neurogenic bladder. In addition, TRPV1
agonists have also previously been used during pharmacological management of these
diseases. Therefore, our next aim was to examine the microcirculatory effects of local
capsaicin treatment (the archetypical TRPV1 agonist). In our study, capsaicin induced rapid
increases in PMN leukocyte rolling and adhesion and in adhesion molecule expression in
the postcapillary venules of the urinary bladder, which was prevented by neonatal sensory
chemodenervation with capsaicin and competitive TRPV1 antagonism. The effect of
specific receptor antagonist therapy showed that TRPV1-induced calcitonin gene-related
peptide (CGRP) release initiates the PMN-endothelial cell interaction by promoting
leukocyte rolling, but adhesion is influenced by both CGRP and substance P.

Our final goal is to implement medical research in clinical practice. Depending on the
underlying cause, neurogenic bladder can manifest in both overactive and underactive
forms. Diagnosis and treatment of both manifestations of neurogenic bladder remain a
challenge in urology practice because disease severity cannot easily be assessed and the
most common symptoms are non-specific. For this reason, our last aim was to provide an
algorithm that aims to facilitate rapid and efficient diagnosis and assessment of disease
severity. This may also aid in decision making on the potential pharmacological and
invasive therapeutic approaches to protecting the upper urinary tract by maintaining low

pressure values in the bladder.



1. INTRODUCTION

Inflammatory microcirculatory reactions

All the essential elements of inflammation (rubor, tumor, dolor, and calor) can be traced
back to phenomena occurring at the level of the microcirculation. The microcirculation
delivers cells and molecules that transmit inflammatory signals to affected tissues, and, as
a result, the function of the endothelial cells within the microvessels is typically altered. In
this case, however, activation of the endothelium during the “classic inflammatory
response” to antigens is not an initiating factor, but rather a resultant one. In other cases,
such as in hypoxia/reoxygenation processes involving oxidative damage, the endothelial
layer appears to be the main target of damage and injury of the endothelium is therefore a
primary event. The outcome will be similar in both cases, resulting in endothelial activation
and/or endothelial cell dysfunction. This is characterized by an altered release of
endothelium-derived vasoactive mediators and an expression of adhesion molecules
involved in the cellular phase of inflammation (Leppilahti M 2002; Starkman JS 2008) with
a resultant increase in cell-to-cell interactions (including leukocyte—endothelial cell
interactions) which further aggravate the microcirculatory processes (Yadav SS 1998). In
the pathogenesis of endothelial dysfunction, the major role of free radical-mediated
reactions can be assumed; however, the release of proteolytic enzymes (e.g. elastase,
cathepsin G, and protease 1) activated during reperfusion are likewise of considerable
importance (Hisadome Y 2007). During the process of microcirculatory inflammation,
polymorphonuclear leukocytes (PMNSs) are also activated, showing an increased expression
of adhesion molecules which (in concert with endothelial activation) results in tissue
migration of PMNs bringing about additional local tissue damage (Leick M 2014).
Microvascular dysfunction caused by ischemia/reperfusion (IR) injury will eventually (1)
manifest in characteristic microcirculatory reactions marked by decreases in (a) functional
capillary density, (b) red blood cell velocity, (c) venular and arteriolar diameters, and (d)
macromolecular leakage; however, it will also (2) bring about microcirculatory
inflammatory reactions that are characterized by PMN-related reactions in the postcapillary
venules (Bajory Z 2002a).



1.1. Types of sterile urinary bladder inflammation and their research models

One of the most common forms of bladder inflammation of non-infectious origin is
interstitial cystitis (IC), also known as irritable bladder syndrome (Driscoll A 2001), where
the tissue damage is initiated in the epithelial layer, causing ulcerous histological changes
and a characteristic deep rupture through the mucosa. Since distinctive inflammatory
reactions are present at the affected site, it was proposed (by the European Society for the
Study of Interstitial Cystitis) that the term “Hunner’s ulcer” previously used for this
morphological alteration be replaced with the term “Hunner’s lesion,” thus indicating the
characteristic functional (inflammatory) aspect of the underlying pathophysiological events
(van de Merwe JP 2008). The interstitial component of the barrier lesion is most probably
responsible for the clinical signs and symptoms (Yoshimura N 2014), but hypoperfusion
may also play a role in the background of ulcer development in IC (Lavelle J 2002). It has
been proposed that a urothelial dysfunction (a local mechanism) can raise the number of
substances released by the urothelium (e.g. adenosine triphosphate and nitric oxide (NO))
and neurogenic inflammation, which is associated with mast cell activation (Smith CP
2005; Vesela R 2012). These local changes have been shown to cause afferent
hyperexcitability (Yoshimura N 2014) with increased numbers of C-fiber afferents and of
MRNA-level receptors of substance P (neurokinin-1 receptor, NK1) in the mucosa of the
bladder in patients with IC (Sukiennik A 2004). Therefore, sensitization of bladder afferent
pathways and altered sensory processing in the spinal cord have both been proposed as

potential mechanisms that induce IC (Yoshimura N 2013).

Another common inflammatory disease of the bladder is hemorrhagic cystitis (HC), which
is a relatively common iatrogenic side-effect of alkylating chemotherapeutic agents
(deVries CR 1990). Acrolein, the toxic metabolite of cyclophosphamide (CYP), elicits an
inflammatory response of the urothelium, which subsequently also affects the interstitium
and microvessels (Cox PJ 1979). In animal models of HC, afferent neurons in the
lumbosacral dorsal root ganglion also showed an increased expression of neuropeptides,
such as substance P (Vizzard MA 2001), marking a potential neurogenic component of this
condition. Apart from tissue infiltration of PMNs, the importance of other inflammatory
factors (sensory neuron and mast cell activation) has been demonstrated in both forms of
bladder inflammation (1C and HC) (Lyon D 1982; Nazif O 2007; Sakthivel SK 2008), but

the role of microcirculatory reactions in the pathogenesis of IC is unclear.



The urinary bladder (like other organs) also undergoes hypoxia/reoxygenation injury,
although at a lower rate of incidence than those of the diseases above, with the related
microcirculatory reactions having been characterized in standardized experimental settings
(Bajory Z 2002a). Potential causes of bladder IR include embolization, thrombophlebitis,
vasospasm, arteriosclerosis, pregnancy, pelvic tumors, vascular ligation during operations,
and trauma (Love A 1978). The morphological and functional consequences may manifest
in decreased bladder compliance, reduced capacity and contractility, blood-urinary barrier
impairment, edema, smooth muscle degeneration, and necrosis/apoptosis (Yamaguchi O
2014). Upon intermittent ischemia of the urinary bladder, the vessel endothelium is a
primary and direct target of IR injury. In cases of IC and HC, however, the injury is initiated
at the epithelial/urothelial surface and further propagated towards the interstitium, causing

a potential secondary (indirect) involvement of the microvasculature.

1.2. Neurogenic bladder syndrome (recently termed “Neurogenic Lower Urinary Tract

Dysfunction”)

Urine storage and urination disorders

In the case of normal urinary function, urine is excreted by the kidneys, stored in the
bladder, and then emptied at appropriate intervals. In the storage phase, the bladder is in a
relaxed state, but as the filling volume increases, urinary excretion occurs voluntarily in
response to the sensation of the bladder filling in the central nervous system. This is brought
about by the constriction of the bladder muscles in the presence of simultaneous relaxation
of the outer sphincter. Disorders or impairment of these functions, however, manifest in
various urinary storage and emptying disorders, which are currently defined as Lower
Urinary Tract Symptoms. Urinary storage disorders are classified into three main forms,
I.e. stress incontinence, hyperactive bladder, and neurogenic bladder (Burkhard FC 2020)
(Figure 1).



urge
incontinence

hyperactive
detrusor

neurogenic
bladder

stress
incontinence

Figure 1.  Classification of wurinary storage  disorders (based on
http://www.hbcs.hu/uploads/jogszabaly/2312/fajlok/EEM_szakmai_iranyelve.pdf; 2016.
EiK. #6. EMMI guideline)

Etiology of neurogenic bladder

Neurogenic bladder is a collective term used for all urinary storage and emptying disorders
with neurological diseases in the etiology (see below) with the most common symptoms
being stress incontinence and overactive bladder. Not only is the bladder involved in these
processes, but also the sphincter and posterior urethra (collectively referred to as the
“bladder outlet”). Therefore, this complex disorder is currently also termed “Neurogenic
Lower Urinary Tract Dysfunction”). Neurogenic bladder covers a wide range of
neurological dysfunctions, affecting millions of patients worldwide. The underlying cause
can be diverse, ranging from local functional disorders (e.g. autonomic dysreflexia and
detrusor sphincter dyssynergia (DSD)) or local (e.g. after pelvic surgery, peripheral) nerve
injuries, but can also originate from upper and lower motoneuron injuries (spinal lesions)
or degenerative neurological diseases. The most common causes of neurogenic bladder
include spina bifida (neurogenic bladder symptoms occurring in more than 95% of cases)
(Torre M 2011), spinal cord injuries (in ~90% of these cases) (Cameron AP 2010), multiple
sclerosis (in 50-80% of these cases) (Nicholas RS 2009; Nortvedt MW 2007), stroke,
Parkinson’s disease, diabetes, infections, and poisoning
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(https://www.urologyhealth.org/urologic-conditions/neurogenic-bladder). These diseases

result in disturbances in coordinated function of the bladder and sphincter due to
alterations/injury in the afferent and efferent nerves, the spinal cord, or central nervous

system.

The two major clinical manifestations of neurogenic bladder. The importance of timely

and accurate differential diagnosis

It is important to note that “Neurogenic Lower Urinary Tract Dysfunction” manifests in
characteristically different symptoms based on the localization of the underlying
neurogenic cause. The most common symptom is urge incontinence, which may be
associated with urinary incontinence and/or urinary retention, depending on the localization
of the disease. Based on the etiology or the localization of the lesion (Figure 2), there are
two major manifestations of the disease: the overactive (we call it Type #1 here) and the
underactive (termed Type #2) forms of bladder activity, both of which are accompanied by
reduced  bladder  compliance. Upper  motoneuron  (suprapontine  and
infrapontine/suprasacral) lesions cause detrusor overactivity (Type #1 neurogenic bladder),
while lower motoneuron (sacral/infrasacral and cauda equina) injury and injury to the
peripheral nerves result in flaccid bladder with impaired function of detrusor muscle and
decreased sensation of fullness (Type #2 neurogenic bladder). Lesions between the pontine
and the sacral urinary center cause DSD. The formation of a reflex in the sensory branch
(automation via capsaicin-sensitive C-afferent fibers) may also play a role in the

pathogenesis of neurogenic bladder (Blok B 2020).

The consequences of both of these nervous system processes will ultimately lead to similar
consequences manifesting in increased bladder pressures, vesico-ureteral reflux, and
resultant ureteral and renal dilatations, hydronephrosis, and pyelonephritis (which also
predispose to infections and stone formation) and finally renal failure (Amarenco G 2017;
Panicker JN 2015).
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Figure 2. Functional classification of lower urinary tract disorders associated with typical
neurogenic lesions (Groen J 2016)

As noted above, both forms of neurogenic bladder may lead to irreversible damage of the
upper urinary tract and significantly affects life quality, causing deteriorations in mental
health and work performance, and sleeping disorders. Accurate and timely diagnosis is also
highly important to prevent permanent kidney damage, recurrent infections, or even
urosepsis (Allio BA 2016). Differential diagnosis is particularly difficult because
overactive bladder can originate not only from neurogenic causes, but can also be idiopathic
or myogenic in origin, with symptoms that are not specific to neurogenic bladder. Although
the underlying neurological causes are usually detectable, a patient-specific, individualized
therapy is called for usually based on the nature and severity of the symptoms. Therefore,
accurate diagnosis of the severity of urodynamic changes is extremely important to prevent

renal damage.
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1.3. The role of transient receptor potential vanilloid type 1 (TRPV1) receptors in

physiological and neurogenic inflammatory processes

C-fiber chemosensitive primary sensory neurons innervate a variety of organs and tissues
and express the TRPV1 receptor (Szallasi A 1999). The role of TRPV1 receptors is not yet
completely understood, but physiological modulatory functions and protective roles have
been attributed to them. TRPV1 receptors modulate neurogenesis (Jin K 2004),
thermomodulation (Gavva NR 2007), or organ function, i.e. the urinary bladder (Birder LA
2001, 2002; Franken J 2014). The activation of the TRPV1 receptor by noxious stimuli
results not only in the generation of nociceptive impulses transmitted to the central nervous
system, but also in the release of neuropeptides from the stimulated sensory nerve endings.
Neuropeptides released from sensory nerves (e.g. calcitonin gene-related peptide, CGRP,
and substance P) initiate an array of local tissue reactions, including vasodilatation and
plasma extravasation, i.e. a neurogenic inflammatory response. There is ample evidence of
the role of chemosensitive primary afferents in the transmission of nociceptive impulses
and mediation of neurogenic inflammation in a variety of organs and species, including
humans (Moskowitz MA 1993; Nathan JD 2002; Szallasi A 1999; West MA 1996).
Neurogenic inflammation refers to the flare (Bayliss WM 1901) and plasma extravasation
(Jancso N 1967) which is brought about by electrical stimulation of unmyelinated afferent
nerves, for instance (Kenins P 1982). TRPV1 receptors are generally activated by
inflammatory mediators, including lipoxygenase products, bradykinin, and prostaglandins
(Davis JB 2000; Julius D 2001; Zygmunt PM 1999). The role of TRPV1 activation has
been confirmed in pathophysiological processes of neurogenic inflammation in animal
models of colitis, cystitis, arthritis, and bronchitis (Baluk P 1999; Kihara N 2003), but these
receptors have also been shown to play a protective role against IR injury in the heart
(Wang L 2005) and kidney (Chen L 2014) and in allergic dermatitis (Banvolgyi A 2005).

In the urinary bladder, TRPV1 is expressed richly in the afferent fibers, the majority of
which contain peptides (Szallasi A 1999), and these are in close contact with urothelial
cells. Furthermore, urothelial cells also express these receptors (Birder LA 2001), and these
cells are therefore most probably implicated in sensory signaling (Li M 2011), including
sensory perception of elongation/expansion of the bladder (Everaerts W 2010). This
particular class of sensory nerves significantly contributes to the regulation of urinary

bladder functions, including the micturition reflexes in both animals in general and humans
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(de Groat WC 2009; Fowler CJ 1992; Juszczak K 2010). Moreover, several pathological
conditions of the urinary bladder, including neurogenic detrusor overactivity, idiopathic
detrusor overactivity, and bladder outlet obstruction involve changes in C-fiber afferent
mechanisms in animals (Kitagawa Y 2013; Yokoyama O 2010) and in humans (Cruz F
1997; de Groat WC 2009; Fowler CJ 1992). TRPVL1 is also critically involved in
inflammatory processes of the urinary bladder. In patients suffering from IC/“bladder pain
syndrome”, the severity of the clinical symptoms and inflammation correlated with the
enhanced expression of TRPV1-immunoreactive nerve fibers in the urinary bladder (Liu L
2007) and urothelial cells from the overactive human bladder exhibit a high capsaicin
sensitivity (Burnstock G 2006). The involvement of TRPV channels has been demonstrated
in cases of overactive bladder and neurogenic detrusor overactivity (Fowler CJ 1992; Kuo
HC 2006).

TRPV1 is involved in the transmission of urinary bladder pain and the application of
TRPV1 agonists, and by eliminating capsaicin-sensitive sensory nerves, it is of therapeutic
use in the treatment of pathological pain conditions of the urinary bladder. TRPV1 agonists
(capsaicin and resiniferatoxin) have been used for many years to alleviate chronically
painful conditions, such as diabetic neuropathy and cancer pain (Knotkova H 2008; Lazzeri
M 1998, 2004; Oliveira R 2019). These effects may be related to reduced abnormal urinary
reflex functions (Maggi CA 1986, 1989) and partly due to desensitization and destruction
of TRPV1 receptors (Bley K 2012; Dasgupta P 1998). These treatments were, however,

often performed on an empirical basis (Avelino A 2006).

1.4. TRPV1-related microcirculatory reactions

TRPV1 activation is known to bring about characteristic microcirculatory reactions in
several organs. The activation of the TRPV1 receptor through the release of vasoactive
peptides, such as CGRP and substance P, from the sensory nerves triggers an extremely
rapid elevation in blood flow and an increase in permeability in different organs, e.g. the
skin (Boros K 2016; Cao T 2000), the dura (Dux M 2003), and the pancreas (Grady EF
2000). Neurotransmitters released from perivascular nerves are generally implicated in the
concept of neurogenic inflammation (Seifert H 1985; Sternini C 1992; Zimmerman BJ
1992).

14



TRPV1-mediated vasodilatory effects are partially linked to the release of CGRP in the
dura mater and the skin (Dux M 2003; Williamson DJ 1997). Another, indirect mechanism
involves the enhanced activation of endothelial Ca?*-dependent NO synthase and resultant
NO release elicited through a TRPV1-dependent rise in intracellular Ca2*. This is supported
by findings that show that the release of NO could be inhibited by pretreatment with the
TRPV1 receptor antagonist capsazepine in vitro (Ching LC 2011) and by sensory
denervation in vivo (Poblete IM 2005). Edema formation elicited by the activation of
TRPV1 receptors, however, is linked to the release of substance P and its binding to
endothelial NK1 receptors, which lead to an increase in vascular permeability (Cao T 2000)
and PMN infiltration (Hood VVC 2000) in the skin (Boros K 2016) and the pancreas (Bhatia
M 1998), where the dose-dependent increase in plasma extravasation evoked by substance
P and capsaicin could be inhibited by capsazepine (Boros K 2016; Grady EF 2000) or by
NKZ1 receptor antagonism (Nathan JD 2002).

Even though TRPV1 agonists are used in the therapeutic management of urinary bladder
disorders, the potential acute microcirculatory side-effects of TRPV1 activation have not
yet been examined. The present study was therefore designed to examine the effects of
capsaicin, the archetypal TRPV1 agonist, on PMN-endothelial cell interactions in the
microcirculatory system of the rat urinary bladder, using intravital videomicroscopy (IVM)
and immunohistochemistry. The contribution of sensory nerves and the sensory
neuropeptides substance P and CGRP to these inflammatory phenomena was studied with

the aid of selective sensory chemodenervation and pharmacological antagonists.
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2. MAIN GOALS OF THE STUDIES

The microcirculatory aspects of non-infectious forms of cystitis have not yet been
characterized. Therefore, we aimed to perform a comparative analysis of inflammatory
microcirculatory responses of the bladder in animal models under conditions with
presumed direct or indirect endothelial damage. More importantly, we compared the

microcirculatory consequences of 1IC and HC with those of bladder IR.

Even though TRPV1 agonists were used in the therapeutic management of urinary
bladder disorders, the potential acute microcirculatory side-effects of TRPV1
activation have not yet been examined. We thus also aimed to investigate the effects
of capsaicin, the archetypical TRPV1 agonist, on PMN-endothelial cell interactions in
the microcirculatory system of the rat urinary bladder, using IVM and
immunohistochemistry. The contribution of sensory nerves and the sensory
neuropeptides substance P and CGRP to these inflammatory phenomena was analyzed

with the aid of selective sensory chemodenervation and pharmacological antagonists.

Depending on the cause, neurogenic bladder manifests in both overactive and
underactive forms. The accompanying symptoms (i.e. urge incontinence +/- urinary
incontinence +/- urinary retention) are not specific to neurogenic bladder, and the
clinical cases also show diverse severity. Further, pathophysiological changes in the
lower urinary tract could retrogradely damage the ureter and the kidneys. For these
reasons, our further aim was to design and propose an algorithm for a rapid and
efficient diagnosis and severity assessment of neurogenic bladder in the practice of
urology in Hungary. This also aids in choosing a pharmacological or invasive
therapeutic approach to protect the upper urinary tract by maintaining low pressure
values in the bladder.
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3. MATERIALS AND METHODS

The experimental part of the present thesis is based on two series of animal studies. In the
first experimental series (Study 1), the microcirculatory consequences of common
urological diseases were studied in the rat urinary bladder. In the second experimental study
(Study 2), the microcirculatory side-effects and the underlying receptor-dependent
mechanisms of topical capsaicin were examined. In the review article (Study 3), we aimed
to set up a diagnostic algorithm to facilitate a proper diagnosis of disease severity and

analysis of the urodynamic consequences of neurogenic bladder.

3.1. Animals (Studies 1-2)

The experimental studies were approved by the National Scientific Ethical Committee on
Animal Experimentation (National Competent Authority), under license numbers 1-74-
1/2009. (Study 1) and V./144/2013 (Study 2). These studies were conducted in compliance
with EU Directive 2010/63/EU on the protection of animals used for experimental and
other scientific purposes and the National Institutes of Health guidelines for the use of

experimental animals.

3.2. Surgical procedures (Studies 1-2)

Healthy adult male Sprague—Dawley rats (with body weight ranging from 280-330g) were
anesthetized intraperitoneally with an initial dose of sodium pentobarbital (45mg kg*) and
animals were placed in a supine position on a heating pad to maintain body temperature at
36-37°C. The trachea was cannulated to facilitate spontaneous respiration. Catheters were
also inserted into the carotid artery and jugular vein for continuous measurement of blood
pressure (Statham P23Db transducer) and for administration of continuous infusion (10ml
kg h! Ringers lactate) and of supplementary doses of pentobarbital (if necessary), and the
injection of fluorescent dyes (see later). There were no significant differences in the blood
pressure among the different experimental groups (see later) at any time point during the

microcirculation measurements (data not shown).

The urinary bladder was prepared for IVM examination using a modified method
developed by Bajory et al. (Bajory Z 2002a). Following a midline laparotomy, the bladder

was exposed and the median umbilical ligament resected. A polyethylene catheter (ID
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0.28mm, OD 0.61mm; Smiths Medical, UK) was later inserted into the bladder dome and
fixed by a ligature (via a 3-0 braided polyglycolic acid thread). Since the catheter insertion
caused nearly complete emptying of the bladder, 0.5ml of a body-warm 0.9% NaCl solution
was injected to provide a similar, standard baseline filling state of the bladders in all of the
experiments. In pilot studies, this intravesical pressure (<7mmHg) caused no
microcirculatory disturbances in the bladder. The remaining abdomen was covered with
Saran wrap to avoid fluid and heat loss and drying out of the surface of the abdominal

organs.

3.3. Study design and experimental protocols (Studies 1-2)

Study 1

In Study 1, the experiments were conducted in four groups (n=21). In the first group,
bladder ischemia (IR; n=5) was performed with reversible ligation of the aa. vesicales for
60 min, and then microcirculatory consequences were examined after an additional 30 min
(Bajory Z 2002a). In the second group, the early phase of IC was induced by 30-minute
intravesical instillation of protamine sulfate (2mg/200ul in physiological saline; n=6),
which causes selective urothelial damage, under ketamine & xylazine anesthesia (90mg kg
L and 10mg kg, respectively) by sterile puncture of the bladder dome after laparotomy
(Chopra B 2005). Following protamine sulfate exposure, the bladder was washed with
sterile saline and the abdomen was sealed in two layers under sterile conditions.
Inflammatory reactions were examined 24 hours after induction. In the third group, HC
was modeled, where animals were treated with a high dose of CYP intraperitoneally (40mg
kg?; 0.1mlI/100g, n=5)(Vera PL 2008). Microcirculation studies were performed after 24
hours. Sham-operated animals underwent laparotomy with their bladders instilled with

physiological saline (sham-operated group, n=5).

Study 2

The aim of the experiments in Study 2 was to examine the microcirculatory inflammatory
consequences of a 15-min topical application of capsaicin on the bladder surface. We used
two major sets (see Figure 3). In Set 1 (n=34), the effects of TRPV1 receptor antagonism
and the effects of ablation of TRPV1-positive nerves (achieved with the neonatal
administration of capsaicin) were examined. Briefly, newborn male Sprague—Dawley rats

were injected subcutaneously with a single dose of 50mg kg* capsaicin or its vehicle (6%
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ethanol and 8% Tween 80 in saline) on Day 2 of life under ether anesthesia. Neonatal
capsaicin treatment has been shown to produce a selective degeneration of chemosensitive
afferent nerves which are sensitive to capsaicin and express the TRPV1 receptor (Jancsé G
1977). The eye-wiping test, using a 1% solution of zingerone dripped into the eyes of rats
on the day of the experiment, was used to demonstrate the elimination of TRPV1-

expressing afferent nerves (Jancsé N 1967).

