The sensory outflow from the urethra: complex
structural and functional interactions
Proefschrift voorgelegd tot het behalen van de graad van Doctor in de Medische
Wetenschappen aan de Universiteit Antwerpen te verdedigen door

Monica Eggermont

Promotoren:
Prof. Dr. S. De Wachter
Em. Prof. Dr. JJ. Wyndaele
Prof. Dr. J Gillespie
1
Faculteit Geneeskunde en Gezondheidswetenschappen
Antwerpen 2018

Front cover image: Illustration of a ribbon cell. Created by Prof. Dr. J Gillespie

© Copyright: Monica Eggermont and University of Antwerp, Antwerp, 2018
All rights reserved. No part of this book may be reproduced, stored in a retrieval system
or transmitted in any form by any means, electronical, mechanical, photocopying,
recording, or otherwise, without the prior permission of the holder of the copyright.

Faculty of Medicine and Health Sciences

The sensory outflow from the urethra: complex structural and
functional interactions
De sensorische output van de urethra: complexe structurele en
functionele interacties

Proefschrift voorgelegd tot het behalen van de graad van Doctor in de Medische
Wetenschappen aan de Universiteit Antwerpen te verdedigen door

Monica Eggermont
Antwerpen, 2018

Promotoren:
Prof. Dr. S. De Wachter
Em. Prof.Dr. JJ. Wyndaele
Prof. Dr. J. Gillespie

“The best way to predict the future, is to create it”
(Abraham Lincoln)

Dedicated to Jakob, David and my family.

Dissertation submitted to obtain the degree of
Doctor in Medical Sciences at the University of Antwerp,
to be defended by Monica EGGERMONT

Member of the PhD-committee, University of Antwerp, Belgium:
Chair: Prof. Dr. Y. Jacquemyn
Member: Prof. Dr. G. Stassijns
Promotor: Prof. Dr. S. De Wachter
Promotor: Em. Prof. Dr. JJ. Wyndaele
Promotor: Prof. Dr. J Gillespie

External members of the PhD-Committee:
Prof. Dr. T. Otto
Prof. Dr. E. Chartier-Kastler

Table of Contents
Curriculum vitae .................................................................................................................... iii
List of publications and abstracts ...................................................................................................... v
Abbreviations ....................................................................................................................................... vii
Units of measure .................................................................................................................................. ix
Chapter 1: introduction........................................................................................................................ 1
Chapter 2: Aims and outline ............................................................................................................. 35
Chapter 3: Materials and methods .................................................................................................. 39
Chapter 4: Response properties of urethral distension evoked unifiber afferent potentials
in the lower urinary tract ................................................................................................................... 51
Chapter 5: Regional structural and functional specialisations in the urethra of the female
rat: evidence for complex physiological control systems ........................................................... 71
Chapter 6: Innervation of the epithelium and lamina propria of the urethra of the female
rat............................................................................................................................................................ 99
Chapter 7: Morphological and immunohistochemical characteristics of a newly described
cgrp-positive cell (ribbon cell) located in the subepithelium of the bladder neck and
proximal urethra of the female rat................................................................................................ 129
Chapter 8: General discussion ........................................................................................................ 151
Summary ............................................................................................................................................. 171
Samenvatting ..................................................................................................................................... 175
Dankwoord ......................................................................................................................................... 181

i

ii

Curriculum vitae
Personalia
Surname:

Monica

Name:

Eggermont

Date of birth:

23 February 1990

Place of birth:

Waregem

Education
2013-2017

PhD researcher Medical Sciences, Urology
University of Antwerp, Belgium

2011-2013

Master of Science, Biomedical Sciences
University of Ghent, Belgium

2008-2011

Bachelor of Science, Biomedical Sciences
University of Ghent, Belgium

2002-2008

Math and Sciences
Onze-Lieve-Vrouw-Hemelvaartinstituut, Waregem, Belgium

Additional training and courses
2011

Training for laboratory animal scientists (FELASA C)
University of Ghent, Belgium