In Set 2 (n=35), the effects of selective CGRP and NK1 receptor antagonists were studied
by monitoring the capsaicin-induced cellular inflammatory changes. All topical treatments
were performed by placing pieces of Gelaspon® sponge (Chauvin Ankerpharm GmbH,
Berlin, Germany) soaked in their respective compound(s) on the anterior surface of the
bladder for 15 min.
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Figure 3. The time sequence of treatments and measurements in experimental groups in
Sets 1 and 2 in Study 2. The topical treatments with capsaicin (CAP, 50uM) or other
compounds (see below) were performed at the anterior surfaces of the bladders for 15 min.
In Set 1, the TRPV 1 receptor antagonist capsazepine (CZP, 200uM topically) and ablation
of the TRPV1-positive nerves (achieved with the neonatal administration of CAP) were
applied. In Set 2, the selective CGRP receptor antagonist CGRPg.37 (10uM) and the NK1
receptor antagonists RP67580 (10uM) were topically applied together with CAP to
investigate the consequences of selective CGRP and NK1 receptor antagonism. Here, IVM
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= intravital microscopic examinations of leukocyte—endothelial interactions in
postcapillary venules of the bladder.
In the first set of experiments in Study 2, the animals were placed in one or the other of the

following experimental groups: the anterior surface of the bladder was topically treated
with capsaicin or its vehicle by dripping 100ul of the solution on a Gelaspon sponge, which
was placed on the bladder dome for 15 min in the first two groups (vehicle and capsaicin
groups, n=6 and n=10, respectively). We examined the effect of the specific TRPV1
inhibitor capsazepine on the microcirculatory changes in two groups, where capsazepine
was topically applied just before the administration of capsaicin or its vehicle
(vehicle+capsazepine and capsaicin+capsazepine groups, n=6 each). These findings were
compared with those obtained in rats (n=6) treated with capsaicin as neonates (Bajory Z
2002a). In the second set of experiments, the effects of the capsaicin receptor antagonist
capsazepine on the capsaicin-induced inflammatory changes were studied. During these
experiments (the second set), the microcirculatory effect of the CGRP and NK1 antagonism
was examined and CGRPg.37 (10uM) and RP67580 (10uM) were applied on the bladder
surface in the presence (capsaicin + CGRPsg.7, n=5; capsaicin + RP67580, n=7) and in the
absence of topical capsaicin (vehicle + CGRPs.37, n=6; vehicle + RP 67580, n=8) (50uM).
After a 15-min exposure, the sponge was removed from the bladder surface and thoroughly
rinsed off with warm physiological saline and covered with a Saran wrap for the remainder
of the duration. IVM recordings were made 15, 30, and 45 min after topical treatments.
This overall 60-min observation period was chosen because accumulation of the
fluorescence tracers in the urine with resulting deterioration in the contrast of the images

did not permit a longer observation period.

3.4. Intravital microscopy (Studies 1-2)

The anterior surface of the bladder microcirculation was visualized by IVM (Zeiss
Axiotech Vario 100HD microscope; Carl Zeiss GmbH, Jena, Germany; 100-W HBO
mercury lamp; Acroplan 20x water immersion objective). The animals received
intravenous injections of fluorescein isothiocyanate (FITC)-labeled erythrocytes (Ruh J
1998) (0.2ml; Sigma-Aldrich Co, St. Louis, MO, USA) for the verification of the intact
perfusion of the microvascular bed under examination (using the 490/525nm filter set of
the microscope). PMNs were stained by injecting rhodamine 6G intravenously (0.2%,
0.1ml; Sigma-Aldrich Co, St. Louis, MO, USA) and examined with a 526/555nm filter set
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(Figure 4). Images were recorded with a charge-coupled device video camera (Teli
CS8320Bi, Toshiba Teli Corporation, Osaka, Japan) attached to an S-VVHS video recorder
(Panasonic AG-MD 830; Matsushita Electric Industrial Co., Tokyo, Japan) and a personal

computer.

Figure 4. Representative micrographs showing the sequence of PMN-endothelial
interactions in three consecutive images (Panels A—C) recorded using intravital microscopy
(recording rate: 20 frames/s). A segment of the postcapillary vein in the urinary bladder
under examination is surrounded by lines in Panel A. The movement of rhodamine 6G-
labeled PMNs (marked a—€) is demonstrated frame by frame relative to a dashed line.
Stationary (adhesive) PMNs are marked by an ellipse. The bar in Panel C denotes a 100um
scale, and this applies to all the photomicrographs.

3.5. Analysis of microcirculation data (Studies 1-2)

A guantitative evaluation of the microcirculatory parameters was performed off-line via a
frame-to-frame analysis of the videotaped images taken for IVM (IVM Software; Pictron
Ltd., Budapest, Hungary). Red blood cell velocity (um™) was measured in five different
fields of view and five capillaries at each measurement time point in the experiment
(average of 25 measurements were calculated). PMN—endothelial cell interactions were
analyzed in four or more postcapillary venules within a minimum of three observation
fields per rat (choosing the most representative vessels). All of the evaluations were
performed by two investigators. Rolling PMNs were defined as cells moving with a
velocity of less than 40% of that of the erythrocytes in the centerline of the microvessel and
observed passing through the vessel segment under observation within 30s, expressed as
the number of cells per mm per sec (Massberg S 1998). Adherent PMNs were defined as
cells that did not move or detach from the endothelial lining within an observation period
of 30s and are expressed as the number of cells per mm? of endothelial surface, calculated

using the diameter and length of the vessel segment. In this study, postcapillary venules
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with a diameter of 15-20 micrometers were used, and the average vessel length was about

80 micrometers.

3.6. Immunohistochemistry (E-selectin and ICAM-1) (Studies 1-2)

E-selectin and intercellular adhesion molecule-1 (ICAM-1) are endothelium-derived
adhesion molecules that play a potential role during the course of leukocyte rolling and
adhesion onto the endothelium within the postcapillary venules; hence, we decided to
measure their expression in the bladder in response to capsaicin. Forty-five minutes after
topical application of capsaicin on the urinary bladder, the organ was fixed by immersion
in a fixative containing 4% paraformaldehyde in a phosphate buffer (0.1M, pH=7.4) for
two hours at 4°C. Tissue samples were then transferred into a phosphate buffer until further
processing. Frozen sections 15um in thickness were cut with a cryostat and prepared for
the demonstration of E-selectin and ICAM-1 immunoreactivity using the indirect double-
labeling immunohistochemical technique. The sections were incubated overnight with
mouse anti-rat anti-ICAM-1 (clone 1A29; BD Pharmingen, San Jose, CA, USA; 1:1000)
and goat anti-rat E-selectin (R&D Systems, Minneapolis, MN, USA; 1:1200) primary
antibodies dissolved in phosphate-buffered saline containing 0.3% Triton X-100. These
sections were then incubated with DyLight® 488-conjugated donkey anti-mouse and Cy3-
conjugated donkey anti-goat secondary antibodies (both from Jackson Immunoresearch
Europe, Newmarket, UK). They were covered with a ProlongGold mounting medium
containing DAPI. Immunostained sections were then examined under a Zeiss LSM 700
confocal microscope. One micrometer thin optical sections were collected via Z-stack
capturing and the maximum intensity projection function was used to reconstruct an image
of the 12um thick block of the tissue. Photomicrographs of control and capsaicin-exposed
specimens were taken under identical conditions following a systemic random sampling
method. Three bladders per group, three representative sections per bladder, and 5-9
regions per cryosection were selected for a quantitative evaluation. The observer obtained
and evaluated photomicrographs of bladder specimens from the control and treated groups
in a blinded manner. The line profile measurement tool in the ImagePro Plus 6 image
analysis software package (Media Cybernetics, USA) was used to collect relative pixel

intensity data from the postcapillary venule profiles (n=24-30 for each experimental

group).
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3.7. Methods used to develop a diagnostic algorithm for neurogenic bladder (Study 3)

We created an algorithm for the diagnosis of neurogenic bladder syndrome, which includes
diagnostic interventions in the order of their proposed sequence, including specific
information provided by the actual step (concerning classification and disease severity),

based on the current literature data and our own clinical experience.

3.8. Statistical analyses

The minimum number of animals per group was determined based on the “PS: Power and
Sample Size Calculator” software package. Data analysis was performed with the
SigmasStat statistical software package (Jandel Corporation, San Rafael, CA, USA). In
Study 1, differences between groups were assessed with the one-way ANOVA test,
followed by the Bonferoni post hoc test. In Study 2, changes in microcirculation variables
within and between groups were analyzed with the two-way repeated measures ANOVA
test, followed by the Holm-Sidak test. Immunohistochemistry data were analyzed using
the two-way ANOVA test. All data values are expressed as means + standard error of the
mean (SEM), and P values < 0.05 were considered statistically significant.
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4. RESULTS

4.1. Changes in PMN rolling and adhesion in the postcapillary venules of the urinary

bladder in different urological models of bladder inflammation (Study 1)

In the first experimental study, direct damage to the bladder endothelium caused by IR
resulted in about seven-fold higher values in the number of rolling PMNs as compared to
those in the sham-operated group in postcapillary venules (Figure 5A). Twenty-four hours
after protamine sulfate instillation, this difference was approximately three-fold; it was
approximately five-fold 24 hours after CYP treatment (Figure 5A). We observed a
significant increase in PMN adhesion in all of the challenged groups, which reached a
similar extent (an approximately seven-fold difference when compared to the sham group)

in all the groups (Figure 5B).
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Figure 5. Leukocyte rolling (A) and adhesion (B) in postcapillary venules of the urinary
bladder in sham-operated animals and in animals treated with protamine sulfate (PS) or
cyclophosphamide (CYP) or subjected to 60 min of ischemia followed by 30 min of
reperfusion (IR). Values are presented as means + SEM. Here, *P < 0.05 vs. sham.

4.2. Changes in red blood cell velocity in the capillaries of the urinary bladder in different

urological models of bladder inflammation (Study 1)
Among the different challenges, only IR resulted in significant differences in red blood cell

velocity as compared to those after a sham operation (Figure 6). Specifically, IR evoked

approximately 30% lower values than those seen in sham animals, whereas red blood cell
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velocity values were similar to those of the sham group in the IC and HC models (induced
by protamine sulfate (PS) and CYP treatments, respectively).
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Figure 6. Red blood cell velocity in bladder capillaries in sham-operated animals and in
animals treated with protamine sulfate (PS) or cyclophosphamide (CYP) or subjected to 60
min of ischemia followed by 30 min of reperfusion (IR). Values are presented as means +
SEM. Here, *P < 0.05 vs. sham.

4.3. The effect of selective sensory chemodenervation and TRPV1 antagonism on the

capsaicin-induced microcirculatory changes of the urinary bladder (Study 2)

Topical application of capsaicin triggered a marked increase in the degree of PMN-—
endothelial interactions in the postcapillary venules of the urinary bladder. Both primary
(rolling, Figure 7A) and secondary (adhesion, Figure 7B) interactions were significantly
enhanced within 15 min after topical treatment of capsaicin and remained elevated during
the entire observation period of 45 min. Life-long sensory chemodenervation by neonatal
capsaicin treatment completely prevented the capsaicin-induced vascular changes and
indicated that the vascular effects of capsaicin are not direct, but are mediated through the
release of vasoactive agents from the sensory nerves. Likewise, the co-administration of
capsazepine, a competitive TRPV1 antagonist, markedly inhibited the intravascular
inflammatory changes elicited by capsaicin. Lastly, neither capsazepine nor the vehicle for

capsaicin produced any changes in PMN-mediated reactions.
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Figure 7. Time course of changes in leukocyte rolling (A) and adhesion (B) in the
postcapillary venules of the bladder after a 15-min topical exposure to capsaicin or the
vehicle. In other groups, TRPV1 receptor antagonism (via capsazepine, 200 uM) and the
ablation of TRPV1-positive nerves by neonatal capsaicin treatment were also applied.
Values are presented as means + SEM. Here, *P < 0.05 vs. baseline; # P < 0.05 vs. vehicle.

4.4. The effects of CGRP and NK1 receptor antagonists on TRPV1 activation-induced

microcirculatory reactions of the urinary bladder

In the urinary bladder, the capsaicin-induced increase in leukocyte rolling was prevented
with the topical co-administration of the specific CGRP receptor antagonist CGRPg.34 (See
Figure 8A), but not by the NK1 receptor antagonist RP67580. However, PMN adhesion
was significantly reduced by both the CGRP and the NK1 receptor antagonists (Figure 8B).
Figure 8. Time course of changes in leukocyte rolling (A) and adhesion (B) in postcapillary
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venules of the bladder following a 15-min topical exposure to capsaicin or the vehicle. The
effects of the selective CGRP antagonist CGRPsg.37 (10 uM) and the NK1 receptor
antagonists RP67580 (10 uM) are also shown. Values are presented as means + SEM. Here,
*P < 0.05 vs. baseline; # P < 0.05 vs. vehicle.
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4.5. The effect of capsaicin on the expression of E-selectin and ICAM-1 in the urinary
bladder microvasculature

In control urinary bladders, we noticed a faint-to-moderate staining of small venules with
antibodies raised against E-selectin (Figure 9A and C) and ICAM-1 (Figure 9B and C).
Topical application of capsaicin on the urinary bladder resulted in a massive increase in
both E-selectin (Figure 9D and F) and ICAM-1 (Figure 9E and F) immunoreactivities in
small venules. A guantitative evaluation of the staining intensity revealed a significant rise
in the relative pixel intensity for both E-selectin (control: 8.11 £ 2.97; capsaicin: 35.14 +
3.45; P < 0.05) and ICAM-1 (control: 5.45 + 2.71; capsaicin: 33.59 + 3.24; P < 0.05)

immunostaining.

Figure 9. Confocal photomicrographs illustrating the immunohistochemical localization of
ICAM-1 (A and D) and E-selectin (B and E) in urinary bladders 45 min after exposure to
the vehicle (A-C) and capsaicin (D—F). Note the marked capsaicin-induced increase in
immunostaining of both ICAM-1 and E-selectin localized to venules in the images at the
bottom. The merged photomicrographs (C and F) illustrate the close colocalization of
ICAM-1 and E-selectin immunoreactivities. The bar in F denotes a 50pum scale, and this
applies to all photomicrographs.
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4.6. Diagnostic possibilities of neurogenic bladder

As a first step, an accurate medical history should provide information about the already
recognized neurological problem(s) and about the incidence and characteristics of urinating
disorders (Type #1 reflex bladder with dribbling; Type #2 weak urinary stream) (Table 1).
Questionnaires (e.g. King’s Health Questionnaire, EQ-5D, Sf-qualiveen, Patient Perception
of Bladder Condition, Patient Perception of Intensity of Urgency Scale, and Work
Productivity and Activity Impairment) and urine diaries aid in an objective assessment of
the severity of symptoms (Pannek J 2009). A routine urological physical examination
usually shows urinary retention, can reveal costo-lumbar sensitivity in both cases, and,
therefore, does not show specific results. Routine urine examinations (tracing pyuria and
bacteriuria) and bladder and kidney ultrasound examinations (showing retention and
damage of the upper urinary tract) may detect signs of an advanced stage of the disease,
but are not capable of distinguishing between the two types of neurogenic bladder.
Urodynamic examinations (cystometry and uroflowmetry) (Figures 10 and 11) (Amarenco
G 2017; Cameron AP 2016; Marks BK 2014; Nosseir M 2007; Schiafer W 2002), however,
are indispensable to differentiating between the two major forms of neurogenic bladder,
but neurological (Podnar S 2001) and electromyographic examinations (Allert M 1973;
Bacsu CD 2012) should also be conducted. Using cystometry, the functional state of the
urinary tract is assessed invasively by analyzing pressure-volume curves in the urinary
bladder (Amarenco G 2017; Schafer W 2002). Using this method, functions of the detrusor
muscle and sphincter are examined (during gradual filling and phases of strong and urgent
urination stimuli), involuntary contractions can be detected, and bladder compliance is
calculated (Type #1: involuntary contractions; Type #2 acontractile bladder can be
detected). Based on the shape of the uroflowmetric recordings, DSD can be distinguished
from urinary outflow obstruction using nomograms (Burkhard FC 2020). Video
cystography is appropriate for detecting bladder neck dissynergism, internal sphincter, and
bladder neck stenosis (Marks BK 2014).
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Table 1. Recommended diagnostic algorithm for neurogenic bladder syndrome in the
sequence of the proposed examination methods

Type #1 patient: with
overactive bladder

(upper motoneuron lesion;
injured above the lumbo-sacral
region, e.g. stroke and trauma)

Type #2 patient: with flaccid
bladder

(lower motoneuron lesion;
injured below the lumbo-sacral
urinary center, e.g. trauma)

Pathomechanism of
symptoms

Involuntary detrusor
contraction, pressure rise, DSD

Underactive detrusor, urinary
retention, reflux

Differential diagnosis

- (Idiopathic) hyperactive
bladder

-IC

- Cystitis (and infections of the
urinary system)

- CYP-induced cystitis

- Bladder tumor

Prostatic hyperplasia
Urethral stricture
Constipation

Pelvic tumor

1. Examination: history,
clinical symptoms,
guestionnaires and urine
diaries

Autonomic bladder (“reflex
bladder™)

+/- intermittent urination (in
DSD)

+/- urge to urinate
+/- frequent urination
+/- involuntary loss of urine

2. Routine urological
physical examination

+/- urinary retention
+/- costo-lumbar sensitivity

+/- urinary retention
+/- costo-lumbar sensitivity

3. Urine analysis

+/- pyuria
+/- bacteriuria

Pyuria (+/-microscopic
hematuria +/- bacteriuria)

4. Ultrasound
(urinary bladder and
kidney)

+/- urinary retention
+/- pyelectasia

Urinary retention
+/- pyelectasia

5. Cystometry
(Figure 10)

Involuntary detrusor
contractions during bladder
filling, dissynergistic sphincter
function

Pressure rise occurs at higher
volumes during bladder filling

6. Electromyography

Decreased/no intentionally
induced electrical activity,
reflex activity unchanged

Decrease or complete absence of
voluntary and reflex activity,
denervation potential,
fibrillation, fasciculation

7. (Video) Urodynamic
investigation
(uroflowmetry)
(Figure 11)

Urination: lower volume is
emptied, dribbling/intermittent
urination may occur

Urination: decreased flow rate,
prolonged urination, urination
with abdominal pressure or
Credé maneuver

8. Neurological
examination

Intact bulbocavernosus reflex,
increased rectal sphincter tone

Lesion of bulbocavernosus
reflex, decreased rectal sphincter
tone

9. Additional tests (for
differential diagnosis (e.g.
to exclude tumors)

Cystoscopy, CT
(cysto-urethrography)

Renal scintigraphy, micturition
cysto-urethrography, retrograde
cystography (to detect reflux)
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Figure 10. Typical cystometric images of upper (A) and lower (B—C) motoneuron lesions.
A. Involuntary detrusor contractions with simultaneous rises in intravesical pressure (in a
patient with DSD). B. No increase in intravesical pressure due to filling and no contractions
(therefore, no spontaneous uroflow image can be provided). C. Urination under external

pressure on the abdomen (source: own images).
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5. DISCUSSION

5.1. Microcirculatory effects of urological diseases related to direct or indirect
endothelial injury

IR injury causes functional injury in the urinary bladder, and microcirculatory changes play
a potential role in this process. The causal relationship between functional and
microcirculatory changes was confirmed in a study where ischemic preconditioning not
only ameliorated the postischemic microcirculatory changes in the bladder, but also
prevented deterioration in contractility (Hisadome Y 2007). In other models involving
indirect endothelial damage (such as IC or HC), however, this relationship has not yet been

clarified.

The aim of our experiments was to elucidate the reactions at the level of the
microcirculation in models where endothelial activation/damage is not a primary
phenomenon, but a secondary one. The exact etiology of IC is not fully understood, but
several theories have emerged, including the role of infection, accumulation of toxic
metabolites in the bladder, urothelial dysfunction, and neurogenic effects (Driscoll A 2001;
Marcu | 2018; Parsons CL 2011; Sant GR 2001). Increased release of pro-inflammatory
cytokines and chemokines as well as a beneficial effect of inhibition of their receptors have
also been described (Malley SE 2002; Vera PL 2010), suggesting an important role for
inflammatory responses in this scenario. In general, inflammatory cytokines modulate both
immunological responses and sensory processes that may directly affect the regulation of
urination as the basic function of the bladder (Rutkowski MD 2002; Vallejo R 2010). This
line of reasoning is also supported by clinical observations, where increased inflammatory
infiltration in IC patients has been reported (Sant GR 2007). Similarly, an increased
chemotactic chemokine receptor signaling can be detected in a HC model, where inhibition
of this pathway resulted in reduced bladder hyperexcitability, which is also associated with

improved bladder compliance in rats (Arms L 2010).

When examining microcirculatory inflammatory reactions in models of indirect endothelial
injury here, the extent of these changes were compared to those caused by IR injury (as a
basis of comparison). It was shown previously in this condition that the disruption of

microperfusion and the increase in microvascular permeability are associated with
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increased cell-to-cell inflammatory responses (Bajory Z 2002a). Cell surface receptors
responsible for PMN infiltration during reperfusion are well-known (Chamoun F 2000;
Chopra B 2005) and PMN-induced damage could be influenced favorably by blocking
antibodies used to inhibit PMN adhesion (Sasaki M 2007). It is also known that, in addition
to urinary urothelium and muscle tissue, vasoconstrictive endothelin receptors located on
endothelial cells also play a pronounced role in IR-induced microcirculatory changes in the
bladder (Bajory Z 2002b). In the case of the bladder, reperfusion is characterized by
hypoperfusion, and the classical rubor sign of inflammation (which corresponds to
hyperemia at the level of the microcirculation) is not present in this organ. The explanation
for the decreased flow rate could be derived from (1) the predominance of endothelium-
mediated release of mediators toward vasoconstriction and/or (2) direct endothelial damage
as well as (3) an increased edema formation during reperfusion (i.e. increased

microvascular injury; Bajory Z 2002a).

The early phase of IC can be well modeled with intravesical instillation of protamine
sulfate, which causes acute, selective damage to the urothelium (Lavelle J 2002) and
reversibly inactivates the glycosaminoglycan layer (Tzan CJ 1993). The protamine sulfate-
induced inflammatory responses are mediated through epithelial damage and a resultant
increase in permeability (Lavelle J 2002). In patients with IC, severity of bladder
inflammation correlated with not only pain and urgency scores, but also the density of
TRPV1-immunoreactive nerve fibers (particularly with those in the suburothelial layer)
(Liu BL 2014). Leukocyte invasion and mast cell activation have previously been reported
in protamine sulfate-induced cystitis (Danisman A 2007; Stein PC 1996), but the related
microcirculatory disorder was first described by our group here.

Our present experiments demonstrate that diseases not directly associated with endothelial
damage cause microcirculatory disturbances similar to that of IR. This conclusion can be
drawn based on our observations of cell-to-cell interactions in models of both IC and HC.
The importance of microcirculatory changes in the pathogenesis of IC is also supported by
observations where improvement in the bladder barrier function alleviated clinical
symptoms with simultaneous reduction in the number of ulcers, suggesting an amelioration
in the underlying circulatory disturbances (Lavelle J 2002). There are also assumptions
regarding a release of irritating agents which increase epithelial permeability, thus inducing

neurogenic inflammatory activation (Elbadawi AE 1996). Others hypothesize a relative
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deficiency of NO production in the pathogenesis of the disease because a nitric oxide donor
reduced the symptoms markedly (Moldwin RM 2002). Local free radical release can also
play a role because the free radical scavenging melatonin (Sener G 2002) and dimethyl
sulfoxide (Perez-Marrero R 1988) also had a beneficial effect on disease outcome. Close
localization of mast cells and sensory neurons has been demonstrated in both irritable bowel
syndrome and IC (Alexacos N 1999; Bauer O 2000; Theoharides TC 1996). In human
studies with IC, significant changes in PMN-derived gene expression (Gamper M 2009)
and increased tissue accumulation of PMNs (Cox PJ 1979; Erickson DR1997) as well as
of the expression of the adhesion molecule ICAM-1 have been demonstrated (Leppilahti
M 2002). Further, changes in leukocyte cytokine ligands were found in experimental IC
(Sakthivel SK 2008).

CYP-induced HC is a very common non-infectious cystitis in clinical practice. This form
of cystitis is the most widely used animal model of cystitis; it involves a significant
transformation of urinary reflexes, causing symptoms similar to those of IC (Vizzard MA
2001). CYP-induced cystitis is characterized by marked bladder edema, hemorrhage, and
urothelial damage (Korkmaz A 2007), whereas the pathophysiological role of cytokines,
which are involved in PMN recruitment (TNF-o and IL-1p), is also implicated in the
progression of the disease (Hu VY 2003; Kiuchi H 2009; Smaldone MC 2009). The
presence of the neurogenic component in HC is also thought to be due to increased
concentrations of neuropeptides (CGRP and substance P) in the bladder tissue (Lucioni A
2008) together with an increased expression of TRPV1 mRNA (Dornelles FN 2014).
Bladder barrier dysfunction was shown to be mediated through damage to nerve endings
and spinal cord (L6 and S1) cells (Chuang YC 2009). The NK1-dependent PMN
accumulation was also described in this model (Linares-Fernandez BE 2007). Furthermore,
tissue invasion of PMNs in the bladder could also be inhibited with TRPV1 antagonism
(Dornelles FN 2014). It should be noted here that these experiments focused on the
PMN-endothelial cell interactions in the early phase of the disease, when chemotherapy-
related leukopenia cannot develop and the role of PMNs in the later phase of CYP-induced

microcirculatory reactions can no longer be assumed.

Conclusions for Study 1
Based on our present results, it is not only IR (where direct/primary endothelial damage is

present) that is linked to microcirculatory reactions which manifest in enhanced
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PMN-endothelial interactions, but also HC and IC (where microcirculatory inflammatory
reactions are most probably secondary after urothelial and interstitial damage). These
observations suggest a potential role for microcirculatory reactions in the pathogenesis of

these diseases.

5.2. Microcirculatory consequences of TRPV1-mediated acute neuropeptide release in

the urinary bladder

TRPV1 agonism previously represented one of the possible treatment modalities for
overactive bladder syndrome (Cruz F 1997; Fowler CJ 1992). The involvement of these
afferent nerves in inflammatory processes of the urinary bladder have been demonstrated
in both animal models (Birder LA 2018; Cruz F 1997) and human diseases (e.g. 1C)
(Andersson KE 2019; Liu L 2007). The cellular inflammatory processes and their dynamics
associated with the topical administration of TRPV1 agonists, such as capsaicin and
resiniferatoxin, have been investigated in the bladder here. This study was the first to
demonstrate the dynamics of PMN—endothelial interactions following TRPV1 receptor
activation evoked by capsaicin in the bladder. An early increase in the frequency of
PMN-endothelial interactions (both rolling and adhesion) was observed in the bladder
postcapillary venules as early as 15 min after the administration of capsaicin, and these
inflammatory changes persisted throughout the entire experimental period (45 min). The
early onset of inflammatory changes following capsaicin administration is consistent with
previous observations that found a rapid development of NK1 receptor-dependent edema
formation and PMN deposition after capsaicin in the skin (Boros K 2016) and pancreas
(Grady EF 2000), and an even more rapid response occurring within minutes following an
intratracheal administration of capsaicin (Baluk P 1995).

We have also demonstrated that the microvascular changes were brought about via a
specific action of capsaicin on sensory nerves expressing TRPV1 receptors, since
capsaicin-induced cellular inflammatory reactions were strongly inhibited by both TRPV1
receptor antagonism and the elimination of TRPV1-expressing nociceptive primary
sensory neurons by neonatal capsaicin treatment. These observations suggest a neurogenic
origin of the inflammatory process developing in the urinary bladder after the topical
administration of capsaicin. The present findings also show that the effects of capsaicin are

indirect and brought about by the release of pro-inflammatory neuropeptides known to be
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released from activated TRPV1-expressing sensory nerves (Cruz F 1997; Szallasi A 1999).
Since substance P and CGRP are the most abundant vasoactive peptides expressed in intact
primary sensory neurons, we focused on the contribution of these neuropeptides to the
capsaicin-induced microcirculatory reactions. The findings indicate that both CGRP and
substance P contribute to the capsaicin-induced endothelial adhesion of PMNSs, but rolling
is only initiated by CGRP. It is reasonable to assume, therefore, that TRPV1-induced CGRP
release initiates the PMN-endothelial interaction by promoting leukocyte rolling, but
adhesion is influenced by both peptides. A similar conclusion was drawn in another study,
which showed that substance P potentiated neutrophil accumulation in the skin only when
it was released at a site where an inflammatory process had already been initiated (Cao T
2000).

In the urinary bladder, the capsaicin-induced expression of endothelial adhesion molecules
manifested in the expression of E-selectin and ICAM-1 immunoreactivities in the
postcapillary venules of the urinary bladder occurring in parallel with the cellular
microvascular changes. Previous studies on the human cutaneous vascular bed also
demonstrated a very rapid PMN accumulation (in approximately 15 min) after intradermal
injection of substance P or CGRP (Smith CH 1993), and this is linked to an increased
expression of ICAM-1 mRNA (within 60 min after substance P exposure) (Quinlan KL
1998). Enhanced ICAM-1 and E-selectin protein expressions develop over a longer time
frame (these were typically examined for four hours or more after the topical application
of substance P on the skin) (Lindsey KQ 2000; Quinlan KL 1998; Smith CH 1993). As for
the urinary bladder, the NK1 receptor-mediated expression of ICAM-1 occurred as early
as an hour after a local arterial injection of substance P (Chien CT 2003). Another potential
mechanism of substance P on leukocyte accumulation is an NK1-independent pathway via
mast cell activation which has been implicated in the skin in animal models (Saban MR
1997; Walsh DT 1995) and in humans as well (Okabe T 2000, 2001).

Still, little is known about the subcellular regulatory mechanism by which TRPV-related
neuropeptide release modulates these changes, and the pathway by which capsaicin
achieved these effects remained basically unexplored. The remarkably rapid (less than 60
min) increase in the expression of endothelium-derived adhesion molecules demonstrated
here probably cannot be explained by the most time-consuming Ca?*-dependent activation

of NF-xB pathways (Lindsey KQ 2000). The involvement of mechanisms related to a
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capsaicin-induced intracellular free radical production, however, cannot be ruled out
(Chien CT 2003). Clearly, the mechanistic background of the particularly rapid adhesion

molecule expression in the rat urinary bladder warrants a further in-depth investigation.

The present findings may also be of relevance to neurogenic inflammatory processes that
develop in other organs under particular pathological conditions. The dynamics and extent
of the inflammatory process may depend not only on the sensory innervation density and
the distribution of TRPV1 receptors, but also on other factors, such as the density of CGRP
and substance P receptors and the adhesion molecule expression of the particular

tissue/organ.

The TRPV1-related CGRP release was also shown to modulate immunological reactions,
such as antigen presentation (Asahina A 1995), macrophage function (Ichinose M 1996),
and cytokine production (Monneret G 2000). Even sepsis-induced cellular (macrophage-
related) and vascular reactions (hypotension) are modulated by TRPV1 (Monneret G 2000;
Wang Y 2008), in which sensing of sepsis-induced acidification via this receptor can also
play a role (Batkai S 2004; Varga K 1998). The protective role of TRPV1 has been
demonstrated in endotoxemia and sepsis (Clark N 2007; Helyes Z 2007). TRPV1 also plays
a protective role against postischemic reperfusion injury in the heart, possibly via substance

P release from sensory nerve terminals (Wang L 2005).

Lastly, the potential clinical relevance of the present study should be noted, since TRPV1-
expressing bladder sensory nerves used to serve as therapeutic targets in the treatment of
overactive bladder syndrome and related disorders of the urinary bladder, such as IC. Quite
significantly, in patients with idiopathic detrusor overactivity, TRPV1 agonist vanilloid
compounds, such as resiniferatoxin and capsaicin, were only effective in patients that
display an overexpression of the TRPV1 receptor in the urinary bladder (Kissin 1 2011; Liu
L 2007).

Conclusions for Study 2

The present findings suggest that the activation of TRPV1 receptor-expressing nociceptive
afferent nerves in the urinary bladder triggers a coordinated inflammatory process
involving arteriolar vasodilatation and plasma extravasation as well as an increase in

PMN-endothelial interactions which lead to the transmigration of PMNs. These capsaicin-
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induced local microcirculatory inflammatory side-effects in the urinary bladder are related
to PMNs and are mediated via a TRPV1 receptor-dependent mechanism. The resultant
increase in PMN rolling can be inhibited by CGRP receptor antagonism, whereas PMN
adhesion can be ameliorated by both CGRP and NK1 receptor antagonism.

5.3. Suggested sequence of diagnostic interventions aiding assessment of severity and
urodynamic features of the two major clinical manifestations of neurogenic bladder.

Therapeutic considerations

Differential diagnosis difficulties with neurogenic bladder arise from the fact that many
diseases cause symptoms similar to those of neurogenic bladder and findings from basic
laboratory examinations, e.g. urinary retention, urinary reflux, pyelectasia, or pyuria, can
be observed in numerous diseases without any neurogenic component. The diagnostic
algorithm outlined here can aid in determining the location of the lesion (i.e. with
neurological examinations) and clarifying whether we are facing an “overactive or flaccid
type” of neurogenic bladder (using urodynamic examinations). Test results can range from
minimal urinary retention to the most severe stage of hydronephrosis.

During diagnosis, the first step is to differentiate between overactive (Type #1) and
underactive (Type #2) forms of urinary bladder. Anamnesis, routine urinalysis, and even
routine ultrasound do not lead to the separation of the two types (since the last of these
three only confirms the fact of urinary retention in both types); therefore, invasive
urodynamic examinations are required to detect dynamic, functional changes in urination
and so that the severity of these alterations can also be clarified. Therefore, urodynamic
examinations (cystometry and uroflowmetry) (Amarenco G 2017; Cameron AP 2016;
Schifer W 2002;) supplemented with neurological (Podnar S 2001) and electromyographic
examinations (Allert M 1973; Bacsu CD 2012) are indispensable in differentiating between
the two major forms of neurogenic bladder. The primary aim of the proposed algorithm is
not only to differentiate between the two major types of neurogenic bladder, but also to
facilitate assessment of the severity and staging of related functional and morphological

alterations and to aid in differential diagnosis.
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Differential diagnostic considerations

During differential diagnosis, finding the cause of urinary infection is the first step because
“simple urinary infection” causes symptoms similar to that of the overactive form of
neurogenic bladder, including frequent urination and pyuria (the latter being confirmed by
standard and microbiological examination of the urine), but incontinence is not present in
these cases. In the case of simple urinary infection, kidney and bladder ultrasound will not
detect urine retention but will certainly show signs of neurogenic bladder-related retention,
I.e. morphological changes in upper urinary tract dilatation (i.e. pyelectasy). Furthermore,
standard antibiotic therapy usually brings about relatively rapid amelioration of the

symptoms of simple urinary infections.

In terms of the hyperactive form of neurogenic bladder, IC, HC, and bladder tumors should
be excluded. In the case of IC, the symptoms are similar to Type #1 (hyperactive)
neurogenic bladder with frequent urination, but anamnestic data also reveal typical urethral
pain in the former case. Furthermore, cystoscopy confirms hyperemic areas with spiral
vessels and Hunner’s lesions (in severe cases). HC can be learned from anamnestic data.
Urinary bladder tumors also often cause hyperactive bladder-like symptoms, with frequent
and urgent urination stimuli. A differential diagnosis is based on examination of urine
sediment and cytological examinations, bladder ultrasound, and cystoscopy. For Type #2
(flaccid) urinary bladder, prostate hyperplasia and pelvic tumors can also cause similar
storage/urination disorders, while urethral stricture and constipation may primarily cause
urination problems. To differentiate them from Type #2 neurogenic bladder, anamnestic

questionnaires, ultrasound scans, and uroflowmetry may help.

Therapeutic considerations

As noted above, the proposed diagnostic scheme may provide guidance to establish
diagnosis and differential diagnosis of neurogenic bladder, and importantly, supplies
information on the severity of the urodynamic and morphological alterations (Hinkel A
2007). This is particularly important because in most cases of neurogenic bladder, symptom
relief cannot be achieved by treating the underlying cause; therefore, it is typically treated
with approaches used to treat other diseases showing similar symptoms (thus independently
of the cause). The main goal of the therapy is to prevent upper urinary tract damage while

reducing the patients’ subjective symptoms (by reducing urgent urination and improving
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continence). These test results serve to select the appropriate and optimal (often

individualized) therapy while minimizing potential complications.

Among possible therapies of the overactive form of neurogenic bladder, relaxation of the
detrusor muscle can be achieved with antimuscarinic agents (as a primary choice) because
of their relatively good tolerability and acceptable side-effects (Stéhrer M 2007). Although
antimuscarinergic agents may improve storage symptoms, they may also lead to retention,
which can be prevented by alpha adrenergic receptor antagonists in a combination therapy
(Burkhard FC 2020). Bladder compliance can also be improved with the tricyclic
antidepressant imipramine in combination with the agents noted above (Chancellor MB
1994). Relaxation of the detrusor muscle can also be brought about with beta adrenergic
agonists (Nitti VW 2013). Another solution is the inhibition of urine excretion via the
vasopressine pathway (Szollar S 1995). Cannabinoids and selective serotonin—
noradrenaline reuptake inhibitors may also be considered for the alleviation of symptoms.
Modulation of the sensory part of the urination reflex (using capsaicin and resiniferatoxin)
is less targeted nowadays because this approach can only succeed when detrusor
overactivity is accompanied by an overexpression of TRPV1 in the urothelium and
suburothelium (Kuo HC 2006; Liu HT 2007; Silva C 2002). In drug-resistant cases,
blockade of the motoric function of the detrusor muscle is feasible with topical application
of botulinum toxin (Majoros A 2020). In the case of flaccid bladder, relaxation of the
bladder outlet (at the base of the bladder and the urethra) via inhibition of alpha adrenergic
receptors can alleviate a weak urine stream and straining (which occur due to sphincter
overactivity or detrusor hypofunction) (Burkhard FC 2020). Owing to a well-tailored
therapeutic pharmacological regimen, symptoms can be reduced in approximately 60% of
cases (Stohrer M 2007). Invasive therapies (e.g. neuromodulatory, sling plastics, urine
deviation, artificial sphincters, urethrotomy, and bladder augmentation) can also be
considered if pharmacological treatments are ineffective or in the case of serious side-
effects (Burkhard FC 2020). Unfortunately, catheterization/self-catheterization represents

the only choice to protect the upper urinary tract in many cases of neurogenic bladder.

Conclusions for Study 3

In summary, the proposed algorithm may facilitate optimization of urological assessment

by increasing its efficiency, focusing on examinations that are the most essential for the
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diagnosis. These test results aid in selecting the most appropriate and optimal (often
individualized) therapy, while minimizing potential complications. Therefore, this
algorithm may be particularly useful for colleagues interested in neuro-urology
(neurologists, urologists, and rehabilitation specialists) during their training in Hungary.
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6. SUMMARY OF NEW FINDINGS

IC and HC are not linked to direct endothelial damage, but characterized by PMN-
endothelial interactions within the bladder, similar to microcirculatory inflammatory
complications observed in IR, where endothelial damage is a primary
pathophysiological event. This observation suggests a potential general role of
microcirculatory reactions, uniformly, in the pathogenesis of these diseases.

Local capsaicin treatment induces rapid increases in PMN rolling and adhesion and
expression of adhesion molecules E-selectin and ICAM-1 in the postcapillary venules
of the urinary bladder. These changes can effectively be prevented by sensory
chemodenervation with capsaicin and by competitive TRPV1 antagonism. The effect
of specific receptor antagonists suggests that TRPV1-induced CGRP release initiates
the PMN—endothelial interaction by promoting PMN rolling, but adhesion is mediated
by both CGRP and substance P.

Based on available literature data and our experience, we propose an algorithm by
which diagnosis and differential diagnosis of neurogenic bladder can be conducted in a
timely and efficient manner. This may facilitate initiation of optimally tailored and
individualized symptomatic treatment of neurogenic bladder with simultaneous

minimization of the potential complications in the upper urinary tract.

41



7. ACKNOWLEDGEMENTS

I would like to express my gratitude to the Director of the Institute of Surgical Research,
Prof. Mihaly Boros, for making it possible to carry out my research at his institute. I wish
to thank him for reviewing and correcting my publications and improving them with his

suggestions.

I am grateful to Dr. Andrea Szabo for her guidance in designing and performing the
experiments, writing papers and lectures on my research, and preparing the present thesis.
Under her leadership, | mastered the basics needed to do scientific research, including

conducting experiments, and to write scientific articles.

Special thanks go to Prof. Gabor Jancs6é and Dr. Péter Santha at the Department of
Physiology for their scientific support and their contribution to the immunohistochemistry

studies.

In addition, I wish to express my gratitude to all my co-workers and collaborators for their
contributions to the studies, as well as to all the technicians at the Institute of Surgical
Research for providing the conditions necessary for the experiments and the biochemical

assays.

I would also like to thank my clinical supervisor, Dr. Ferenc Papp, and my colleagues at
the Urology Department at the Bacs-Kiskun County Hospital for supporting my research.

Thanks as well to my family for their encouragement of my research and publications.

The studies reported in this thesis were made possible by Hungarian Scientific Research
Fund grants OTKA 104656 and OTKA 109388, GINOP-2.3.2-15-2016-00015 and
GINOP-2.3.2-15-2016-00034 grants, a National Research, Development and Innovation
Office grant (NKFIH K116689), an EFOP-3.6.2-16-2017-00006 grant, and an NKFIH-
1279-2/2020 grant.

42



10.

11.

8. REFERENCES

Allert M, Jelasic F, Schneider H. Specific EMG Findings in Cases of Neurogenic
Bladder and Rectal Disturbances. Paraplegia. 1973; 10(4):262-270.

Allio BA, Peterson AC. Urodynamic and physiologic patterns associated with the
common causes of neurogenic bladder in adults. Transl Androl Urol. 2016; 5(1):31-
38.

Amarenco G, Sheikh Ismaél S, Chesnel C, Charlanes A, LE Breton F. Diagnosis and
clinical evaluation of neurogenic bladder. Eur J Phys Rehabil Med. 2017; 53(6):975-
980.

Andersson KE. TRP Channels as Lower Urinary Tract Sensory Targets. Med Sci
(Basel). 2019; 22;7(5):67.

Arms L, Girard BM, Vizzard MA. Expression and function of CXCL12/CXCR4 in
rat urinary bladder with cyclophosphamide-induced cystitis. Am J Physiol. 2010;
298(3):F589-600.

Asahina A, Moro O, Hosoi J, Lerner EA, Xu S, Takashima A, Granstein RD. Specific
induction of cCAMP in Langerhans cells by calcitonin gene-related peptide: relevance
to functional effects. Proc Natl Acad Sci U S A. 1995; 92:8323-8327.

Avelino A, Cruz F. TRPV1 (vanilloid receptor) in the urinary tract: expression,
function and clinical applications. Naunyn Schmiedebergs Arch Pharmacol. 2006;
373:287-299.

Bacsu CD, Chan L, Tse V. Diagnosing detrusor sphincter dyssynergia in the
neurological patient. BJU Int. 2012; 109 Suppl 3:31-34.

Bajory Z, Hutter J, Krombach F, Messmer K. New method: the intravital
videomicroscopic characteristics of the microcirculation of the urinary bladder in
rats. Urol Res. 2002a; 30:148-152.

Bajory Z, Hutter J, Krombach F, Messmer K. The role of endothelin-1 in ischemia-
reperfusion induced acute inflammation of the bladder in rats. J Urol. 2002b;
168(3):1222-1225.

Baluk P, Bertrand C, Geppetti P, McDonald DM, Nadel JA. NK1 receptors mediate
leukocyte adhesion in neurogenic inflammation in the rat trachea. Am J Physiol.
1995; 268:1.263-L.269.

43


http://www.ncbi.nlm.nih.gov/pubmed?term=%22Bajory%20Z%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Hutter%20J%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Krombach%20F%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Messmer%20K%22%5BAuthor%5D
javascript:AL_get(this,%20'jour',%20'J%20Urol.');

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Baluk P, Thurston G, Murphy TJ, Bunnett NW, McDonald DM. Neurogenic plasma
leakage in mouse airways. Br J Pharmacol. 1999; 126:522-528.

Banvolgyi A, Palinkads L, Berki T, Clark N, Grant AD, Helyes Z, Pozsgai G,
Szolcsanyi J, Brain SD, Pintér E. Evidence for a novel protective role of the vanilloid
TRPV1 receptor in a cutaneous contact allergic dermatitis model. J Neuroimmunol.
2005; 169(1-2):86-96.

Batkai S, Pacher P, Jarai Z, Wagner JA, Kunos G. Cannabinoid antagonist SR-
141716 inhibits endotoxic hypotension by a cardiac mechanism not involving CB1
or CB2 receptors. Am. J. Physiol. 2004; 287:H595-H600.

Bauer O, Razin E. Mast Cell-Nerve Interactions. News Physiol Sci. 2000; 15:213-
218.

Bayliss WM. On the origin from the spinal cord of the vaso-dilator fibres of the hind-
limb, and on the nature of these fibres. J Physiol. (Lond.) 1901; 26:173-209.

Bhatia M, Saluja AK, Hofbauer B, Frossard JL, Lee HS, Castagliuolo I, Wang CC,
Gerard N, Pothoulakis C, Steer ML. Role of substance P and the neurokinin 1
receptor in acute pancreatitis and pancreatitis-associated lung injury. Proc Natl Acad
Sci U S A. 1998; 95:4760-4765.

Birder LA, Kanai AJ, De Groat WC, Kiss S, Nealan ML, Burke NE, Dineley KE,
Watkins S, Reynolds 1J, Caterina MJ. Vanilloid receptor expression suggests a
sensory role for urinary bladder epithelial cells. Proc Natl Acad Sci USA. 2001;
98:13396-13401.

Birder LA, Nakamura Y, Kiss S, Nealen ML, Barrick S, Kanai AJ, Wang E, Ruiz G,
De Groat WC, Apodaca G, Watkins S, Caterina MJ. Altered urinary bladder function
in mice lacking the vanilloid receptor TRPV1. Nat Neurosci. 2002; 5:856-860.
Birder LA, Kullmann FA. Role of neurogenic inflammation in local communication
in the visceral mucosa. Semin Immunopathol. 2018; 40(3):261-279.

Bley K. Effects of topical capsaicin on cutaneous innervation: implications for pain
management. Open Pain J. 2012; 6:81-94.

Blok B, Pannek J, Castro-Diaz D, Del Popolo G, Groen J, Hamid R, Karsenty G,
Kessler TM, Ecclestone H, Musco S, Padilla-Fernandez B, Phé V, Sartori A, ‘t Hoen
L. European Association of Urology (EAU) Guidelines.
https://uroweb.org/quideline/neuro-urology/

Boros K, Jancso G, Dux M, Fekécs Z, Bencsik P, Oszlacs O, Katona M, Ferdinandy

44


https://uroweb.org/guideline/neuro-urology/

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

P, Nogradi A, Santha P. Multiple impairments of cutaneous nociceptor function
induced by cardiotoxic doses of Adriamycin in the rat. Naunyn Schmiedebergs Arch
Pharmacol. 2016; 389:1009-1020.

Burkhard FC, Bosch JLHR, Cruz F, Lemack GE, Nambiar AK, Thiruchelvam N,
Tubaro A Ambiihl D, Bedretdinova DA, Farag F, Lombardo R, Schneider MP.
European Association of Urology (EAU) Guidelines. Urinary Incontinence 2020;

https://uroweb.org/quideline/urinary-incontinence

Burnstock G. Pathophysiology and therapeutic potential of purinergic signaling.
Pharmacol Rev. 2006; 58:58-86.

Cameron AP. Medical management of neurogenic bladder with oral therapy. Transl
Androl Urol. 2016; 5(1):51-62.

Cameron AP, Wallner LP, Tate DG, Sarma AV, Rodriguez GM, Clemens JQ.
Bladder management after spinal cord injury in the United States 1972 to 2005. J
Urol. 2010; 184:213-217.

Cao T, Pintér E, Al-Rashed S, Gerard N, Hoult JR, Brain SD. Neurokinin-1 receptor
agonists are involved in mediating neutrophil accumulation in the inflamed, but not
normal, cutaneous microvasculature: an in vivo study using neurokinin-1 receptor
knockout mice. J Immunol. 2000; 164:5424-5429.

Chamoun F, Burne M, O’Donnell M, Rabb H. Pathophysiologic role of selectins and
their ligands in ischemia reperfusion injury. Fron Biosci. 2000; 5:103-109.
Chancellor MB, Erhard MJ, Hirsch IH, Stass WE Jr. Prospective evaluation of
terazosin for the treatment of autonomic dysreflexia. J Urol. 1994; 151:111-113.
Chen L, Marko L, Kamann M, Zhu Y, Wu K, Gollasch M. Role of TRPV1 channels
in ischemia/reperfusion-induced acute Kkidney injury. PL0oS One. 2014,
9(10):e109842.

Chien CT, Yu HJ, Lin TB, Lai MK, Hsu SM. Substance P via NK1 receptor facilitates
hyperactive bladder afferent signaling via action of ROS. Am J Physiol. 2003;
284:F840-F851.

Ching LC, Kou YR, Shyue SK, Su KH, Wei J, Cheng LC, Yu YB, Pan CC, Lee TS.
Molecular mechanisms of activation of endothelial nitric oxide synthase mediated by

transient receptor potential vanilloid type 1. Cardiovasc Res. 2011; 91:492-501.

45


https://uroweb.org/guideline/urinary-incontinence

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.
44,

45.

46.

Chopra B, Barrick SR, Meyers S, Beckel JM, Zeidel ML, Ford A, de Groat WC,
Birder LA. Expression and function of bradykinin B1 and B2 receptors in normal and
inflamed rat urinary bladder urothelium. J Physiol. 2005; 562:859-871.

Chuang YC, Yoshimura N, Huang CC, Wu M, Chiang PH, Chancellor MB.
Intravesical botulinum toxin A administration inhibits COX-2 and EP4 expression
and suppresses bladder hyperactivity in cyclophosphamide-induced cystitis in rats.
Eur Urol. 2009; 56(1):159-166.

Clark N, Keeble J, Fernandes ES, Starr A, Liang L, Sugden D, de Winter P, Brain
SD. The transient receptor potential vanilloid 1 (TRPV1) receptor protects against
the onset of sepsis after endotoxin. FASEB J. 2007; 21:2747-3755.

Cox PJ. Cyclophosphamide cystitis: identification of acrolein as the causative agent.
Biochem Pharmacol. 1979; 28:2045-2049.

Cruz F, Guimardes M, Silva C, Reis M. Suppression of bladder hyperreflexia by
intravesical resiniferatoxin. Lancet. 1997; 350(9078):640-641.

Danisman A, Kutlu O, Akkaya E, Karpuzoglu G, Erdogru T. Tibial nerve stimulation
diminishes mast cell infiltration in the bladder wall induced by interstitial cystitis
urine. Scand J Urol Nephrol. 2007; 41(2):98-102.

Dasgupta P, Chandiramani V, Parkinson MC, Beckett A, Fowler CJ. Treating the
human bladder with capsaicin: is it safe? Eur Urol. 1998; 33(1):28-31.

Davis JB, Gray J, Gunthorpe MJ, Hatcher JP, Davey PT, Overend P, Harries MH,
Latcham J, Clapham C, Atkinson K, Hughes SA, Rance K, Grau E, Harper AJ, Pugh
PL, Rogers DC, Bingham S, Randall A, Sheardown SA. Vanilloid recptor-1 is
essential for inflammatory thermal hyperalgesia. Nature. 2000; 405:183-187.

de Groat WC, Yoshimura N. Afferent nerve regulation of bladder function in health
and disease. Handb Exp Pharmacol. 2009; 194:91-138.

deVries CR, Freiha FS. Hemorrhagic cystitis: a review. J Urol. 1990; 143(1):1-9.
Dornelles FN, Andrade EL, Campos MM, Calixto JB. Role of CXCR2 and TRPV1
in functional, inflammatory and behavioural changes in the rat model of
cyclophosphamide-induced haemorrhagic cystitis. Br J Pharmacol. 2014;
171(2):452-467.

Driscoll A, Teichman JM. How do patients with interstitial cystitis present? J Urol.
2001; 166(6):2118-2120.

Dux M, Santha P, Jancs6 G. Capsaicin-sensitive neurogenic sensory vasodilatation

46



47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

in the dura mater of the rat. J Physiol. 2003; 552:859-867.

Elbadawi AE, Light JK. Distinctive ultrastructural pathology of nonulcerative
interstitial cystitis: new observations and their potential significance in pathogenesis.
Urol Int. 1996; 56(3):137-162.

Erickson DR, Belchis DA, Dabbs DJ. Inflammatory cell types and clinical features
of interstitial cystitis. J Urol. 1997; 158(3 Pt 1):790-793.

Everaerts W, Zhen X, Ghosh D, Vriens J, Gevaert T, Gilbert JP, Hayward NJ,
McNamara CR, Xue F, Moran MM, Strassmaier T, Uykal E, Owsianik G, Vennekens
R, De Ridder D, Nilius B, Fanger CM, Voets T. Inhibition of the cation channel
TRPV4 improves bladder function in mice and rats with cyclophosphamide-induced
cystitis. Proc Natl Acad Sci U S A. 2010; 107:19084-19089.

Fowler CJ, Jewkes D, McDonald W1, Lynn B, de Groat WC. Intravesical capsaicin
for neurogenic bladder dysfunction. Lancet. 1992; 339(8803):1239.

Franken J, Uvin P, De Ridder D, Voets T. TRP channels in lower urinary tract
dysfunction. Br J Pharmacol. 2014; 171(10):2537-2551.

Gamper M, Viereck V, Geissbiihler V, Eberhard J, Binder J, Moll C, Rehrauer H,
Moser R. Gene expression profile of bladder tissue of patients with ulcerative
interstitial cystitis. BMC Genomics. 2009; 10:199.

Gavva NR, Bannon AW, Surapaneni S, Hovland DN Jr, Lehto SG, Gore A, Juan T,
Deng H, Han B, Klionsky L, Kuang R, Le A, Tamir R, Wang J, Youngblood B, Zhu
D, Norman MH, Magal E, Treanor JJS, Louis JC. The vanilloid receptor TRPV1 is
tonically activated in vivo and involved in body temperature regulation. J Neurosci
2007; 27:3366-3374.

Grady EF, Yoshimi SK, Maa J, Valeroso D, Vartanian RK, Rahim S, Kim EH, Gerard
C, Gerard N, Bunnett NW, Kirkwood KS. Substance P mediates inflammatory
oedema in acute pancreatitis via activation of the neurokinin-1 receptor in rats and
mice. Br J Pharmacol. 2000; 130:505-512.

Groen J, Pannek J, Castro Diaz D, Del Popolo G, Gross T, Hamid R, Karsenty G,
Kessler TM, Schneider M, 't Hoen L, Blok B. Summary of European Association of
Urology (EAU) Guidelines on Neuro-Urology. Eur Urol. 2016; 69(2):324-333.
Helyes Z, Elekes K, Németh J, Pozsgai G, Sandor K, Kereskai L, Borzsei R, Pintér
E, Szabo A, Szolcsanyi J. Role of transient receptor potential vanilloid 1 receptors in

47



S7.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

endotoxin-induced airway inflammation in the mouse. Am J Physiol. 2007;
292:L.1173-L1181.

Hinkel A, Pannek J. Clinical usefulness of urodynamic assessment for maintenance
of bladder function in patients with spinal cord injury. Neurourol Urodyn. 2007;
26:228-233.

Hisadome Y, Saito M, Kono T, Satoh I, Kinoshita Y, Satoh K. Beneficial effect of
preconditioning on ischemia-reperfusion injury in the rat bladder in vivo. Life Sci.
2007; 81(5):347-352.

Hood VC, Cruwys SC, Urban L, Kidd BL. Differential role of neurokinin receptors
in human lymphocyte and monocyte chemotaxis. Regul Pept. 2000; 96:17-21.
https://www.urologyhealth.org/urologic-conditions/neurogenic-bladder

Hu VY, Malley S, Dattilio A, Folsom JB, Zvara P, Vizzard MA. COX-2 and
prostanoid expression in micturition pathways after cyclophosphamide-induced
cystitis in the rat. Am J Physiol. 2003; 284:574-585.

Ichinose M, Sawada M. Enhancement of phagocytosis by calcitonin gene-related
peptide (CGRP) in cultured mouse peritoneal macrophages. Peptides 1996; 17:1405-
1414,

Jancso G, Kiraly E, Jancso-Gabor A. Pharmacologically induced selective
degeneration of chemosensitive primary sensory neurones. Nature. 1977; 270:741-
743.

Jancs6 N, Jancso-Gébor A, Szolcsanyi J. Direct evidence for neurogenic
inflammation and its prevention by denervation and by pretreatment with capsaicin.
Br J Pharmacol Chemother. 1967; 31(1):138-151.

Jin K, Xie L, Kim SH, Parmentier-Batteur S, Sun Y, Mao XO. Greenberg DA.
Defective adult neurogenesis in CB1 cannabinoid receptor knockout mice. Mol
Pharmacol. 2004; 66:204-208.

Julius D, Basbaum Al. Molecular mechanisms of nociception. Nature. 2001;
413:203-210.

Juszczak K, Wyczolkowski M, Thor PJ. The participation of afferent C-fibres in
micturition reflex regulation. Adv Clin Exp Med. 2010; 19:13-19.

Kenins P. Responses of single nerve fibres to capsaicin applied to the skin. Neurosci
Lett. 1982; 29:83-88.

48


https://www.urologyhealth.org/urologic-conditions/neurogenic-bladder

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

Kihara N, de la Fuente SG, Fujino K, Takahashi T, Pappas TN, Mantyh CR. Vanilloid
receptor-1 containing primary sensory neurones mediate dextran sulphate sodium
induced colitis in rats. Gut. 2003; 52(5):713-719.

Kissin 1, Szallasi A. Therapeutic targeting of TRPV1 by resiniferatoxin, from
preclinical studies to clinical trials. Curr Top Med Chem. 2011; 11:2159-2170.
Kitagawa Y, Wada M, Kanehisa T, Miyai A, Usui K, Maekawa M, Sakata M, Matsuo
A, Hayashi M, Matsushita M. JTS-653 blocks afferent nerve firing and attenuates
bladder overactivity without affecting normal voiding function. J Urol. 2013;
189(3):1137-1146.

Kiuchi H, Takao T, Yamamoto K, Nakayama J, Miyagawa Y, Tsujimura A,
Nonomura N, Okuyama A. Sesquiterpene lactone parthenolide ameliorates bladder
inflammation and bladder overactivity in cyclophosphamide induced rat cystitis
model by inhibiting nuclear factor-kappaB phosphorylation. J Urol. 2009; 181:2339-
2348.

Knotkova H, Pappagallo M, Szallasi A. Capsaicin (TRPV1 agonist) therapy for pain
relief: farewell or revival? Clin J Pain. 2008; 24:142-154.

Korkmaz A, Topal T, Oter S. Pathophysiological aspects of cyclophosphamide and
ifosfamide induced hemorrhagic cystitis; implication of reactive oxygen and nitrogen
species as well as PARP activation. Cell Biol Toxicol. 2007; 5:303-312.

Kuo HC, Liu HT, Yang WC. Therapeutic effect of multiple resiniferatoxin
intravesical instillations in patients with refractory detrusor overactivity: a
randomized, double-blind, placebo controlled study. J Urol. 2006; 176:641-645.
Lavelle J, Meyers S, Ramage R, Bastacky S, Doty D, Apodaca G, Zeidel ML. Bladder
permeability barrier: recovery from selective injury of surface epithelial cells. Am J
Physiol. 2002; 283:R242-R253.

Lazzeri M, Spinelli M, Beneforti P, Zanollo A, Turini D. Intravesical resiniferatoxin
for the treatment of detrusor hyperreflexia refractory to capsaicin in patients with
chronic spinal cord diseases. Scand J Urol Nephrol. 1998; 32(5):331-334.

Lazzeri M, Spinelli M, Zanollo A, Turini D. Intravesical vanilloids and neurogenic
incontinence: ten years experience. Urol Int. 2004; 72(2):145-149.

Leick M, Azcutia V, Newton G, Luscinskas FW. Leukocyte recruitment in
inflammation: basic concepts and new mechanistic insights based on new models and

microscopic imaging technologies. Cell Tissue Res. 2014; 355(3):647-656.

49



80.

81.

82.

83.

84.

85.

86.

87.
88.

89.

Leppilahti M, Hellstrom P, Tammela TL. Effect of diagnostic hydrodistension and
four intravesical hyaluronic acid instillations on bladder ICAM-1 intensity and
association of ICAM-1 intensity with clinical response in patients with interstitial
cystitis. Urology. 2002; 60(1):46-51.

Li M, Sun Y, Simard JM, Chai TC. Increased transient receptor potential vanilloid
type 1 (TRPV1) signaling in idiopathic overactive bladder urothelial cells. Neurourol
Urodyn. 2011; 30(4):606-611.

Linares-Fernandez BE, Alfieri AB. Cyclophosphamide induced cystitis: role of nitric
oxide synthase, cyclooxygenase-1 and 2, and NK(1) receptors. J Urol. 2007;
177:1531-1536.

Lindsey KQ, Caughman SW, Olerud JE, Bunnett NW, Armstrong CA, Ansel JC.
Neural regulation of endothelial cell-mediated inflammation. J Investig Dermatol
Symp Proc. 2000; 5:74-78.

LiuBL, Yang F, Zhan HL, Feng ZY, Zhang ZG, Li WB, Zhou XF. Increased severity
of inflammation correlates with elevated expression of TRPV1 nerve fibers and nerve
growth factor on interstitial cystitis/bladder pain syndrome. Int Urogynecol J. 2014;
25(11):1453-1462.

Liu HT, Kuo HC. Increased expression of transient receptor potential vanilloid
subfamily 1 in the bladder predicts the response to intravesical instillations of
resiniferatoxin in patients with refractory idiopathic detrusor overactivity. BJU Int.
2007; 100(5):1086-1090.

Liu L, Mansfield KJ, Kristiana I, Vaux KJ, Millard RJ, Burcher E. The molecular
basis of urgency: regional difference of vanilloid receptor expression in the human
urinary bladder. Neurourol Urodyn. 2007; 26:433-438.

Love A, Notley RG. Vesical necrosis. J R Soc Med. 1978; 71:895.

Lucioni A, Bales GT, Lotan TL, McGehee DS, Cook SP, Rapp DE. Botulinum toxin
type A inhibits sensory neuropeptide release in rat bladder models of acute injury and
chronic inflammation. BJU Int. 2008; 101(3):366-370.

Lyon D, Howard EB, Montgomerie JZ. Increased severity of urinary tract infection
and bacteremia in mice with urinary bladder injury induced by cyclophosphamide.
Infect Immun. 1982; 38(2):558-562.

50



90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

Maggi CA, Barbanti G, Santicioli P, Beneforti P, Misuri D, Meli A, Turini D.
Cystometric evidence that capsaicin-sensitive nerves modulate the afferent branch of
micturition reflex in humans. J Urol. 1989; 142:150-154.

Maggi CA, Santicioli P, Giuliani S, Furio M, Meli A. The capsaicin-sensitive
innervation of the rat urinary bladder: further studies on mechanisms regulating
micturition threshold. J Urol. 1986; 136(3):696-700.

Majoros A, Romics M. Diagnosis and treatment of the overactive bladder [A
hiperaktiv holyag kivizsgalasa és kezelése] LAM. 2020; 30:131-136. [Hungarian]
Malley SE, Vizzard MA. Changes in urinary bladder cytokine mRNA and protein
after cyclophosphamide-induced cystitis. Physiol Genomics. 2002; 9(1):5-13.
Marcu I, Campian EC, Tu FF. Interstitial Cystitis/Bladder Pain Syndrome. Semin
Reprod Med. 2018; 36(2):123-135.

Marks BK, Goldman HB. Videourodynamics: indications and technique. Urol Clin
North Am. 2014; 41:383-391.

Massberg S, Enders G, Leiderer R, Eisenmenger S, Vestweber D, Krombach F,
Messmer K. Platelet-endothelial cell interactions during ischemia/reperfusion: the
role of P-selectin. Blood. 1998; 92:507-515.

Moldwin RM, Sant GR. Interstitial cystitis: a pathophysiology and treatment update.
Clin Obstet Gynecol. 2002; 45:259-272.

Monneret G, Pachot A, Laroche B, Picollet J, Bienvenu J. Procalcitonin and
calcitonin gene-related peptide decrease LPS-induced TNF production by human
circulating blood cells. Cytokine 2000; 12:762-764.

Moskowitz MA. Neurogenic inflammation in the pathophysiology and treatment of
migraine. Neurology 1993; 43:516-20.

Nathan JD, Peng RY, Wang Y, McVey DC, Vigna SR, Liddle RA. Primary sensory
neurons: a common final pathway for inflammation in experimental pancreatitis in
rats. Am J Physiol 2002; 283:G938-G946.

Nazif O, Teichman JM, Gebhart GF. Neural upregulation in interstitial cystitis.
Urology. 2007; 69(4 Suppl):24-33.

Nicholas RS, Friede T, Hollis S, Young CA. Anticholinergics for urinary symptoms
in multiple sclerosis. Cochrane Database Syst Rev. 2009; (1): CD004193.

Nitti VW, Rosenberg S, Mitcheson DH, He W, Fakhoury A, Martin NE.

Urodynamics and safety of the Ps-adrenoceptor agonist mirabegron in males with

51



104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

lower urinary tract symptoms and bladder outlet obstruction. J Urol. 2013;
190(4):1320-1327.

Nortvedt MW, Riise T, Frugard J, Mohn J, Bakke A, Skar AB, Nyland H, Glad SB,
Myhr KM. Prevalence of bladder, bowel and sexual problems among multiple
sclerosis patients two to five years after diagnosis. Mult Scler. 2007; 13:106-112.
Nosseir M, Hinkel A, Pannek J. Clinical usefulness of urodynamic assessment for
maintenance of bladder function in patients with spinal cord injury. Neurourol
Urodyn. 2007; 26:228-233.

Okabe T, Hide M, Koro O, Yamamoto S. Substance P induces tumor necrosis factor-
alpha release from human skin via mitogen activated protein kinase. Eur J Pharmacol.
2000; 398:309-315.

Okabe T, Hide M, Koro O, Nimi N, Yamamoto S. The release of leukotriene B4 from
human skin in response to substance P: evidence for the functional heterogeneity of
human skin mast cells among individuals. Clin Exp Immunol. 2001; 124:150-156.
Oliveira R, Coelho A, Franquinho F, Sousa MM, Cruz F, D Cruz C. Effects of early
intravesical administration of resiniferatoxin to spinal cord-injured rats in neurogenic
detrusor overactivity. Neurourol Urodyn. 2019; 38:1540-1550.

Panicker JN, Fowler CJ, Kessler TM. Lower urinary tract dysfunction in the
neurological patient: clinical assessment and management. Lancet Neurol. 2015;
14:720-732.

Pannek J, Kullik B. Does optimizing bladder management equal optimizing quality
of life? Correlation between health-related quality of life and urodynamic parameters
in patients with spinal cord lesions. Urology. 2009; 74:263-266.

Parsons CL. The role of a leaky epithelium and potassium in the generation of bladder
symptoms in interstitial cystitis/overactive bladder, urethral syndrome, prostatitis and
gynaecological chronic pelvic pain. BJU Int. 2011; 107(3):370-375.

Perez-Marrero R, Emerson LE, Feltis JT. A controlled study of dimethyl sulfoxide in
interstitial cystitis. J Urol. 1988; 140:36-39.

Poblete IM, Orliac ML, Briones R, Adler-Graschinsky E, Huidobro-Toro JP.
Anandamide elicits an acute release of nitric oxide through endothelial TRPV1
receptor activation in the rat arterial mesenteric bed. J Physiol. 2005; 568:539-551.
Podnar S, Vodusek DB. Protocol for clinical neurophysiologic examination of the
pelvic floor. Neurourol Urodyn. 2001; 20:669-682.

52



115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

Quinlan KL, Song IS, Bunnett NW, Letran E, Steinhoff M, Harten B, Olerud JE,
Armstrong CA, Wright Caughman S, Ansel JC. Neuropeptide regulation of human
dermal microvascular endothelial cell ICAM-1 expression and function. Am J
Physiol. 1998; 275:C1580-C1590.

Ruh J, Ryschich E, Secchi A, Gebhard MM, Glaser F, Klar E, Herfarth C.
Measurement of blood flow in the main arteriole of the villi in rat small intestine with
FITC-labeled erythrocytes. Microvasc Res. 1998; 56:62-69.

Rutkowski MD, DeLeo JA. The Role of Cytokines in the Initiation and Maintenance
of Chronic Pain. Drug News Perspect. Drug News Perspect. 2002; 15(10):626-632.
Saban MR, Saban R, Bjorling D, Haak-Frendscho M. Involvement of leukotrienes,
TNF-alpha, and the LFA-1/ICAM-1 interaction in substance P-induced granulocyte
infiltration. J Leukoc Biol. 1997; 61:445-451.

Sakthivel SK, Singh UP, Singh S, Taub DD, Novakovic KR, Lillard JW Jr. CXCL10
blockade protects mice from cyclophosphamide-induced cystitis. J Immune Based
Ther Vaccines. 2008; 6:6.

Sant GR, Hanno PM. Interstitial cystitis: current issues and controversies in
diagnosis. Urology. 2001; 57(6 Suppl 1):82-88.

Sant GR, Kempuraj D, Marchand JE, Theoharides TC. The mast cell in interstitial
cystitis: role in pathophysiology and pathogenesis. Urology. 2007; 69(4 Suppl):34-
40.

Sasaki M, Joh T. Oxidative stress and ischemia-reperfusion injury in gastrointestinal
tract and antioxidant protective agents. J Clin Biochem Nutr. 2007; 40:1-12.
Schifer W, Abrams P, Liao L, Liao L, Mattiasson A, Pesce F, Spangberg A, Sterling
AM, Zinner NR, van Kerrebroeck P. Good urodynamic practices: uroflowmetry,
filling cystometry, and pressure-flow studies. Neurourol Urodyn. 2002; 21:261-274.
Seifert H, Sawchenko P, Chesnut J, Rivier J, Vale W, Pandol SJ. Receptor for
calcitonin gene-related peptide: binding to exocrine pancreas mediates biological
actions. Am J Physiol. 1985; 249: G147-G151.

Sener G, Sehirli AO, Altunbas HZ, Ersoy Y, Paskaloglu K, Arbak S, Ayanoglu-
Dulger G. Melatonin protects against gentamicin-induced nephrotoxicity in rats. J
Pineal Res. 2002; 32:231-236.

53


http://www.jstage.jst.go.jp/search/?typej=on&typep=on&typer=on&d3=au&dp3=Makoto+Sasaki&ca=999999&alang=all&rev=all&pl=20&search=%8C%9F%8D%F5%8E%C0%8Ds
http://www.jstage.jst.go.jp/search/?typej=on&typep=on&typer=on&d3=au&dp3=Takashi+Joh&ca=999999&alang=all&rev=all&pl=20&search=%8C%9F%8D%F5%8E%C0%8Ds

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

Silva C, Ribeiro MJ, Cruz F. The effect of intravesical resiniferatoxin in patients with
idiopathic detrusor instability suggests that involuntary detrusor contractions are
triggered by C-fiber input. J Urol. 2002; 168:575-579.

Smaldone MC, Vodovotz Y, Tyagi V, Barclay D, Philips BJ, Yoshimura N,
Chancellor MB, Tyagi P. Multiplex analysis of urinary cytokine levels in rat model
of cyclophosphamide-induced cystitis. Urology. 2009; 73:421-426.

Smith CH, Barker JN, Morris RW, MacDonald DM, Lee TH. Neuropeptides induce
rapid expression of endothelial cell adhesion molecules and elicit granulocytic
infiltration in human skin. J Immunol. 1993; 151:3274-3282.

Smith CP, Vemulakonda VM, Kiss S, Boone TB, Somogyi GT. Enhanced ATP
release from rat bladder urothelium during chronic bladder inflammation: effect of
botulinum toxin A. Neurochem Int. 2005; 47(4):291-297.

Starkman JS, Martinez-Ferrer M, Iturregui JM, Uwamariya C, Dmochowski RR,
Bhowmick NA. Nicotinic signaling ameliorates acute bladder inflammation induced
by protamine sulfate or cyclophosphamide, J Urol. 2008; 179(6):2440-2446.

Stein PC, Pham H, Ito T, Parsons CL. Bladder injury model induced in rats by
exposure to protamine sulfate followed by bacterial endotoxin. J Urol. 1996;
155(3):1133-1138.

Sternini C, De Giorgio R, Furness JB. Calcitonin gene-related peptide neurons
innervating the canine digestive system. Regul Pept. 1992; 42:15-26.

Stohrer M, Miirtz G, Kramer G, Schnabel F, Arnold EP, Wyndaele JJ. Propiverine
compared to oxybutynin in neurogenic detrusor overactivity--results of a
randomized, double-blind, multicenter clinical study. Eur Urol. 2007; 51:235-242.
Sukiennik A, Carr DB, Bonney I, Marchand JE, Wurm H, Sant GR. The effect of
short-term epidural local anesthetic blockade on urinary levels of substance P in
interstitial cystitis. Anesth. Analg. 2004; 98:846-850.

Szallasi A, Blumberg PM. Vanilloid (Capsaicin) receptors and mechanisms.
Pharmacol Rev. 1999; 51(2):159-212.

Szollar S, North J, Chung J. Antidiuretic hormone levels and polyuria in spinal cord
injury. A preliminary report. Paraplegia. 1995; 33: 94-97.

Theoharides TC. The mast cell: a neuroimmunoendocrine master player. Int J Tissue
React. 1996; 18:1-21.

54



138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

Torre M, Guida E, Bisio G, Scarsi P, Piatelli G, Cama A, Buffa P. Risk factors for
renal function impairment in a series of 502 patients born with spinal dysraphisms. J
Pediatr Urol. 2011; 7:39-43.

Tzan CJ, Berg J, Lewis SA. Effect of protamine sulfate on the permeability properties
of the mammalian urinary bladder. J Membr Biol. 1993; 133(3):227-242.

Yadav SS, Howell DN, Gao W, Steeber DA, Harland RC, Clavien PA. L-selectin and
ICAM-1 mediate reperfusion injury and neutrophil adhesion in the warm ischemic
mouse liver. Am J Physiol. 1998; 275(6):G1341-1352.

Vallejo R, Tilley DM, Vogel L, Benyamin R. The role of glia and the immune system
in the development and maintenance of neuropathic pain. Pain Pract. 2010;
10(3):167-184.

van de Merwe JP, Nordling J, Bouchelouche P, Bouchelouche K, Cervigni M, Daha
LK, Elneil S, Fall M, Hohlbrugger G, Irwin P, Mortensen S, van Ophoven A, Osborne
JL, Peeker R, Richter B, Riedl C, Sairanen J, Tinzl M, Wyndaele JJ. Diagnostic
criteria, classification, and nomenclature for painful bladder syndrome/interstitial
cystitis: an ESSIC proposal. Eur Urol. 2008; 53:60-67.

Varga K, Wagner JA, Bridgen DT, Kunos G. Platelet- and macrophage-derived
endogenous cannabinoids are involved in endotoxin-induced hypotension. FASEB J.
1998; 12:1035-1044.

Vesela R, Asklund H, Aronsson P, Johnsson M, Wsol V, Andersson M, Tobin G.
Coupled nitric oxide and autonomic receptor functional responses in the normal and
inflamed urinary bladder of the rat. Physiol Res. 2012; 61(4):371-380.

Vera PL, Iczkowski KA, Wang X, Meyer-Siegler KL. Cyclophosphamide-induced
cystitis increases bladder CXCR4 expression and CXCR4-macrophage migration
inhibitory factor association. PL0oS One. 2008; 3(12):e3898.

Vera PL, lczkowski KA, Howard DJ, Jiang L, Meyer-Siegler KL. Antagonism of
macrophage migration inhibitory factor decreases cyclophosphamide cystitis in mice.
Neurourol Urodyn. 2010; 29(8):1451-1457.

Vizzard MA. Alterations in neuropeptide expression in lumbosacral bladder
pathways following chronic cystitis. J Chem Neuroanat. 2001; 21:125-138.

Walsh DT, Weg VB, Williams TJ, Nourshargh S. Substance P-induced inflammatory
responses in guinea-pig skin: the effect of specific NK1 receptor antagonists and the
role of endogenous mediators. Br J Pharmacol. 1995; 114:1343-1350.

55



149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

Wang L, Wang DH. TRPV1 gene knockout impairs postischemic recovery in isolated
perfused heart in mice. Circulation. 2005; 112:3617-3623.

Wang Y, Novotny M, Quaiserova-Mocko V, Swain GM, Wang DH. TRPV1-
mediated protection against endotoxin-induced hypotension and mortality in rats. Am
J Physiol. 2008; 294: R1517-R1523.

West MA, Wilson C. Hypoxic alterations in cellular signal transduction in shock and
sepsis. New Horiz. 1996; 4:168-178.

Williamson DJ, Hargreaves RJ, Hill RG, Shepheard SL. Intravital microscope studies
on the effects of neurokinin agonists and calcitonin gene-related peptide on dural
vessel diameter in the anaesthetized rat. Cephalalgia. 1997; 17:518-524.

Yamaguchi O, Nomiya M, Andersson KE. Functional consequences of chronic
bladder ischemia. Neurourol Urodyn. 2014; 33(1):54-58.

Yokoyama O. Pharmacological and genetic analysis of mechanisms underlying
detrusor overactivity in rats. Neurourol Urodyn. 2010; 29:107-111.

Yoshimura N, Miyazato M, Kitta T, Yoshikawa S. Central nervous targets for the
treatment of bladder dysfunction. Neurourol Urodyn. 2013; 33:59-66.

Yoshimura N, Oguchi T, Yokoyama H, Funahashi Y, Yoshikawa S, Sugino Y,
Kawamorita N, Kashyap MP, Chancellor MB, Tyagi P, Ogawa T. Bladder afferent
hyperexcitability in bladder pain syndrome/interstitial cystitis. Int J Urol. 2014; 21
Suppl 1:18-25.

Zimmerman BJ, Anderson D, Granger DN. Neuropeptides promote neutrophil
adherence to endothelial cell monolayers. Am J Physiol. 1992; 263:G678-G682.
Zygmunt PM, Petersson J, Andersson DA, Chuang H, Sorgard M, DiMarzo V, Julius
D, Hogestatt ED. Vanilloid receptors on sensory nerves mediate the vasodilator
action of anandamide. Nature. 1999; 400:452-457.

56


http://www.ncbi.nlm.nih.gov/pubmed/?term=Williamson%2525252520DJ%252525255BAuthor%252525255D&cauthor=true&cauthor_uid=9209773
http://www.ncbi.nlm.nih.gov/pubmed/?term=Hargreaves%2525252520RJ%252525255BAuthor%252525255D&cauthor=true&cauthor_uid=9209773
http://www.ncbi.nlm.nih.gov/pubmed/?term=Hill%2525252520RG%252525255BAuthor%252525255D&cauthor=true&cauthor_uid=9209773

9. ANNEX

57



PAPER 1



Magyar Sebészet 2012; 65(4): 184-190 o0 . ”
DOI: 10.1556/MaSeb.65.2012.4.3 KOSZONTO
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Bevezetés: Atmeneti ischaemia kapcsan az ischaemia/reperfusios (IR) karosodas elsédleges célpontja az erek endotheli-
uma, mig interstitialis cystitisben és haemorrhagias cystitisben a gyulladas az epithelium/urothelium felél indul, és az
interstitium felé terjedhet, igy okozva masodlagos mikrokeringési valtozasokat. Vizsgalataink célja a nem fertozéses
eredetii cystitisek ¢s a hdlyag IR mikrokeringési kovetkezményeinek vizsgalata, valamint a keringési reakciok 6sszeha-
sonlito elemzése volt. Mddszerek: Him Sprague Dawley-patkanyokban protamin-szulfat (2 mg / 200 pl s6oldatban, n =
6) 30 perces intravesicalis instillatidjaval gyulladast indukaltunk, a mésodik csoportban (n = 5) ciklofoszfamidot (75
mg/kg, i.p.) alkalmaztunk 24 éraval a vizsgalat eldtt. A harmadik csoportban (n = 5) a hugyholyag atmeneti ischaemiajat
idéztiik eld a hélyagot ellato erek 60 perces leszoritasaval. A kezeletlen kontrollcsoportban a higyhdlyagot fiziologias
sooldattal instillaltuk (n = 5). A gyulladasos mikrokeringési reakciokat intravitalis fluoreszcens videomikroszkoppal
vizsgéltuk 60 perc reperfusio utan, illetve 24 oraval a protamin-szulfat-instillatiot vagy ciklofosztamid-kezelést kove-
téen. Eredmények: A gordiilo leukocytak aranya haromszorosara novekedett a holyag posztkapillaris ereiben a prota-
min-szulfat-modellben, a ciklofoszfamid-csoportban 6tszords, az IR csoportban hat és félszeres volt a novekedés. A
leukocytak kitapadasa mindharom kisérletes csoportban hasonld mértékben (kozel hétszeresére) fokozodott. A vorss-
vértestek aramlasi sebessége a protamin-szulfat- és IR csoportban csokkent, mig a ciklofoszfamid-csoportban kismér-
tékben emelkedett. Kovetkeztetések: Eredményeink alapjan nemcsak a direkt endotheliumsériilést okozo IR, de a
protamin-szulfat és a ciklofoszfamid alkalmazésa is mikrokeringési valtozasokat idéz el6 a patkany hugyholyagaban.
Ezek az eredmények felvetik a mikrokeringési zavarok koroki szerepét az irritabilis holyag szindroma és a haemorrha-
gids cystitis pathogenesisében is.

Kulesszavak: hugyholyag-mikrokeringés, intravitalis mikroszkdpia, interstitialis cystitis, haemorrhagiés cystitis

Background: The vascular endothelium is a primary target of ischemia/reperfusion (IR) injury of the urinary bladder. In
case of interstitial cystitis (painful bladder syndrome) or in cyclophosphamide-induced hemorrhagic cystitis, the injury
is initiated at the epithelial/urothelial surface and propagates towards the interstitium, causing secondary involvement of
the microvasculature. Hence the aim of our study was to assess and compare the microcirculatory aspects of the non-
infectious forms of cystitis with that of IR-caused reactions. Materials and Methods: In male Sprague-Dawley rats,
interstitial cystitis was induced by intravesical instillation of protamine sulphate (2 mg in 200 pl saline for 30 min; n =
6). In another group, cyclophosphamide (75 mg/kg, ip) was administered 24 hr prior to the experiments (rn = 5). In the
third group, urinary bladder ischemia was induced by 60-min occlusion of the vessels supplying the bladder (n=5). The
microcirculatory inflammatory reactions were investigated by fluorescence intravital microscopy 60 min after reperfu-
sion and 24 hr after protamine sulphate instillation or cyclophosphamide administration, respectively. In the control
group, the bladder was instilled with saline (n = 5). Results: Rolling of leukocytes increased ~3-fold in the postcapillary
vessels in the protamine sulphate-treated group and the increase in this parameter was ~5 and ~6.5-fold in cyclophos-
phamide and IR groups, respectively. The increase in leukocyte adherence reached similar, approx. 7-fold increase in
each of the challenged groups. The red blood cell velocity in the capillaries decreased in the protamine sulphate and IR
groups, while the velocity increased moderately in the cyclophosphamide-treated group. Conclusions: Our results dem-
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onstrate that direct endothelial injury (caused by IR), as well as protamine sulphate and cyclophosphamide administra-
tions induce inflammatory microcirculatory changes of the urinary bladder. These observations suggest a causative role
for microcirculatory disturbances in the pathogenesis of interstitial cystitis and hemorrhagic cystitis as well.

Keywords: urinary bladder microcirculation, intravital microscopy, interstitial cystitis, haemorrhagic cystitis

Beérkezett: 2012. junius 27.

Bevezetés

A gyulladdas minden lényegi eleme (rubor, tumor, dolor,
calor) a microcirculatio szintjén zajlo jelenségekre vezet-
het6 vissza. A mikrokeringés juttatja el az inflammatios je-
leket kozvetité molekuldkat €s sejteket az érintett szovetek-
hez, és e funkcio ellatasa soran a mikroereket hatarolé en-
dothel sejtek miikédése is megvaltozhat. Az endothelium
aktivacidja az antigénekre adott ,klasszikus” gyulladasos
valasz sordn azonban nem inicial6, hanem koévetkezményes
tényez6. Ugyanakkor mas esetekben, igy példaul az oxida-
tiv karosodassal jaré hypoxia-reoxigenizacids folyamatok-
ban az endothel réteg tekinthetd a karosodas fo célszervé-
nek. A kimenet mindkét esetben hasonlo lesz, végered-
ményképpen endothel aktivacio és/vagy az endothel sejtek
dysfunctidja jelentkezhet. Ennek kovetkeztében az endo-
thelbdl szarmazd vasoactiv mediatorok felszabaduldsa mé-
dosul, fokozédik a gyulladas sejtes fazisaban szerepet jat-
sz6 adhaesios molekulak expressiéja,l’2 és e folyamat ré-
szeként a sejt-sejt kozotti reakciok (koztik a leukocyta-
endothel sejt interakcidk) véraramlasi zavarokat okoznak.
Az endothel dysfunctio 1étrejottében foleg szabad gyokok
altal medialt reakciok feltételezhetdk, de a reperfusio soran
aktivaloédo proteolitikus enzimek (pl. elasztaz, cathepsin G,
proteaz II1) felszabaduldsanak is nagy jelent6séget tulajdo-
nitanak.> Ismert az is, hogy a mikrokeringés szintjén a sej-
tes gyulladasos reakciok a vérlemezkék és a polimorf mag-
vu leukocytak fokozott kitapadasaval, szoveti migratidval
és tovabbi lokalis reakciokkal jarhatnak egyiitt.*

Az interstitialis cystitisrdl vagy mas néven irritabilis
holyag szindromarol (IHS) jol ismert, hogy a karosodas
kezdetben az epithel réteget érinti. A klinikai jelekért és tii-
netekért a barrierkarosodas interstitialis komponense lesz a
felel6s,>® de a feltételezések szerint a kialakulo fekélyek
hatterében a hypoperfusionak is szerepe lehet.” A huagyho-
lyag masik, gyakori, gyulladasos korképe az alkilalé hatasu
kemoterapias szerek iatrogén mellékhatasaként kialakulo
haemorrhagias cystitis (HC). A ciklofoszfamid toxikus me-
tabolitja, az acrolein az urothelium feldl valt ki gyulladasos
reakcidt, ami ezt kovetden hat az intestitiumra és a mikro-
erekre.® Mindkét urologiai kérképben (IHS és HC) kimu-
tattak a leukocytak szoveti infiltratidja mellett mas, gyulla-
dasos kovetkezményekkel jaré tényezok (szenzoros neu-
ron- és hizosejt-aktivacio) fontossagat,’”!! de a mikroke-
ringés szintjén 1étrejovo reakciok kortani szerepe az IHS és
HC pathogenesisében nem tisztazott.

Jelen kutatdsunk soran célul tiiztik ki a hugyhdlyag
gyulladasos mikrokeringési reakcidinak Osszehasonlito
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elemzését direkt, illetve indirekt endothel karosodassal jaro
allapotok allatkisérletes modelljeiben. A kozvetett endothel
karosodassal jaro korképek mikrokeringési manifesztacioi
kevéssé ismertek, €s a tanulmanyozasukra alkalmazott mo-
dellekben megfigyelhetd mikrokeringési reakciokrdl sincs
még informacio.

A hugyholyag-endothelium direkt karosodasaval jaro
hypoxia-reoxigenizacids klinikai korképek kozé tobbek ko-
z6tt az embolisatio, thrombophlebitis, vasospasmus, arte-
riosclerosis, terhesség, kismedencei tumorok, mttétek so-
réan alkalmazott érlekotés és trauma tartozik.!> A hypoxia-
reoxigenizacié kovetkeztében morfoldgiai és funkcionalis
karosodas alakul ki, ami a hoélyagtagulékonysag (com-
pliance), -kapacitas és dsszehuzodasi képesség csokkené-
sében, a vér-vizelet gat karosodasaban, oedeméban, sima-
izom-degeneracidban, necrosisban vagy apoptosisban nyil-
vanulhat meg.* Ebben az esetben a mikrokeringési véltoza-
sok és a kovetkezményes szervfunkcios zavar kozotti ok-
okozati kapcsolat mar viszonylag jol tisztazott, ezért jelen
kisérleteink soran a hélyag ischaemia-reperfusios (IR) mo-
delljét 6sszehasonlitasi alapként alkalmaztuk a mikrokerin-
gési zavar stlyossaganak megitéléséhez.

Anyag és modszer

Kisérleteinket a NIH iranyelvei alapjan (Guide for the Care
and Use of Laboratory Animals) végeztiik a Szegedi Tudo-
méanyegyetem Munkahelyi Allatkisérleti Bizottsdga jova-
hagyasaval.

Sebészi beavatkozas

Him Sprague Dawley-patkdnyokon (atlagos suly: 300 +
20 g) intraperitonealisan adott Na-pentobarbital anaesthe-
siat (45 mg/kg) alkalmaztunk, sziikség esetén tovabbi kis,
fenntarté dozisokat adtunk intravéndsan. A jobb oldali
vena jugularist és arteria carotist kaniilaltuk infuzié és
gyogyszerek adasa, valamint artérids vérnyomasmérés
(Statham P23Db transzducer) céljabdl. Az allatokat fiito-
padra helyeztiik, testhémérsékletiiket 36-37 °C kozott
tartottuk, folyadékpotlasként 10 ml/kg/h Ringer-laktat-
infuziot adtunk. A 1égzés biztositasa céljabdl a tracheat
kantilaltuk. A hugyholyagot medialis laparotomiabol fel-
tartuk, majd a kupoldnal kaniilt vezettiink be az allandé
intravesicalis nyomas fenntartasa céljabol, melyet 0,9%-
os fiziologias sooldat sziikség szerinti injektalasaval ér-
tiink el.
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Kisérleti protokoll

Az els6 sorozatban a hugyholyag-ischaemiat (IR; n =5) az
aa. vesicales reverzibilis, 60 perces lekotésével értiik el,
majd tovabbi 30 perc utan vizsgaltuk a mikrokeringési ko-
Vetkezményeket.4

A masodik sorozatban az IHS korai fazisat az urotheli-
um szelektiv karositdsat okozo protamin-szulfat (2 mg /
200 pl fiziologias séoldatban; » = 6) 30 perces intravesica-
lis instillatiojaval indukéltuk ketamin-xylazin altatasban, a
hélyag kupoldjanak laparotomiat kovetd steril punkcioja
révén.'> A protamin-expoziciot kovetden a hugyholyagot
steril fiziologias sooldattal &tmostuk, majd a hasat steril ko-
rilmények kozott két rétegben zartuk. Az indukciot kovetod
24 oraval késodbb vizsgaltuk a gyulladasos reakciokat.

A masodik sorozat kovetkezo, cystitises csoportjaban,
a HC kisérletes modelljében az allatokat ciklofoszfamid
toxikus dézisaval kezeltiik (40 mg/kg i.p.; 0,1 ml / 100 g,
n=15). A mikrokeringési vizsgalatokat 24 dra elteltével vé-
geztiik.

Kontrollként az el6bbi protokolloknak megfeleld almii-
tott allatok csoportjat alkalmaztuk, amelynél a holyagokat
fiziologias soval instillaltuk (almiitott csoport, n=5).

Intravitalis videomikroszképia

A kipreparalt hugyholyagot specidlis tarto segitségével ki-
emeltiink a hasiiregb6l a szerv vérellatasanak megtartasa
mellett, majd a vizsgalat idejére vékony miianyag foliaval
fedtiik a kiszaradas €s a h6veszteség minimalizalasa célja-
bol. A hugyholyag mikrokeringését Zeiss Axiotech Vario
100HD intravitalis videomikroszkoppal vizsgaltuk (100 W

HBO higanygdz-lampa, Acroplan 20 vizimmerzios objek-
tiv). Fluoreszcein-isothiocianattal (Sigma Chemicals, St.
Louis, MO) jelslt vorosvértestek (0,2 ml i.v.) szolgaltak
fluoreszcens perfusios markerként (1.4 dbra); a leukocytak
festésére rhodamine 6G-t (Sigma Chem. 0,2%, 0,1 ml i.v.)
hasznéltunk (1.B dbra). A mikroszképos képeket CCD
videokamera (AVT HORN-BC 12) segitségével S-VHS vi-
deorekorderrel (Panasonic AG-MD 830) rogzitettiik, amit
személyi szamitogéphez csatlakoztattunk az adatok anali-
zise céljabol.

Videoanalizis

A mikrokeringési paraméterek kvantitativ meghatarozasa
a kisérleteket kovetden off-line tortént a videofelvételek
frame-to-frame analizisével, szoftver (IVM, Pictron Ltd.,
Budapest) segitségével. A vorosvértestek aramlasi se-
bességét (RBCV; pm/s) 5 kiilonbozo 1atdtérben és 5 ka-
pillarisban mértiik a kisérlet minden mérési idépontjaban
(25 mérés atlagat szamoltuk). A leukocyta-endothel sejt
interakciokat allatonként 5 posztkapillaris venuldban
vizsgaltuk, melyek atmérdje 10-20 pm kozott volt. Ki-
tapado leukocytaknak azokat a sejteket definidltuk, me-
lyek nem mozdultak, vagy legalabb 30 masodpercig rog-
ziiltek az endothel sejt felszinéhez a megfigyelési perio-
dus alatt, szamukat 1 mm? endothelium felszinre vonat-
koztattuk. Gordiilé leukocytaknak azokat a sejteket te-
kintettiik, melyek sebessége nem érte el a mikroerek ko-
zépvonalaban mért vorosvértest aramlasi sebesség 40%-
at. Szamukat egységnyi id6 alatt egy adott érkereszt-
metszeten athalado, gordiilést mutatd sejtek szamaként
adtuk meg.

1. abra. Reprezentativ intravitalis videomikroszkopos felvételek a hiigyholyag mikrokeringésérdl a vorosvértestek (A)
és a neutrophil leukocytak (B) jelzése mellett. A fehér vonal 50 pm-t jelez
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Statisztikai analizis

Az adatok analizise SigmaStat for Windows (Jandel Scien-
tific, Erkrath, Németorszag) szoftverrel tortént. A csopor-
tok kozotti kiillonbségek kimutatasdhoz egyutas ANOVA-t
hasznaltunk, melyet Bonferroni post hoc teszt kovetett.
Statisztikailag szignifikansnak p < 0,05 esetén tekintettiik a
kuilonbségeket.

Eredmények

A hugyhdlyag-endothelium direkt karosodasaval jaré IR
hatasara a leukocyta-rolling mintegy hétszerese volt az al-
mitott csoport értékeinek (2. dbra). A protamin-szulfat-
instillatiot kovetden 24 raval a hugyhdlyag posztkapillaris
venuldiban mintegy haromszoros, a ciklofoszfamid-kezelés
utan pedig kozel 6tszords leukocytarolling-értékeket talal-
tunk az almiitott (fizioldgias séoldattal instillalt) csoport
értékéhez képest (2. dbra). A leukocyta-kitapadas mind-
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3. abra. A leukocytdk kitapaddsa a hugyholyag posztkapillaris

venulaiban alm{itott, protamin-szulfattal (PS) vagy ciklofoszfamid-

dal (CYP) kezelt és holyag ischaemia-reperfusionak (IR) alavetett
allatokban. Atlag + SEM. * p < 0,05 vs intakt almiitott allatok
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harom modellben hasonlé mértékben valtozott, mintegy
hétszeresére fokozddott az almiitstt allatok értékeihez vi-
szonyitva (3. dbray).

A kapillarisok vorosvérsejt aramlasi sebessége csak az
IR utan valtozott szignifikdnsan, mintegy 30%-kal alacso-
nyabb volt az almiitott csoport értékeihez képest (4. dbra).
A protamin-szulfat-kezelés utan (IHS modell) is csokkent
aramlasi sebességértékeket talaltunk, azonban az eltérés
mértéke (mintegy 15%) nem volt szignifikéns. A ciklofosz-
famid-kezelés utan (HC modell) azonban kissé (de nem
szignifikdnsan) magasabb vorosvérsejt aramlasi sebessége-
ket detektaltunk a kapillarisokban.

Megbeszélés

Mai ismereteink szerint az IR funkcionalis karosodast okoz
a hugyhdlyagban, melynek egyik potencialis koroki ténye-
z6je a mikrokeringés zavara. Az ok-okozati dsszefiiggés
kisérletesen igazolhatd, ugyanis az ischaemias prekondi-
cionalds nemcsak a posztischaemids mikrokeringési valto-
zésokat mérsékli, de kivédi a kontraktilitasi zavart is.> Mas
modellekben, igy példaul az indirekt endotheliumkaroso-
dassal jaro THS vagy HC eseteiben ez az 6sszefiiggés azon-
ban még nem tisztazott.

Kisérleteink célja a mikrokeringés szintjén megvaldsu-
16 reakciok megismerése volt olyan modellekben, ahol az
endothelialis aktivacié/karosodas nem koéroki, hanem ko-
vetkezményes jelenség. Az IHS etiologidja nem pontosan
ismert, és szamos teoria latott napvilagot, igy infekcio, to-
xikus metabolitok a hélyagban, urothelialis dysfunctio és
neurogén hatasok 416 szerepe is felmeriilt. Proinflammati-
0s cytokinek és chemokinek fokozott felszabadulasat és re-
ceptoraik gatlasanak kedvez6 hatasat is leirtak mar,!”-18
igy ezek a megfigyelések a gyulladdsos reakciok jelent6sé-
gére utalnak. Altalanossagban elmondhato, hogy a gyulla-
dasos citokinek nemcsak az immunoldgiai reakciokat mo-
dulaljak, de a szenzoros folyamatokat is, melyek kozvetlen
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modon hatassal lehetnek a vizeletiirités szabalyozasara,
azaz a holyag alapfunkciéjara is.!® Ezt a gondolatmenetet
tamasztjak ald azok a klinikai megfigyelések is, amelyek
fokozott gyulladasos infiltratiorol szamolnak be IHS-bete-
geknél.'® Fokozott kemotaktikus kemokinreceptor-szigna-
lizacidé mutathato ki az altalunk vizsgalt masik klinikai kor-
kép, a HC modelljében is, ennek az utvonalnak a gatlasa
mérsékelte a hdélyag-hyperexcitatiot, és a compliance-t is
javitotta pa‘[kélnyon.20

A mikrokeringésben manifesztalédé hodlyaggyulladas
vizsgélatakor az IR karosodast viszonyitasi alapként hasz-
naltuk. Korabban ebben az allapotban kimutattak, hogy a
microperfusio és microvascularis permeabilitas zavara
egylitt jar a sejt-sejt szintli gyulladasos reakciok fokozoda-
saval.* A reperfusio soran kialakulo fehérvérsejtes beszii-
rodésért felelds sejtfelszini receptorok jol ismertek, 32! és
a leukocytak altal kivaltott karosodast a kitapadast gatlo
antitestekkel kedvezéen lehetett befolyasolni.?? Ismert az
is, hogy a hugyutak urotheliuma és az izomszovet mellett
az endothel sejteken elhelyezkedd vasoconstrictiv endothe-
lin receptoroknak is kifejezett szerepiik van a holyag IR al-
tal kivaltott mikrokeringési valtozasokban.?®> A holyag
esetében a reperfusio jellegzetessége a hypoperfusio, vagy-
is ebben a szervben nem jelentkezhet a klasszikus rubor
(ami a mikrokeringés szintjén a hyperaemianak felel meg).
A csokkent aramlasi sebesség magyarazata az endothelium
altal termelt, vasoconstrictio iranyaban haté mediatorok
felszabadulasanak tulsulyaban és/vagy a direkt endotheli-
umkarosodasban, valamint a reperfusio soran létrejévo fo-
kozott oedemakészségben (fokozott microvascularis karo-
sodas) egylittesen kereshet6.*

Az IHS folyamatanak korai fazisa jol modellezhetd az
urothelium acut, szelektiv karositasat okozo intravesicalis
protamin-szulféttal,7 mely a glikéz-aminoglikén-réteget
reverzibilisen inaktivalja.>* A protamin-szulfat altal kival-
tott gyulladasos reakciok az epithelium kérositasa és a ko-
vetkezményes permeabilitasfokozodas révén valdsulnak
meg.” A leukocyta-invaziorol és a hizosejtek aktivaciojarél
mar kordbban beszdmoltak protamin-szulfat altal okozott
cystitis esetén,>>2° de a mikrokeringési zavart a jelen mun-
ka irja le elsoként. Kisérleti eredményeink azt igazoltak,
hogy a nem kézvetleniil endotheliumkarosodéssal jard kor-
képekben is az IR-hoz hasonlé mikrokeringési zavar fi-
gyelhetd meg. Ennek jeleit a sejt-sejt interakciok vonatko-
zasaban figyelhettiik meg mind az IHS, mind a HC modell-
je esetében. Az IHS pathogenesisében a mikrokeringési
valtozasok jelentdségét tamasztjak ala azok a megfigyelé-
sek, ahol a hélyagbarrier-funkcio javitasa enyhitette a kli-
nikai tiineteket, és a részleges keringési zavarra utal6 feké-

Irodalomjegyzék

U Leppilahti M, Hellstrém P, Tammela TL: Effect of diag-
nostic hydrodistension and four intravesical hyaluronic
acid instillations on bladder ICAM-1 intensity and as-
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lyek szama is mérséklodott.” Vannak olyan feltételezések
is, melyek szerint az irritalo agensek felszabadulasa az at-
eresztdvé valt epitheliumon keresztiil neurogén gyullada-
sos aktivaciot okoz. Masok a nitrogén-monoxid (NO) rela-
tiv hianyat feltételezik a korkép pathogenesisében, mivel
az NO-donor L-arginin mérsékli a tiineteket.?’” A lokalis
szabadgyok-felszabadulds szintén feltételezhetden oki té-
nyez6, mivel a szabadgyok-fogd melatonin®® és DMSO?°
is kedvez6en befolyasolja a korkép kimenetelét. A hizdsej-
tek és a szenzoros neuronok kozeli lokalizaciojat igazoltak
mind irritabilis bél szindroméaban, mind IHS-ben.30-32

A klinikumban a nem infekcids etioldgiaju cystitisek
koziil leggyakrabban a ciklofoszfamid-indukalt HC fordul
el6. A cystitis e forméja a legszélesebb korben alkalmazott
allatkisérletes cystitismodell, mely az IHS-hez hasonl¢ tii-
neteket okozva a vizeletiiritési reflexek jelentés mértékii at-
alakulasaval jar.>3 A HC-ciklofoszfamid cystitisben a neu-
rogén komponens jelenlétét is feltételezik, mivel neuro-
peptidek (CGRP, substance P) fokozott koncentracioja mu-
tathaté ki a hélyagszévetben,34 ¢és a huagyhdlyag barrier-
funkcidjanak zavara az idegvégzodések és a gerincveld
(L6, S1) sejtjeinek a karosodasa révén valosul meg.35

Jelen kisérleteinkben mind IHS, mind HC modellben a
leukocyta-endothel sejt interakcidk jelentds fokozddasat
észleltik. Mas megfigyelések jelent6s génexpressios valto-
zéasokat igazoltak a leukocytakban IHS-ben human koriil-
mények kozott, 3 fokozott leukocytaszamot mutattak ki
biopszias mintakbol,> illetve igazoltdk a leukocyta-endo-
thel sejt interakcidk egyik fontos endothelialis komponen-
sének, az ICAM-1 adhaesiés molekulanak a fokozott ex-
pressiojat.! Kisérletes IHS-ben leukocyta citokin ligandban
bekovetkezd valtozasokat talaltak.” Hasonloképpen, a cik-
lofoszfamid altal kivaltott cystitisben az oedema, ulceratio
¢s haemorrhagia mellett a leukocytak fokozott infiltratio-
jatis leirtak.® Meg kell itt jegyezni, hogy kisérleteinkben a
leukocyta-endothel sejt interakciok in vivo vizsgalatat a
koérkép korai fazisban végeztilk, amikor a kemoterapia
miatt még nem alakulhatott ki leukopenia, ugyanakkor a
ciklofoszfamid-kezelés késébbi fazisaban a leukocytdk
szerepe mar nem feltételezheto.

Eredményeinket osszefoglalva elmondhatjuk, hogy
nemcsak a direkt endotheliumkérosodassal jaro ischaemia-
reperfusio, hanem az urothelium kérosodasa utjan inicialo-
dé haemorrhagias és interstitialis cystitis is egyiitt jar a
hugyholyag kovetkezményes, mikrokeringési gyulladasos
reakcioival, melyek elsdsorban a leukocyta-endothel sejt
interakciok fokozodasdban nyilvanulnak meg. Ez a felis-
merés felveti a mikrokeringési zavar koroki szerepét a fenti
korképek pathogenesisében is.
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Aims: This study was initiated to investigate the involvement of neutrophil leukocyte
activation in neurogenic inflammation, a process also involved in human urinary
pathologies, elicited in the rat urinary bladder by the local administration of capsaicin,
the archetypal TRPV1 agonist. The contribution of afferent nerves and sensory
neuropeptides to leukocyte activation in the urinary bladder microcirculatory bed was
examined.

Methods: Following a 15-min topical application of capsaicin (50 pM), leukocyte-
endothelial interactions were examined for an observation period of 45 min with
intravital microscopy. Expression of adhesion molecules E-selectin and ICAM-1
implicated in these interactions was assessed by immunohistochemistry. Selective
sensory denervation was performed by neonatal treatment with capsaicin. The role of
the TRPV1 receptor and two sensory neuropeptides (CGRP and substance P [SP])
were studied using the selective antagonists capsazepine, CGRPg_3; and RP67580,
respectively.

Results: Capsaicin induced rapid increases in leukocyte rolling and adhesion and
increased the expression of E-selectin and ICAM-1 in the postcapillary venules.
Sensory chemodenervation via capsaicin and also TRPV1 receptor antagonism
effectively prevented these changes. A similar reduction was observed in leukocyte
adhesion after topical application of CGRPg 34 or RP67580, but only CGRPg.34
reduced the capsaicin-evoked leukocyte rolling.

Conclusions: Topical application of capsaicin induces early neurogenically
mediated cellular microcirculatory inflammatory reactions via the activation of the
TRPV1 receptor and the release of CGRP and SP from sensory nerves in the bladder.
Co-administration of SP and CGRP receptor antagonists may ameliorate

microcirculatory inflammatory changes elicited by capsaicin in the urinary bladder.
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1 | INTRODUCTION

C-fiber chemosensitive primary sensory neurons innervate a
variety of organs and tissues and express the transient receptor
potential vanilloid type 1 (TRPV1) receptor.' The activation
of the TRPV 1 receptor by noxious stimuli results not only in
the generation of nociceptive impulses transmitted to the
central nervous system, but also in the release of neuro-
peptides from the stimulated sensory nerve endings. Neuro-
peptides released from sensory nerves initiate an array of local
tissue reactions, including vasodilatation and plasma extrav-
asation, that is, a neurogenic inflammatory response. There is
ample evidence of the role of chemosensitive primary
afferents in the transmission of nociceptive impulses and
mediation of neurogenic inflammation in a variety of organs
and species, including man.' Studies on the innervation of
the rat urinary bladder revealed that the organ is richly served
by capsaicin-sensitive afferent nerves, the majority of which
contain peptides.' This particular class of sensory nerves
significantly contributes to the regulation of urinary bladder
functions including the micturition reflexes in both animals in
general and man.*® Moreover, several pathological con-
ditions of the urinary bladder, including neurogenic detrusor
overactivity, idiopathic detrusor overactivity, and bladder
outlet obstruction involve changes in C-fiber afferent
mechanisms.*® TRPV1 is involved in the transmission of
urinary bladder pain and the application of TRPV1 agonists,
and by eliminating capsaicin-sensitive sensory nerves, it has a
therapeutic use in the treatment of pathological pain
conditions of the urinary bladder. TRPV1 is also critically
involved in inflammatory processes of the urinary bladder. In
patients suffering from interstitial cystitis/bladder pain
syndrome, the severity of the clinical symptoms and
inflammation was correlated with the enhanced expression
of TRPVI1-immunoreactive nerve fibers in the urinary
bladder.” Hence, inflammatory reactions elicited through
activation of the TRPV1 receptor by the local/intravesical
application of vanilloid agonists, such as capsaicin or
resiniferatoxin are of particular interest, as these agonists
are used therapeutically to treat disorders such as neurogenic
detrusor overactivity.>®

TRPV1 activation is known to bring about characteristic
microcirculatory reactions in several organs. The activation
of the TRPV1 receptor, through the release of vasoactive
peptides such as calcitonin gene related peptide (CGRP) and
substance P (SP) from the sensory nerves, results in an
extremely rapid elevation in blood flow and an increase in
cutaneous and dural permeability.”' TRPV1-mediated
vasodilatory effects are partially linked to the release of
CGRP in the dura mater and the skin.”!! Another, indirect
mechanism involves the enhanced activation of endothelial
Ca**-dependent nitric oxide synthase and consequent nitric
oxide release elicited through a TRPV1-dependent rise in

intracellular Ca**. This is supported by findings showing that
the release of nitric oxide could be inhibited by pretreatment
with the TRPV 1 receptor antagonist capsazepine in vitro'*
and by sensory denervation in vivo.'? Edema formation
elicited by the activation of TRPV1 receptors, however, is
linked to the release of SP and its binding to endothelial
neurokinin-1 (NK1) receptors that lead to an increase in
vascular permeability and polymorphonuclear leukocyte
(PMN) infiltration,'® where the dose-dependent increase
in plasma extravasation evoked by SP and capsaicin could
be inhibited by capsazepine'®™'* or by NKI receptor
antagonism.>

Even though TRPV1 agonists are used in the therapeutic
management of urinary bladder disorders, the potential acute
microcirculatory side effects of TRPV1 activation have not
yet been examined. Therefore, the present study was designed
to examine, by using intravital videomicroscopy and
immunohistochemistry, the effects of capsaicin, the arche-
typal TRPV1 agonist on PMN-endothelial cell interactions in
the microcirculatory system of the rat urinary bladder. The
contribution of sensory nerves and the sensory neuropeptides
SP and CGRP to these inflammatory phenomena was studied
with the aid of selective sensory chemodenervation and
pharmacological antagonists.

2 | MATERIALS AND METHODS

The project was approved by the National Scientific Ethical
Committee on Animal Experimentation (National Competent
Authority), with the license number: V./144/2013. The study
was performed in adherence with the EU Directive 2010/63/
EU on the protection of animals used for experimental and
other scientific purposes and the National Institute of Health
guidelines for the use of experimental animals.

2.1 | Neonatal capsaicin treatment

Newborn male Sprague-Dawley rats were injected subcuta-
neously with a single dose of 50 mgkg™' capsaicin or its
vehicle (6% ethanol and 8% Tween 80 in saline) on day 2 of
life under ether anesthesia. Neonatal capsaicin treatment has
been shown to produce a selective degeneration of chemo-
sensitive afferent nerves which are sensitive to capsaicin and
express the TRPV 1 receptor.”'® The eye-wiping test, using a
1% solution of zingerone dripped into the eyes of rats on the
day of the experiment, was used to demonstrate the
elimination of TRPV 1-expressing afferent nerves. ">

2.2 | Surgical procedures

Healthy adult Sprague-Dawley rats (and the average weight
was 320 + 10 g) were anesthetized intraperitoneally with an
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initial dose of sodium pentobarbital (45 mg kg™') and placed
in a supine position on a heating pad to maintain the body
temperature at 36-37 °C. The trachea, the carotid artery, and
jugular vein were cannulated to facilitate spontaneous
respiration, and for continuous measurement of blood
pressure and the injection of fluorescent dyes, respectively.
There were no significant differences in the blood pressure
among the different experimental groups (see later) at any
time-point of the microcirculation measurements (data not
shown).

The urinary bladder was prepared for intravital micro-
scopic (IVM) examination using a modified method of Bajory
et al.'® Following a midline laparotomy, the bladder was
exposed and the median umbilical ligament resected. A
polyethylene catheter (ID 0.28 mm, OD 0.61 mm; Smiths
Medical, UK) was later inserted into the bladder dome and
fixed by a ligature (via a 3-0 braided polyglycolic acid thread.
As the catheter insertion caused nearly complete emptying of
the bladder, 0.5 mL of a body-warm 0.9% NaCl solution was
injected to provide a similar, standard baseline filling state of
the bladders in all of the experiments. In pilot studies, the
resulting intravesical pressure (<7 mm Hg) did to cause any
microcirculatory disturbances in the bladder. The remaining
abdomen was covered with a Saran wrap to avoid fluid and heat
loss and drying out of the surface of the abdominal organs.

2.3 | Experimental protocol

The aim of our experiments was to examine the microcircu-
latory inflammatory consequences of a 15-min topical
application of capsaicin on the bladder surface. We used
two major sets (see Figure 1). In Set 1, the effects of TRPV1
receptor antagonism as well as the effects of ablation of
TRPV1-positive nerves (achieved by the neonatal adminis-
tration of capsaicin) were examined. In Set 2, the effects of
selective CGRP and NKI1 receptor antagonists were studied
by monitoring the capsaicin-induced cellular inflammatory
changes. All topical treatments were performed by placing
pieces of Gelaspon® sponge (Chauvin Ankerpharm GmbH,
Berlin, Germany) soaked in the respective compound(s) onto
the anterior surface of the bladder for 15 min.

In the first set of experiments, the animals were allotted
to one or the other of the following experimental groups: the
anterior surface of the bladder was topically treated with
capsaicin or its vehicle by dripping 100 pL of the solution
on a Gelaspon sponge which was placed on the bladder
dome for 15min in the first two groups (vehicle and
capsaicin groups, n==6, and n=10, respectively). The
effect of the specific TRPV1 inhibitor capsazepine on the
microcirculatory changes in two groups where capsazepine
was topically applied just before the administration
of capsaicin or its vehicle (vehicle+ capsazepine and
capsaicin + capsazepine group, n=6-6). These findings

were compared with those obtained in rats (n =6) treated
with capsaicin as neonates.'” In the second set of experi-
ments, the effects of the capsaicin receptor antagonist
capsazepine were studied on the capsaicin-induced inflam-
matory changes. During these experiments (the second set),
the microcirculatory effect of the CGRP and NKI1
antagonism was examined and CGRPg3; (10 pM) and
RP67580 (10 pM) were applied on the bladder surface in the
presence (capsaicin + CGRPg3;; n=5) and capsai-
cin+ RP67580; n=7) and in the absence of topical
capsaicin (vehicle + CGRPg 37; n=6), and vehicle + RP
67580; n=8) (50 pM). After a 15-min exposure, the sponge
was removed from the bladder surface and thoroughly
rinsed off with warm physiological saline and covered with
a Saran wrap for the remainder of the duration. IVM
recordings were made 15, 30, and 45 min after topical
treatments. This overall 60-min observation period was
chosen because accumulation of the fluorescence tracers in
the urine with resulting deterioration in the contrast of the
images did not permit a longer observation period.

2.4 | Intravital microscopy

The anterior surface of the bladder microcirculation was
visualized by IVM (Zeiss Axiotech Vario 100HD microscope;
Carl Zeiss GmbH, Jena, Germany; 100-W HBO mercury lamp;
Acroplan 20x water immersion objective). The animals
received intravenous injections of fluorescein isothiocyanate
(FITC)-labeled erythrocytes17 (0.2 mL; Sigma, St. Louis, MO)
for the verification of the intact perfusion of the examined
microvascular bed (using the 490/525 nm filter set of the
microscope). Leukocytes were stained by injecting rhodamine
6G intravenously (0.2%, 0.1 mL; Sigma) and examined by a
526/555 nm filter set (Figure 2). Images were recorded with a
charge-coupled device video camera (Teli CS8320Bi, Toshiba
Teli Corporation, Osaka, Japan) attached to an S-VHS video-
recorder (Panasonic AG-MD 830; Matsushita Electric
Industrial Co., Tokyo, Japan) and a personal computer.

2.5 | Analysis of microcirculation data

A quantitative evaluation of the microcirculatory parameters
was performed off-line by a frame-to-frame analysis of the
videotaped images taken for [IVM (IVM Software; Pictron Ltd,
Budapest, Hungary). Leukocyte-endothelial cell interactions
were analyzed in four or more postcapillary venules within a
minimum of three observation fields per rat (choosing the most
representative vessels). All of the evaluations were performed
by two investigators. Rolling leukocytes were defined as cells
moving with a velocity less than 40% of that of the erythrocytes
in the centerline of the microvessel and passing through the
observed vessel segment being observed within 30s, and are
expressed as the number of cells per mm per sec.'® Adherent
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FIGURE 1 The time sequence of treatments and measurements in experimental groups in Sets 1 and 2. The topical treatments with capsaicin
(CAP, 50 uM) or other compounds (see below) were performed at the anterior surfaces of the bladders for 15 min. In Set 1, the TRPV1 receptor
antagonist capsazepine (CZP, 200 pM topically) and ablation of the TRPV 1-positive nerves (achieved by the neonatal administration of CAP)
were applied. In Set 2, the consequences of selective CGRP and NK1 receptor antagonism were investigated by topically applying the selective
CGRP receptor antagonist CGRPg_3; (10 pM) and the NK1 receptor antagonists RP67580 (10 pM) together with CAP. Here, IVM = intravital
microscopic examinations of leukocyte-endothelial interactions in postcapillary venules of the bladder

leukocytes were defined as cells that did not move or detach 2.6 | Immunohistochemistry (E-selectin and
from the endothelial lining within an observation period of 30s ~ ICAM-1)

and are expressed as the number of cells per mm? of endothelial
surface, calculated using the diameter and length of the vessel
segment. In this study, postcapillary venules with a diameter of
15-20 micrometers were used and the average vessel length
was about 80 um.

E-selectin and intercellular adhesion molecule-1 (ICAM-1)
are endothelium-derived adhesion molecules that play
potential roles during the course of leukocyte rolling and
adhesion onto the endothelium within the postcapillary

FIGURE 2 Representative micrographs showing the sequence of PMN — endothelial interactions on three consecutive images (Panels A-C)
recorded by using intravital microscopy (recording rate: 20 frames/s). A segment of the examined postcapillary vein in the urinary bladder is
surrounded by lines in Panel A. Movement of rhodamine 6G-labeled PMNs (marked by a-e) is demonstrated frame-by-frame relative to a dashed
line. Stationary (adhesive) leukocytes are marked by an ellipse. The bar in Panel C denotes a 100 pM scale and this applies to all the
photomicrographs
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venules; hence, we decided to measure their expression in the
bladder in response to capsaicin. Forty-five minutes follow-
ing topical application of capsaicin onto the urinary bladder,
the organ was fixed by immersion in a fixative containing 4%
paraformaldehyde in a phosphate buffer (0.1 M, pH = 7.4) for
2h at 4°C. Tissue samples were then transferred into
phosphate buffer until further processing. Frozen sections
15 um in thickness were cut with a cryostat and prepared for
the demonstration of E-selectin and ICAM-1 immunoreac-
tivity using the indirect double labeling immunohistochemi-
cal technique. The sections were incubated overnight with
mouse anti rat anti-ICAM-1 (clone 1A29; BD Pharmingen,
San Jose, CA, 1:1000) and goat anti rat E-selectin (R&D
Systems, Minneapolis, MN, 1:1200) primary antibodies
dissolved in phosphate buffered saline containing 0.3%
Triton X-100. These sections were then incubated with
dylight 488 conjugated donkey anti mouse and Cy3-
conjugated donkey anti goat secondary antibodies (both
from Jackson Immunoresearch Europe, Newmarket, UK).
They were covered with a ProlongGold mounting medium
containing DAPI. Immunostained sections were then exam-
ined under a Zeiss LSM 700 confocal microscope. One
micrometer thin optical sections were collected via Z-stack
capturing and the maximal intensity projection function was
used to reconstruct an image of the 12 um thick block of the
tissue. Photomicrographs of control and capsaicin-exposed
specimens were taken under identical conditions following a
systemic random sampling method. Three bladders per group,
three representative sections per bladder, and 5-9 regions per
cryosection were selected for a quantitative evaluation. The
observer obtained and evaluated photomicrographs of bladder
specimens of the control and treated groups in a blinded
manner. Relative pixel intensity data of postcapillary venule
profiles (n=24-30 for each experimental group) were
collected by using the line profile measurement tool of the
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ImagePro Plus 6 image analysis software package (Media
Cybernetics, Rockville, MD).

2.7 | Statistical analysis

The minimum number of animals per group was determined
based on the “PS: Power and Sample Size Calculator”
software package. Data analysis was performed by means of
the SigmaStat statistical software package (Jandel Corpora-
tion, San Rafael, CA). Changes in microcirculation variables
within and between groups were analyzed by two-way
repeated measures ANOVA test, followed by the Holm-Sidak
test. Immunohistochemistry data were analyzed using the
two-way ANOVA test. All data values are expressed as
means =+ standard error of the mean (SEM), and P values
< 0.05 were considered statistically significant.

3 | RESULTS

The effect of selective sensory
chemodenervation and TRPV1 antagonism
on the capsaicin-induced microcirculatory
changes of the urinary bladder

Topical application of capsaicin resulted in a marked increase
in the degree of PMN-endothelial interactions in the
postcapillary venules of the urinary bladder. Both primary
(rolling, Figure 3A) and secondary interactions (adhesion,
Figure 3B) were significantly enhanced within 15 min after
topical treatment of capsaicin and remained elevated during
the entire observation period of 45 min. Life-long sensory
chemodenervation by neonatal capsaicin treatment
completely prevented the capsaicin-induced vascular changes
and indicated that the vascular effects of capsaicin are not
direct, but are mediated through the release of vasoactive

C

[ Vehicle

221 Capsazepine

| HEEEE Capsaicin

[ Capsaicin-desensitization + Capsaicin

@ Capsaicin + Capsazepine *

W
Q
s

*

N

Q

(=]
L

Leukocyte adhesion (‘I/mm2)
8

Baseline 15 min 30 min 45 min
Time

FIGURE 3 Time course of changes in leukocyte rolling (A) and adhesion (B) in the postcapillary venules of the bladder after a 15-min topical

exposure to capsaicin or vehicle. In other groups, TRPV1 receptor antagonism (via capsazepine, 200 M) and the ablation of TRPV 1-positive nerves

by neonatal capsaicin treatment were also applied. Values are presented as means + SEM. Here, *P < 0.05 versus baseline; #P < 0.05 versus vehicle
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agents from the Likewise, the co-
administration of capsazepine, a competitive TRPV1 anta-
gonsist, markedly inhibited the intravascular inflammatory
changes elicited by capsaicin. Last, neither capsazepine
nor the vehicle for capsaicin produced any changes in

PMN-mediated reactions.

Sensory nerves.

The effects CGRP and NK1 receptor
antagonists on TRPV1-activation-induced
microcirculatory reactions of the urinary
bladder

In the urinary bladder, the capsaicin-induced increase
in leukocyte rolling was prevented by the topical co-
administration of the specific CGRP receptor antagonist
CGRPg 34 (see Figure 4A), but not by the NKI1 receptor
antagonist RP67580. However, PMN adhesion was signifi-
cantly reduced by both the CGRP and the NKI1 receptor
antagonists (Figure 4B).

The effect of capsaicin on the expression of
E-selectin and ICAM-1 in the urinary bladder
microvasculature

In control urinary bladders, we noticed a faint-to-moderate
staining of small venules with antibodies raised against
E-selectin (Figures 5A and 5C) and ICAM-1 (Figures 5B and
5C). Topical application of capsaicin onto the urinary bladder
resulted in a massive increase in both E-selectin
(Figures 5D and 5F) and ICAM-1 (Figures SE and 5F)
immunoreactivities in small venules. A quantitative evalua-
tion of the staining intensity revealed a significant increase in
the relative pixel intensity for both E-selectin (control:
8.11 +2.97; capsaicin: 35.14 + 3.45; P < 0.05) and ICAM-1

Z

r=Z2 Vehicle + CGRP,

EZA Vehicle + RP67580

40 1 mmmm capsaicin

g3 Capsaicin + CGRPg 5, *
BB Capsaicin + RP67580

Leukocyte rolling (1/mm/sec)

Baseline 15 min 30 min
Time

(control: 5.45+2.71; capsaicin: 33.59 +3.24; P <0.05)
immunostaining.

4 | DISCUSSION

TRPV1 agonism represents one of the possible treatment
modalities of overactive bladder syndrome,”® and the
involvement of these afferent nerves in inflammatory
processes of the urinary bladder was demonstrated earlier
in both animal models® and human diseases such as the
painful bladder syndrome and interstitial cystitis.” The
cellular inflammatory processes and their dynamics associ-
ated with the topical administration of TRPV1 agonists, such
as capsaicin and resiniferatoxin, have not yet been investi-
gated. The present study is the first to demonstrate the
dynamics of leukocyte-endothelial interactions following
TRPV1 receptor activation evoked by capsaicin in the
bladder. An early increase in the frequency of endothelial-
PMN interactions (both rolling and adhesion) was observed in
the bladder postcapillary venules as early as 15 min after the
administration of capsaicin and these inflammatory changes
persisted throughout the entire experimental period (45 min).
The early onset of inflammatory changes following capsaicin
administration is in line with previous observations that found
a rapid development of NKI1 receptor-dependent edema
formation and PMN deposition after capsaicin in the skin'®
and in the pancreas,'® and an even more rapid response
occurring within minutes following an intratracheal adminis-
tration of capsaicin.'®

We have also demonstrated that the microvascular
changes were brought about via a specific action of capsaicin
on sensory nerves expressing TRPV1 receptors, as capsaicin-
induced cellular inflammatory reactions were strongly
inhibited by both TRPVI1 receptor antagonism and the
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FIGURE 4 Time course of changes in leukocyte rolling (A) and adhesion (B) in postcapillary venules of the bladder following a 15-min
topical exposure to capsaicin or vehicle. The effects of the selective CGRP antagonist CGRPg 3; (10 pM) and the NK1 receptor antagonists
RP67580 (10 puM) are also shown. Values are presented as means + SEM. Here, *P < 0.05 versus baseline; # P < 0.05 versus vehicle
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FIGURE 5 Confocal photomicrographs illustrating the immunohistochemical localization of ICAM-1 (A, D) and E-selectin (B, E) in urinary

bladders 45 min after exposure to the vehicle (A, C) and capsaicin (D, F). Note the marked capsaicin-induced increase in immunostaining of both

ICAM-1 and E-selectin localized to venules on the lower panels. The merged photomicrographs (C, F) illustrate the close colocalization of

ICAM-1 and E-selectin immunoreactivities. The bar in F denotes 50 pM scale and this applies to all photomicrographs

elimination of TRPVI1-expressing nociceptive primary
sensory neurons by neonatal capsaicin treatment. These
observations suggest a neurogenic origin of the inflammatory
process developing in the urinary bladder after the topical
administration of capsaicin. The present findings also suggest
that the effects of capsaicin are indirect and brought about by
the release of pro-inflammatory neuropeptides known to be
released from activated TRPV 1-expressing sensory nerves. '
As SP and CGRP are the most abundant vasoactive peptides
expressed in intact primary sensory neurons, we focused on
the contribution of these neuropeptides to the capsaicin-
induced microcirculatory reactions. The findings indicate that
both CGRP and SP contribute to the capsaicin-induced
endothelial adhesion of PMNs, but rolling is initiated only by
CGRP. It is reasonable to assume therefore that TRPV1-
induced CGRP release initiates the endothelial-PMN
interaction by promoting leukocyte rolling, but adhesion is
influenced by both peptides. A similar conclusion was
drawn in another study, which showed that SP potentiated
neutrophil accumulation in the skin only when it was released
at a site where an inflammatory process had already been
initiated.*”

In the urinary bladder, the capsaicin-induced expression of
endothelial adhesion molecules, which play an essential role in

microvascular inflammatory reactions, had not been examined
up till now. In our study, the early increase in the expression of
E-selectin and ICAM-1 immunoreactivities in the postcapillary
venules of the urinary bladder occurred in parallel with the
cellular microvascular changes. Previous studies on the human
cutaneous vascular bed also demonstrated a very rapid PMN
accumulation (in approximately 15 min) after intradermal
injection of SP or CGRP*' and this is linked to an increased
expression of ICAM-1 mRNA (within 60 min after SP
exposure).”> Enhanced ICAM-1 and E-selectin protein ex-
pressions develop over a longer time-frame (these were typically
examined 4 h or more after the topical application of SP in the
skin).?'* As for the urinary bladder, the NKI receptor-
mediated expression of ICAM-1 occurred as early as an hour
after a local arterial injection of SP.** Still, little is known
regarding the subcellular regulatory mechanism by which the
TRPV-related neuropeptide release modulates these changes
and the pathway by which capsaicin achieved these effects
remained basically unexplored. The remarkably rapid (less than
60 min) increase in the expression of endothelium-derived
adhesion molecules demonstrated here probably cannot be
explained by the most time-consuming Ca>*-dependent activa-
tion of NF-xB pathways (as shown elsewhere).”> The
involvement of mechanisms related to a capsaicin-induced
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intracellular free radical production, however, cannot be ruled
out.** Clearly, the mechanistic background of the particularly
rapid adhesion molecule expression in the rat urinary bladder
warrants a further in-depth investigation.

The present findings may also be of relevance to
neurogenic inflammatory processes that develop in other
organs under particular pathological conditions. The dynam-
ics and extent of the inflammatory process may depend not
only on the sensory innervation density and the distribution of
TRPV1 receptors, but also on other factors such as the density
of CGRP and SP receptors and the adhesion molecule
expression of the particular tissue/organ.

Last, the potential clinical relevance of the present study
should be mentioned, as TRPV1-expressing bladder sensory
nerves are important therapeutic targets in the treatment of the
overactive bladder syndrome and related disorders of the
urinary bladder such as painful bladder syndrome and
interstitial cystitis. Quite significantly, in patients with
idiopathic detrusor overactivity, the TRPV1 agonist vanilloid
compounds like resiniferatoxin and capsaicin are effective
only in patients that display an overexpression of the TRPV1
receptor in the urinary bladder.””* The present findings
suggest that, in the urinary bladder, the activation of TRPV1
receptor-expressing nociceptive afferent nerves results in a
co-ordinated inflammatory process involving not only
arteriolar vasodilatation and plasma extravasation, but also
an increase in endothelial-leukocyte interactions that lead to
the transmigration of leukocytes. Even though these
neurogenic inflammatory changes may be transient due to
ensuing rapid defunctionalization/chemodenervation of sen-
sory nerves,’ they may interfere with urinary bladder function
following intravesical administration of vanilloid compounds
for therapeutic purposes. Hence, the inhibition of this
inflammatory process by using neuropeptide antagonists
(such as CGRP antagonists) which are already approved for
other human therapeutic purposes (eg, for migraine approved
by the FDA) may be beneficial in the treatment of urinary
bladder disorders that utilize vanilloid compounds.
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Osszefoglalas

Az als6 hugyutak {6 funkcidja a vizelet tarolasa és Uritése, amely miikodések zavara az Ugynevezett
alsé hugyuti tunetegyuttes kialakuldsdhoz vezet, ami a kivalto oktol fiiggéen vizeletiritési zavarral és
vizeletretencioval is jarhat. Kezeletlen esetekben a fels6 hugyutak karosodasa kovetkezik be a magas
holyagnyomas altal kivaltott vesico-ureteralis reflux kovetkeztében, ami ureter- és veseliregrendszeri
tagulat kialakuléséra, illetve fertézésekre €s koképzodésre hajlamosit. A vizelettarolasi/vizeletlritési
zavarokat hadrom f6 csoportba sorolhatjuk, Ugymint stressz (terheléses) inkontinencia, hiperaktiv
holyag (nedves/szaraz) és neurogén hélyag. A jelen 6sszefoglald kézlemény targyat képez6 neurogén
holyag egy gytjtéfogalom, mely magaba foglal minden relevans neuroldgiai korkep talajan kialakult
vizelettarolasi és vizeletlritési zavart. Mivel a hligyholyag mellett a zar6izomzat és a hatsé hugycsé is
érintett, ezt a korkepet napjainkban ,,a neurogén als6 hugyuti diszfunkcio” elnevezessel is szokés
illetni. A korallapotot a neuroldgiai diszfunkcidk széles spektruma okozhatja, kezdve a helyi
funkcionalis zavartdl, a helyi idegi sérllésen at a felsé és als6 motorneuron sériilésig, vagy a centralis
degenerativ folyamatokig. Az eltéré etioldgia ellenére a klinikai tlinetek rendszerint két alapvet6
Klinikai tipusban manifesztalédhatnak: tulmiikodo (fokozott detrusor-kontraktilitst okoz6 automata)
holyag vagy alulmiikodé holyag forméajaban. Tekintettel a neurogén alsé hugyudti diszfunkcio
kovetkeztében 1étrejovo felsé hugyati komplikaciokra, a kézlemény egyik célja a betegség diagnozisat
segit6 algoritmus bemutatasa a legujabb nemzetkdzi szakirodalmi ismeretek alapjan. A neurogén
holyag kezelése jobbara nem terjedhet ki a kivaltd ok kezelésére, ezért a jelen dsszefoglalé masik célja
azon gyogyszeres és invaziv terapias beavatkozasok dsszefoglalasa, melyek a fels6 hugyutak védelmét

szolgéaljak az alacsony hélyagnyomas fenntartasa révén.

Kulcsszavak: also hugyuti tiinetegyiittes, késztetéses inkontinencia, talmiikodé hélyag, alulmiikodo

holyag
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Clinical aspects and therapeutic possibilities of neurogenic bladder

Summary

Storage and urination are the main functions of the lower urinary tract and its lesions lead to the so-
called lower urinary tract syndrome causing either urinary incontinence or retention. In untreated cases,
the upper urinary tract becomes injured via a vesico-ureteral reflux resulting from increased bladder
pressure and resultant dilations of the ureter and the renal pelvis which predispose to infection and
stone formation. Lower urinary tract storage/urination disorders can be classified as stress
incontinence, hyperactive bladder (wet/dry) and neurogenic bladder. Neurogenic bladder which is the
subject of this review, is a collective term that encompasses all urinary storage and emptying disorders
which develop on the basis of neurological diseases. Being not only the bladder, but also the sphincter
and posterior urethra (generally termed as the "bladder outlet™) affected, nowadays this condition is
referred to as "neurogenic lower urinary tract dysfunction™. A wide range of neurological dysfunctions
could contribute to the development of this condition, ranging from local dysfunction (autonomic
dysreflexia) or local nerve injury to upper/lower motoneuron injury or central degenerative processes.
Regardless the diverse etiology, the clinical symptoms eventually manifest in two major forms i.e.
overacting (automatic bladder with increased detrusor contractility) and underactive bladder.
Considering the severity of complication occurring in the upper urinary tract in response to the
pathophsiological changes in the lower urinary tract, one of the aims of this paper was to present an
algorithm aiming to build up a state of the art diagnosis of the disease based on current international
literature data. Since treatment of the neurogenic bladder usually can not target elimination of the
underlying cause, the other goal of the present paper is to summarize the pharmacological treatment
regimen and invasive therapeutic interventions that protect the upper urinary tract by maintaining low

pressure values in the bladder.

Keywords: lower urinary tract syndrome, urge incontinence, overactive bladder, underactive bladder
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Roviditések

CT = computertomographia;

DSD = detrusor sphincter disszinergia;

EMG = electromyographia;

EQ-5D = EuroQol 5 Dimensions Questionnaire;

KHQ = King’s Health Questionnaire;

LUTS = Lower Urinary Tract Symptoms;

NLUTD = Neurogenic Lower Urinary Tract Dysfunction;
PPBC = Patient Perception of Bladder Condition;

PPIUS = Patient Perception of Intensity of Urgency Scale;
TRPV = transient receptor potential vanilloid
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A neurogén holyag klinikai hattere és tiinetei

Normalis alsé hugyudti miikodés esetén a vesék altal kivalasztott vizeletet a hugyholyag tarolja, majd
megfeleld id6kozonként Uriti. A tarolasi fazisban a hugyholyag relaxalt allapotban van, majd a
volumen névekedésével a kozponti idegrendszerben kialakulé holyag-tel6dés érzetre adott valaszként
akaratlagosan torténik a vizeletirités. Ez a hugyhdlyag izomzatanak 0sszehUzodasaval a zardizom
egyidejt ellazulasa revén valdsul meg. A fenti miikodések zavara vagy serllése azonban vizelettarolasi
és Uritési zavarok formajaban manifesztalodik, amit az uroldgiai gyakorlatban an. als6 hugyduti
tlnetegydttesként (angolul Lower Urinary Tract Symptoms=LUTS) definialnak. A vizelettarolasi és
uritési zavarokat harom 6 csoportba sorolhatjuk, Ggymint stressz inkontinencia, hiperaktiv hélyag és
neurogén holyag. A jelen dsszefoglalo kbzlemény targyat képez6 neurogén hélyag egy gytjtéfogalom,
mely tulajdonképpen magaba foglal minden relevans neuroldgiai korkép talajan (lasd késobb)
kialakul6 vizelettarolasi és vizeletlritési zavart, igy a fent emlitett 6nall6 korképek (stressz
inkontinencia és hiperaktiv holyag) tlineteit is hordozhatja. Ezekben a folyamatokban a hagyholyag
mellett a zar6izomzat és a hatso hugycsd is érintett (mely utdbbiak megnevezése az angol terminolégia
alapjan osszefoglaloan ,,bladder outlet™), ezért ezt a korképet napjainkban ,,a neurogén also hugyuti
diszfunkcio” (angolul ,,Neurogenic Lower Urinary Tract Dysfunction=NLUTD) elnevezéssel illetjlk.
A jelen 0sszefoglaldban az idegen nyelvii rovidités hasznélatanak elkerilése céljabol és meglehetésen
hosszl ,,a neurogén alsé hagyuti diszfunkcio” elnevezés helyett a klasszikus ,,neurogén hdlyag”

kifejezést hasznaljuk a tdgabb fenti fogalmi értelmezés mellett.

A korkép magaban foglalja a neuroldgiai eredetii diszfunkciok széles spektrumat, betegek millioit
érintve vilagszerte. A lehetséges etiologia sokszintiségét jelzi, hogy korkep kialakulhat a helyi
funkcionalis zavarok (pl. autonom dysreflexia, detrusor sphincter disszinergia (DSD), helyi (példaul
kismedencei miitétet kovetden periférias) idegsérilések, felsé és alsé motorneuron sérilések
(harantlaesidk) vagy degenerativ idegrendszeri folyamatok kdévetkeztében egyarant. A leggyakoribb
idegrendszeri eltéréseket okozo betegségek a spina bifida (tobb, mint 95%-0s valoszintiséggel) [1], a
gerincveld sériilések (90%-aban) [2], a sclerosis multiplex (az esetek 50-80%-aban) [3,4], de stroke,
Parkinson kér tovabbéa akar cukorbetegség, infekcidk vagy mérgezesek is allhatnak a hattérben [5]. A
fentiek a huagyholyag, a zardizom, az afferens és efferens idegek, a gerincvelé és a kozponti

idegrendszer 6sszehangolt miikkodésének zavarat eredményezik.

A neurogén holyag a kivalto oktol figgden vizelettarolasi és vizeletiritési zavarral és kovetkezmenyes
vizeletretencioval jarhat. Kezeletlen esetekben a fels6 hugyutak karosodasa jon létre a magas
holyagnyomaés miatt 1étrejové vesico-ureterdlis reflux kdvetkeztében, ami ureter és veseliregrendszeri

tagulat kialakuléséara, illetve fert6zésekre és kéképzodésre hajlamosit.
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A neurogén alsoé hagyuti diszfunkcié az idegrendszeri érintettség lokalizacidja szerinti tiinetegydttest
okozhat. A leggyakoribb tlinet a késztetéses inkontinencia, amihez a kérkép lokalizaciojatol fiiggéen
vizeletlritési zavar és/vagy vizeletretencio tarsulhat. A tiinetek héatterében a holyag csokkent
tagulékonysaga (compliance-e), talmiik6doé (overactive) vagy alulmiik6dé hdlyag, vizeletrekedés vagy
a detrusor és a zardizom disszinerg miikkodése allhat. A fentiek a fels6 hugyutak karosodasahoz
vezethetnek a kialakul6 holyagnyomas-emelkedés, vesico-ureterdlis reflux és a kovetkezményes ureter
és veseliregrendszeri tdgulat miatt, melyek fertézésekre és kéképzédésre hajlamositanak [6]. A beteg
¢letminbségét jelentésen befolydsold betegség kihat a mentélis egészségre, alvasra, munkahelyi
teljesitményre es ndveli a hugyuti fert6zések rizikojat. A diagnozis gyors és pontos felallitasa fontos a
vesekarosodas és az infekciok megel6zése szempontjabdl egyarant [7]. A terépia legfontosabb célja a
fels6 hugyutak védelme (igy a vesekarosodas és uroszepszis megel6zése), a hdlyagnyomas és a
visszamarado vizeletmennyiség csokkentése révén. Ezek teljesulése és a kontinencia lehetseges

visszaallitasa révén pedig a betegek életmindsége is javul [8].

A jelen dsszefoglaldo kozleményben a rendelkezésre all6 szakirodalmi forrdsok adatait 6tvozve
felvazolunk egy differencialdiagnosztikai algoritmust, ami az alap-, és a szakellatas tertletén dolgoz6
kollégak munkajat egyarant segitheti. Szintén felvazolasra keriilnek a kérkép jelenlegi gydgyszeres és

invaziv terdpids lehetéségei.

A neurogén holyag diagnosztikai lehetoségei

A neurogén holyag esetén gyakran észleliink késztetéses inkontinenciat, amihez vizeleturitési zavar és
vizeletretenci6 is tarsulhat. A talmitkd6 holyagot idiopathias, neurogén, illetve miogén csoportba
sorolhatjuk a kivalté oktol fliggéen. A neurogén csoport esetén a tiinetek jellegét a laesio
elhelyezkedése hatarozza meg. A fels6 motoneuron (suprapontin és infrapontin-suprasacralis) laesiok
detrusor talmiikodést okoznak, mig az als6 motoneuron (sacralis-infrasacralis és cauda equina)
szintjében bekovetkez6 és a periférias idegeket érinté sérilés petyhudt holyagot eredményez
alulmiik6dé detrusor izommal és csokkent teltségérzékeléssel jar. A pontin és a sacralis vizelési
kdzpont kozotti laesiok DSD-t okoznak. Ennek létrejottében a reflexiv szenzoros agaban a capsaicin-
szenzitiv C-afferens rostokon keresztil megvalosuld automécia is szerepet jatszhat. Mindkettd
idegrendszeri folyamat kdvetkezménye hasonld lesz, hiszen a magas hélyagnyomas vesico-ureteralis

reflux, hydronephrosis és pyelonephritis formajaban manifesztalodik [6,9].
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Kivizsgéalas
Els6 1épéskent fontos a pontos anamnézis, ami a tiinetek kialakulasanak idépontjara, az alsé hagyuti
tlnetekre (a vizelés gyakorisagara, a ,,vizelet sugara”, vizelettartdsi panaszok) és az alkalmazott

gyogyszerek feltérképezésére iranyul (1. Téablazat)[10]. A tunetek sUlyossdgénak objektiv
megitélésében validalt kérddivek és vizelési napld segithetnek [11].

A fejlettebb orszagokban széleskoriien elterjedt validalt kérdéivek Magyarorszagon limitéltan érhetéek
el. Ezek a betegek kivizsgélasaban és utankdvetéseben is hasznalhatéak a beteg altalanos egészsegi
allapotanak megitélése (King’s Health Questionnaire (KHQ), EQ-5D), illetve betegségspecifikus

(életmindség) felmérése revén (Sf-qualiveen, Patient Perception of Bladder Condition (PPBC), Patient

Perception of Intensity of Urgency Scale (PPIUS), Work Productivity and Activity Impairment) [12].

A vizelési napl6, melyet a beteg hdrom-hét napon keresztil vezet, segit felmérni a vizelés gyakorisaga
és az Uritett mennyiség kozotti 6sszefliggést.

Fizikalis vizsgalat utan laborvizsgalatok (vizelet tledék, vesefunkcio), illetve képalkot6 vizsgalatok
(ultrahang, CT, vesescintigraphia) végzese szikseges [6]. A neuroldgiai vizsgalatok soran
reflexvizsgalatok segitik a laesio helyének meghatarozasat [13]. Urodinamias vizsgalatokat is
rutinszertien végzlnk a holyag és a zardizom funkcidk vizsgalata céljabdl, melyek soran nemcsak a
vizelettarolasi, hanem a vizeletiritési funkcidkrol is informaciot kapunk. Az urodindmias vizsgalatok
a neurogén hoélyaggal rendelkezé betegek esetében kotelezéen elvégzend6 vizsgalatok, melyek az
utdnkOvetésben és a kezelés eredményességének felmérésében is nélkuldzhetetlenek. Mig az
uroflowmetria és a cystometria rutinszertien elérhet6 Magyarorszagon, addig az elektromiografia csak
korlatozottan, valamint a video-urodinamia (mely az Eurdpai Urologus Tarsasag altal jelenleg
elsédlegesen javasolt vizsgéalat neurogén hdélyagnal)[10] tudoméasunk szerint (a Pécsi
Tudoméanyegyetem Uroldgiai Klinikajat leszamitva) jelenleg nem érhet6 el hazankban.

A non-invaziv vizsgalatok kozul az uroflowmetriaval derithetjik fel a vizelés dinamikajat a
vizeletiritési sebesség és az Uritett vizeletmennyiség kozotti kapcsolatra alapozva [8](1. Abra). Ez a
vizsgalat beteg utankdvetésében is nagy segitséget nyujthat.

Cystometria soran nyomas-volumen gorbék analizise révén, invaziv médon mérjik fel a hagydati
traktus funkciondlis allapotat (az esetleges hugyuti fertézések eldzetes szigora eliminalasat kovetden)
[6,14]. A hoélyagon beliili nyomasviszonyok analizise révén a detrusor izom és sphincter miikodését
vizsgaljuk a hugyhodlyagba és (a hasiiri nyomas mérése céljabol) végbélbe vagy hiivelybe helyezett,
nyomasérzékel6vel ellatott katéterek és a gat izmaira rogzitett elektrodak segitségével. A

mesterségesen létrehozott toltesi fazis soran katéteren keresztiil (8-20 ml/perc dramlasi sebességgel)
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testmeleg fiziologias sdoldattal toltjikk a holyagot, a kezdeti tel6dés-érzet, az erds és siirgetd vizelési
inger fazisainak detektalasa mellett (2. Abra). A mérési adatokbol a holyag compliance (ami a térfogat-
¢s nyomasvaltozas hanyadosabol szamithato) €s a toltési fazis végén elérheté maximalis térfogat, azaz
a cystometrias kapacitas hatarozhato meg. A kisebb kapacitas (< 200ml) és magasabb detrusor (> 75
H>Ocm) nyomas (Un. ,,high pressure bladder”) a fels6 hugyutak karosodasanak fontos rizikofaktorai
[10]. A detrusor izom akaratlan §sszehuzodasait is ki tudjuk mutatni, hiszen normalis kérilmények
kozott a toltottség kilonbozo szintjei ellenére sem valtozhat a holyagon beliili nyomas (még olyan
esetekben sem, mint hidegvizzel kivitelezett vagy gyors holyagtoltés, illetve a helyzetvaltoztatas). A
vizsgalatnak azonban sulyos, akar életet veszélyezetetd szovodményei lehetnek (jellemzden a hati 6-
os csigolya feletti laesio esetén). Az un. autondém diszreflexia esetén ugyanis hirtelen jelentkezo
fejfajas, arcpir, verejtékezés, a szisztolés vérnyoméas 20 Hgmm-nél nagyobb mértékii emelkedése, sét
akar hypertenziv krizis is kialakulhat. Ezért ezen betegek szoros monitorizalasa sziikséges a vizsgalat
soran [10].

Electromyographias (EMG) vizsgalatok soran a kiils6é htigycs6 sphincter, a peri-urethralis izmok és a
medencefenék, ill. anus akaratlagos izmait vizsgaljuk annak felmérése céljabol, hogy a beteg miképp
tudja kontrollalni a medencefenéki izmok mikodését, melyek mind anatémiailag, mind funkcionalisan
dsszefuggnek, igy igazolhatjuk a laesio okozta eltérés jelenlétét, a centralis vagy periférias motoneuron

sériilést és a laesio Kiterjedését [15,16].

Vide6-urodindmias vizsgalatok sordn a nyomas-aramlas vizsgalatokat egészitjuk ki képalkotd
vizsgalatokkal, melyek az alsé hagyutak patoldgias eltérésit és a felsé hlgyutakra kifejtett hatasat, (pl.:
reflux) képesek vizualizalni [17-19]. A video-cystographia a vizeleturitést folyamataban rogziti, igy
kaléndsen a holyagnyak disszinergia, a bels6 sphincter illetve a holyagnyak sziikiilete detektalasara

alkalmas.

A fentiek alapjan az als6 hugyuti mikodések objektiv vizsgalatdban az invaziv urodinamikai
vizsgalatok segitenek; a tarolasi funkciokrdl a toltéses cystometria, az Uritési funkcidkrol pedig a
nyomas-aramlas vizsgalat tajékoztat. Mind a szabad uroflowmetria, mind a nyoméas-aramlas vizsgalat

sorén végzett uroflowmetria kiegészitheté EMG-vel, a DSD finomabb értékelése céljabol [20].

A neuroldgiai vizsgalatok célja az idegrendszeri laesio lokaliz&cidjanak meghatarozasa. A
leggyakrabban vizsgélt reflexek kozul a bulbocavernosus (L5-S5), a cremaster (L1-2) és az anocutan
reflex (S3-5) jelenléte kizarja az als6 motoneuron sériilést. Ezek mellett a végbél-sphincter tonusanak
vizsgalata soran a csokkent tonus als6 motoneuron laesiora, mig a fokozott tonus felsé6 motoneuron

laesiora utal.
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Az el6zbekben részletezett diagnosztikus sema Utmutatast adhat/algoritmust szolgaltathat a neurogén
holyag diagnozisanak és differencialdiagndzisanak felallitdsdhoz, azonban figyelembe kell venni
bizonyos specifikumokat. Ami a tlineteket és anamnesztikus adatokat illeti, szamos betegség okozhat
akar a fels6-, akadr az als6 motoneuron sériiléshez hasonlo tlineteket a fenti neuroldgiai tiinetek
hianyaban is, igy a diagnosztikanak vannak limitacioi [7]. Ugyanigy szdmos betegség okoz hasonlo
urodinamias eltéréseket neurogén komponens nélkil is, nem is beszélve a pyuria, vizelet retencio,
vizelet reflux vagy pyelectasia szamos potenciélis okatol. Neurogén holyag esetén a tiinetek enyhitése
csak bizonyos korképek esetén érhet6 el az alapbetegség kezelésevel (példaul myelitis, Parkinson,
sclerosis multiplex), altalaban oki kezelés nem valo6sithaté meg, ami felhivja a figyelmet arra, hogy az
foként tiinetek befolyasolasa iranyaban torténik, igy a kivaltd oktol fuggetlen lehet. gy a tovabbiakban
olyan terapias lehet6ségeket mutatunk be, mely a kivalto oktol fuggetlenul a neurogén hoélyag

szindroma tiineteinek enyhitésére szolgalhatnak.

A neurogén holyag gyogyszeres és invaziv terapias lehetéségei

1. Gyogyszeres kezelés
A neurogén holyag esetén oki kezelés nem végezhetd, a tiineti kezelésben hasznalt gydgyszercsoportok
mas nem neurogén eredetii korképek kezelésére lettek torzskonyvezve [8]. A masodik tablazatban a

legfontosabb hatastani csoportokat mutatjuk be (2. Tablazat).

Antimuscarinerg szerek

A leghosszabb ideje hasznalt és az Eurdpai Uroldgus Tarsasag altal is javasolt gydgyszercsoport a
felndttek és gyermekek neurogén holyagbetegségeiben egyarant. Ezek az acetilkolin kompetitiv
antagonistai a muscarinerg receptorokon [8]. Az 2-es tablazatban felsorolt szerek a harmas tipusu
muscarinerg receptorhoz kotédve gatoljak a detrusor izom akaratlan dsszehlzédasat (2. Tablazat).
Ezen receptorok a legujabb kutatasok szerint az urotheliumban is jelen vannak, igy a szenzoros
miikodést is befolyédsoljak. A dozis novelésével novelhet6 a terapias hatékonysag is [21]. Oxybutinin
leggyakoribb mellékhatdsa a szdjszarazsag, mely a tobbi hatdanyagnal a nyalmirigy muscarinerg
receptoraihoz valo csokkent affinitasuk miatt kevésbé jelentkezik. Altalanossagban elmondhatd, hogy
a hosszabb felszivodasu készitményeknél kevesebb mellékhatas 1ép fel. Az antimuscarinerg szerek a
vér-agy gaton atjutva a kognitiv funkcidkat is gatolhatjak, amit a betegek egyéb gyogyszereinek

(calcium-csatorna blokkolok, opioidok, izomrelaxansok, antidepresszansok, dopamin agonistak és
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antihisztaminok) koévetkeztében kialakuld antikolinerg terhelése miatt tovabb fokozhat. Ezek szedése
zart zugu glaucoma és gastroparesis esetén kontraindikalt, myasthenia gravisban pedig alkalmazasuk
pedig csak nagy korultekintéssel végezheto.

Alfa-blokkolok

Az alfa adrenerg receptor blokkolok a benignus prosztata hyperplasia kezelésében terjedtek el
széleskoriien az uroldgiai gyakorlatban, de neurogén hélyaggal rendelkezé betegek esetében, akik
képesek vizeleturitesre, szintén javuld uroflowmetrias és maximalis detrusor nyomas értéket mutatnak
ezen gyogyszerek hatasara, a rezidualis vizeletmennyiségre valo hatas nelkil (2. Tablazat). Gerincvel6
sérilés sordn kialakult autonom diszreflexia esetén is javulas érhet6 el ezzel a kezeléssel. A

mellékhatasok kozil kiemelend6 az orrdugulés, az ejakulécids zavar, a szédulés és a hipotenzid.

Triciklusos antidepresszansok: Imipramin

Manapsag ez egy kevésbe gyakran hasznalt triciklusos antidepresszans, mely muscarin receptor
antagonista és béta receptor agonista hatasanal fogva kdzvetlenul gatolja a holyag simaizomzatanak
0sszehUzodasat (2. Tablazat). Korabban féként enuresis nocturna és neurogén detrusor talmiikodés

kezelésben mutatott j6 eredményeket [22].

Kolinészteraz enzim bénitdk: Piridostigmin
Ez els6sorban izomgyengeség (pl. myasthenia gravis és kiilonboz6 eredetii bélrenyheség) kezelése
vonatkozasaban elterjedt készitmény, ami neuro-urologiai betegségekben is hatdsos lehet a detrusor

izom 6sszehlzodasanak segitése révén (mely hatas az acetilkolin lebontés gatlasa révén valdsul meg).

Adrenoceptor agonista: Mirabegron

Jelenleg ez az egyetlen B3 adrenoceptor agonista, mely forgalomban van a detrusor talmiikodés
kezelése céljabol (2. Tablazat). Mellékhatasprofilja kedvez6bb, mint az antimuscarinerg szereknek.
Mellékhatasként jelentkezhet enyhe vérnyomés- és szivfrekvencia emelkedés, igy nem Kkezelt

hipertonias betegeknél nem alkalmazhato [23].

Hormonalis kezelések: Desmopressin
A gerincvel6 magasabb szintjén seériilt betegeknél, enuresis nocturnaban szenvedé gyerekeknél és a
vazopresszin termelédésének hianybetegsegeiben alkalmazhaté készitmény [24] (2. Tablazat).

Autondm diszreflexia esetében a nocturalis polyuria csokkentése miatt valasztandd ez a kezelés, mig

10



O©CoO~NOOTA~AWNE

sclerosis multiplexben széleskortien tanulmanyozott hatéanyag vizelettermel6dést csokkentd hatasa

miatt, mely szignifikans szérum natrium szint csdékkenés nélkil valésul meg [25].

A vizelési reflex szenzoros és motoros innervaciojara hato kezelések

Azon betegeknél, ahol a szajon alkalmazhatd gydgyszeres kezeléssel nem ériink el megfelel6 hatast, a
reflexiv szenzoros és motoros miikodéseinek lokalis befolyasolasaval is érhetink el atmeneti
eredményt botulinum toxin intravesicalis instillacioja révén (2. Tablazat). A klinikai gyakorlatban
erre a célra kordbban capsaicint és a resiniferatoxint is hasznaltak. A szenzoros ag esetében az an.
transient receptor potential vanilloid (TRPV) csatornék jelentdsége is bizonyitott a neurogén detrusor
talmiikodés eseteiben. Ekkor féként a TRPV1 és TRPV4 receptor altipusok fokozott expresszidja
mutathatd ki, aminek szerepe lehet a hugyhdlyagban bekovetkez6 megnyulas fokozott szenzoros
érzékelésében [26]. A TRPV receptorok capsaicinnel tortén6 gatlasa révén sikerilt a kéros vizelési
reflexmiikodéseket mérsékelni [27,28] részben a C-afferensekhez kt6d6 idegvégzodések neuropeptid
szintjének csokkenését [29], részben pedig a TRPV1 receptorok deszenzitizaciojat illetve roncsolasat
feltételezve a kedvez6 hatasok hatterében [30,31], mely hat&sok resiniferatoxinnal is kivalhatok [32-
34]. Jelenlegi gyakorlatban a motoros mitkédések botulinum toxin intravesicalis alkalmazasa révén
befolyasolhatok, melynek hatasa a preszinaptikus acetilkolin felszabadulas gatlasan keresztil valdsul
meg, a cystometrias kapacitas ndvelése és az inkontinens epizodok szdmanak, illetve a detrusor nyomas
csokkentése révén [35-36]. Mind a detrusor izom, mind a sphincter ellazitasa elérheté botulinum
toxinnal, igy mind az also, mind a fels6 motoneuron laesio esetén alkalmazhato lehet. Mellékhatasaik
kozil a vizeletretencio és a fertézések emelenddk ki, illetve sphinctericus alkalmazas esetén stressz
inkontinenciaval lehet szamolni. Ezek a kezelések atlagosan 6-9 honapig mérséklik/szlintetik meg a
tlneteket.

2. Invaziv kezelési modok

Jelenleg nem &llnak rendelkezésre atfogd tanulményok és erds evidencidk, melyek a tlnetek
mérséklésének hatékonysagat meggy6zGen tamasztanak ala a nervus pudendus elektrostimulacidja és
a kdvetkezményes vizelési reflex / detrusor izomzat gatlas vonatkozasaban [37](3. Tablazat). Ez
torténhet a tibialis idegnek béron keresztili ingerlésével, kiegészitve a medencefenék izmainak
stimulaciojaval. A holyagon beldli (intravesicalis) stimulacio a holyagkapacitas novelése és a
holyagurités javulasa révén lehet kedvezo6 hatasu [38].

A rezidualis vizelet csokkentésének eszkdze az intermittald steril vagy « tiszta katéterezés » (vagy

Onkatéterezés). A fels6 hugyutak karosodasadnak megel6zése alapvet6 fontossagu a kezelési modok
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megvalasztasaban. Emiatt szilkségessé valhat a holyagnyak gyogyszeres (botulinum toxin) vagy
sebészi (urethrotomia, sphincterotomia) denervécidja, illetve ballonos dilatacioja.

A stressz inkontinens panaszok javitdsa érdekében hugycsé sling/szalag (fix, ill. allithato)
alkalmazhatd, mig a vizelettartas javitasa miatt mtisphincter vagy autoldg szévet (angolul fascial sling)
tiltethet6 be, amennyiben nincs emelkedett nyomas a holyagban és nem tapasztalunk refluxot.

A detrusor izom kontrakcidjat a Brindley-féle sacralis ideg stimulaciojaval érhetjuk el szelektalt
beteganyag esetében, mig detrusor talmiikodés esetén sacralis rhisotomiat végezhetlink.

Azon stabil neuroldgiai betegséggel rendelkez6, nem komplett harantlaesios betegeknél, akiknél
maradék detrusos aktivitas kimutathatd, a Magyarorszagon is elérhet6 sacralis neuromodulacié mind a

tarolasi tunetek javitasaban, mind vizeletretentio jelentkezése esetén eredményes eljaras lehet.

A holyag-augmentacio torténhet a holyag detrusor izomzatanak bemetszésével vagy béllel torténd
megnagyobbitasaval. A beavatkozas hossz( utankdvetése a metabolikus eltérések miatt fontos, de
szovéményként jelentkezhet kéképzodés és perforacio is. A fels6é hugyutak védelmében sziikségessé
valhat a vizelet elterelése, ami megvaldsulhat kontinens sztdma segitségével, mely katéterezést tesz

szlikségessé, illetve inkontinens sztoma kialakitasaval [37,39].
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Osszegzés

A fent vazolt diagnosztikai algoritmus segithet a laesio lokalizaciojanak meghatarozasaban
(neurologiai vizsgalat) és annak tisztdzasaban, hogy ,,tulmikodé vagy petyhidt tipusd” neurogén
holyaggal allunk-e szemben (urodindmids kivizsgalas). Ez els6sorban a neuro-urolégia irdnt érdekl6d6
kollégék szdmaéra lehet hasznos a neuroldgus, urologus és rehabiliticids szakember képzés soran. A £6
cél a fels6 hugyutak karosodasanak megakadalyozasa a beteg szubjektiv tiineteinek mérseklése mellett
(az urgens vizeletirités csokkentése es a kontinencia javitasa révén). A diagndzis tehat részben a laesio
helyének pontos meghatarozasabol, részben pedig a holyagban fennall6 nyoméasviszonyok vizsgalata
révén, a koréllapot sulyossaganak megallapitasdbdl all. Az &ltalunk javasolt sorrendre alapozva
lehet6ség van az urologia kivizsgalas optimalizalasara és hatékonysaganak fokozasara, a diagnozis
szempontjabol nélkilozhetetlen vizsgalatokra fokuszalva. A vizsgalati eredmények a minimalis
vizeletretenciotol a legsulyosabb stadiumnak szamit6é hydronephrosisig terjedhetnek. Az anamnézis, a
rutin vizeletvizsgalat, s6t a rutin ultrahang vizsgalat sem vezet el a két tipus elkilonitéséhez (hiszen ez
utobbi is csak a vizeletretenci6 tényét igazolja mindkét tipus esetén), hanem invaziv urodinamias
vizsgalatokra van szilkseg, melyek a vizeletirités dinamikus, funkcionalis allapotvaltozasait és ezek
sulyossagat hivatottak feltérképezni. Ezek a vizsgalati eredmények a megfelel6 és optimalis (sokszor

individualizalt) terapia megvalasztasat szolgaljak, a lehetséges szovédmények minimalizalasa mellett.

A megfelel6 hatas elérése mellett a mellékhatdsok minimalizalasa és relative jo toleralhatosaga a 6
célkitiizés, mely jelen tudasunk szerint a legnagyobb aranyban az antimuscarinerg szerek esetében
figyelheté meg [21]. Az alfa adrenerg blokkol6 gyogyszereket ebben a betegpopulédcidban
vizeleturitési nehézség, sphincter talmikodés, illetve detrusor hypofunkcid esetén segithetik a
vizeletlritést [20]. Az antimuscarinerg szerek bar a tarolasi tlineteket javithatjak, ugyanakkor
retenciohoz vezethetnek, amit az alfa adrenerg blokkol6é gydgyszerekkel el6zhetiink meg, kombinalt
kezelés formajaban [20]. A hdlyag compliance fokozhat6 tovabba imipramine alkalmazésaval, a fenti
hatéanyagokkal vald6 kombinécidban. A megfelelé gydgyszeres kezelés megvalasztasaval a betegek
tlnetei 63%-kal javultak a placebo mellett megfigyelt 22%-0s eredményhez képest [21]. A tiinetek
enyhitésére (nemzetkdzi szakirodalmi adatok szerint) cannabinoidok és szelektiv Szerotonin-
noradrenalin visszavétel gatlok is szoba johetnek. A vizelési reflex szenzoros aganak befolyasolasat
ma mar nem hasznaljak (capsaicin és resiniferatoxin révén) kevésbé kontrollalhaté hatasuk miatt [31-
35]. A detrusor izom denervacid gydgyszeres terapiara rezisztens esetekben jon széba botulinum toxin
lokélis alkalmazasa mellett [36]. A konzervativ kezelés hatastalansadga vagy komoly mellékhatasai
miatt jonnek szoba az invaziv kezelési modok, ezeket azonban a miitéti sz6védmény-rata ismeretében
kell mérlegelni. Az invaziv kezelési modok kozul sok esetben tovabbra is katéterezés/Gnkatéterezés

szolgalhatja a felsé hugyutak védelmét.
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Abramagyarazatok

1. dbra. Egy egészséges személy uroflowmetriés regisztratuma

2. dbra. A felsé (A) és also (B) motoneuron laesio tipikus cystometrias képe. A: akaratlan detrusor
0sszehUzodasok intravesicalis nyomasemelkedéssel (detrusor disszinergiaban szenvedé betegen. B:
nincs nyomasemelkedés a téltés hatasara, 6sszehtizddasok hianya (emiatt spontan uroflow regisztratum

4

nem készithet6), C: haspréssel torténd vizelés uroflowmetrias képe (forras: sajat regisztratum).
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1. Tablazat

1. Téblazat. Javasolt vizsgalati algoritmus neurogén holyag szindréma esetén a javasolt

kivizsgalasi metddusok sorrendjében (a nemzetkdzi szakirodalom alapjan 0sszegezve, illetve

sajat klinikai tapasztalat alapjan)[10]

I. tipusu beteg: hiperaktiv
hélyaggal

(felsé6 motoneuron sériilt; lumbo-
sacralis régio feletti sérlt pl.
stroke és trauma)

I1. tipusu beteg: petyhudt
hélyaggal

(als6 motoneuron sérult; lumbo-
sacralis vizelési kozpont alatti
sérult pl. trauma)

Tunetek hatterében allo
pathomechanizmus

akaratlan detrusor 6sszehlzodas,
DSD, nyomésemelkedés

alulmiikodé detrusor, retencio,
reflux

Differencialdiagnosztika

- (idiopétias) hiperaktiv holyag

- interstitialis cystitis

- cystitis (és a hagydati rendszer
fertdzései)

- cyclophosphamid-indukalta
cystitis

- holyag tumor

prostata hyperplasia
- hugycso szikiilet
székrekedés
kismedencei tumor

1. Vizsgalat: anamnézis,
klinikai tinetek

Onmiik6do hélyag (,,reflex
holyag”)

+/- szakaszos vizeleturités -DSD
esetén

+/- stirget6 vizelési inger
+/- gyakori vizelés
+/- akaratlan vizeletvesztés

2. Rutin uroldgiai fizikélis
vizsgalat

+/- retencio
+/- vesetaji érzékenység

+/- retencio
+/- vesetaji érzékenység

3. Vizeletvizsgalat

+/- pyuria
+/- bacteriuria

pyuria (+/-microszkopos
hematuria (+/- bacteruria)

4. Ultrahang
(holyag és vese)

+/- retencio
+/- pyelectasia

retencio
+/- pyelectasia

5. Urodinamias vizsgélat
(1-2. &bra)

holyag tel6dés kdzben akaratlan
detrusor 6sszehtizodasok,
disszinerg sphincter-miikodés

holyag telédés kdzben
nyomasemelkedés nagyobb
volumeneknél kovetkezik be,
disztendalt, alacsony nyomasu,
nem kontraktilis holyag

6. Electromyographia

csokkent/nincs akaratlagosan
kivalthat6 elektromos aktivitas,
reflex aktivitas valtozatlan

az akaratlagos és reflex aktivitas
csokkenése vagy teljes hianya,
denervacios potencial,
fibrill&cid, fascikulécio

7. (Video-) Urodinamias
vizsgélatok
(uroflowmetria) (1-2.
abra)

vizeletirités: kisebb volumen
Urdl, el6fordulhat szakaszos
vizeletirités

vizeletirités: csokkent aramlasi
sebesség, elnyujtott vizelés,
haspréssel, miifogassal

8. Neurologiai vizsgalat

bulbocavernosus reflex ép,

bulbocavernosus reflex




végbélsphincter tonus fokozott

karosodott,
végbélsphincter tonus csokkent

9. Kiegészité vizsgalatok
(differencialdiagnosztikai
célbdl pl. tumor
Kiz&rasara)

cystoscopia,
CT,
(cysto-urethrographia)

vesescintigraphia,

mictios cysto-urethrographia,
retrograd cystographia (reflux
Kimutatéasa)




2. Tablazat

2. Téablazat. Gydgyszeres terapia a neurogén holyag kétfajta alapesetében a klinikai

alkalmazasi gyakorisag sorrendjében [20]

I. tipusu beteg: hyperaktiv holyaggal

I1. tipusu beteg: petyhidt hélyaggal

Cel: a holyag detrusor izom relaxacidja az
acetilkolin receptorok lokalis gatldsan
keresztil

Antimuscarineg szerek (napi dozis):

- Oxybutinin (5-30 mg)

- Solifenacin (5-10 mg)

- Trospium (20-60 mg)

- Darifenacin (7,5-15 mg)

- Tolterodine (2-8 mg)

- Fesoterodin (4-8 mg)

Cel: a holyagalap és a hélyagnyak/hugycsé
simaizom relaxacioja az alfa-2 receptorok
lokalis gatlasan keresztul

Alfa-blokkoldk (napi dozis):

- Tamsulosin (0,4-0,8 mg)

- Alfuzosin (5-10 mg)

- Doxasosin (2-8 mg)

- Terazosin (2-10 mg)

- Silosodin (8 mg)

Cél: a holyag detrusor izom relaxacidja az
acetilkolin receptorok centralis gatlasan
keresztul

Triciklusos antidepresszansok (napi dézis):

- Imipramin (10-45 mg)

Cél: a holyag detrusor izom relaxacidja az
beta-3 adrenoreceptorok serkentésén
keresztul

Beta 3-receptor agonista (napi dozis):

- Mirabegron (25-50 mg)

Cél : a vizeletelvalasztas csokkentése hormonalis Gton a vazopresszin Gtvonal

befolyasolasa révén (napi dozis):
- Desmopressin (25-50 mg)

Cél: a holyag detrusor izom motoros

bénitasa az acetilkolin felszabadulas

gatlasan keresztil

- Botulinum toxin (100-300 U a hélyagfalba
injektalva)

Cél: a sphincter motoros bénitasa
- Botulinum toxin (100-300 U a
sphincterbe injektalva)




3. Tablazat

3. Tablazat. Invaziv kezelési modok a neurogeén holyag szindroma kétfajta alapesetében a

klinikai alkalmazés sorrendjében (a nemzetkozi szakirodalom alapjan dsszegezve [37], illetve

sajat klinikai tapasztalat alapjan)

I. tipusua beteg: hiperaktiv hdlyaggal

I1. tipusu beteg: petyhudt hélyaggal

Percutan idegstimulacios kezelések

Katéterezés és dnkatéterezés

Sacralis neuromodulacié

Intravesicalis elektrostimulécio

Urethrotomia/sphincterotomia

Sacralis neuromodulacié

Holyag augmentacid

Urethrotomia/sphincterotomia

Vizeletelterelés (sztdma)

Misphincter, fascial sling

Detrusor izom (kés6bbiekben esetleg sphincter)
botulinum toxinnal val6 injektalasa




1. Abra Click here to access/download;Abra (PPT, JPG, TIF);renamed_b8a5d.tif =
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