2013

Giving presentations in English
University of Antwerp, Doctoral School, Belgium

2013

Applied communication
University of Antwerp, Doctoral School, Belgium

2013

Statistics SPSS
University of Antwerp, Doctoral School, Belgium

2014

Leadership and teamwork
University of Antwerp- Antwerp, Belgium
iii

2014

Project- and timemanagement
University of Antwerp- Antwerp, Belgium

2015

Workshop: neuro-urology
International Continence Society conference 2015, Montreal, Canada

2016

Pelvic floor neuromodulation – fundamental training
ECMT course – UZA Antwerp, Belgium

iv

List of publications and abstracts
Manuscripts related to thesis
2015

Response properties of urethral distension evoked unifiber afferent potentials
in the lower urinary tract.
Eggermont M, Wyndaele JJ, Gillespie J, De Wachter S..............................
J Urol. 2015 Nov; 194(5): 1473-80.....................................................................

2018

Regional structural and functional specialisations in the urethra of the female
rat: evidence for complex physiological control systems.
Eggermont M, De Wachter S, Eastham J, Gillespie J.
Anat Rec (Hoboken). 2018 Feb 16. doi: 10.1002/ar.23795.

2018

.

Innervation of the epithelium, lamina propria of the urethra of the female rat.
Eggermont M, De Wachter S, Eastham J, Gillespie J.……………0………………………
Accepted on 26 Jan 2018, The Anatomical Record

2018

Morphological and immunohistochemical characteristics of a newly described
cgrp-positive cell (ribbon cell) located in the subepithelium of the bladder neck
and proximal urethra of the female rat.
Eggermont M, Gillespie J, Pintelon I, Timmermans J, De Wachter S.……………0………………………
Submitted

Abstracts related to thesis
2015

Heterogeneity and complexity of putative afferent nerves in the subepithelial
and muscle layers of the proximal urethra of the female rat.
Eggermont M, De Wachter S, Eastham J, Gillespie J. ………………………………
E-poster: International Continence Society conference 2015, Montreal, Canada

2015

A novel cell type (ribbon cells) associated with the subepithelium of the
proximal urethra of the female rat. …………………………………………………..
Eggermont M, Eastham J, De Wachter S, Gillespie J. ...........................
Poster: International Continence Society conference 2015, Montreal, Canada

v

2015

Response properties of urethral distension evoked unifiber afferent potentials
in the lower urinary tract
Eggermont M, Wyndaele JJ, Gillespie J, De Wachter S. ………………………….
Podium presentation: International Continence Society conference 2015, Montreal,
Canada.

2017

The urethral pressure profile in the female rat: feasibility of the method and
the contribution of the pudendal nerve.
Eggermont M, Gillespie J, De Wachter S.
………………………….
Non discussion abstract: International Continence Society conference 2017, Florence,
Italy.

Abstracts related to thesis subject
2015

The involvement of bladder neck/proximal urethra on bladder sensation and
detrusor overactivity during bladder filling in patients with OAB.
De Wachter S, Eggermont M, Van De Borne S, Vermandel A, Gillesie J.
E-poster: International Continence Society conference 2015, Montreal, Canada

2016

Different types and locations of serotonin positive cells in the epithelium of the
female rat urethra.
Eggermont M, De Wachter S, Eastham J, Gillespie J.
……
Short podium presentation: International Continence Society conference 2016, Tokyo,
Japan

vi

Abbreviations
αSMA

alpha smooth muscle actin

Ach

acetylcholine

ANOVA

analysis of variance

ATP

adenosine triphosphate

AUC

area under the curve

βTub

beta tubulin

cgrp

calcitonin gene related peptide

CNS

central nervous system

CV

conduction velocity

DRG

dorsal root ganglion

DU

distal urethra

EMG

electromyogram

ES

electrical stimulation

EUS

external urethral sphincter

FA

fast adapting

FDV

first desire to void

FSF

first sensation of filling

FUL

functional urethral length

IC

interstitial cell

IR

immunoreactivity

IUS

internal urethral sphincter

LPP

leak point pressure

LSD

least significant difference

LUT

lower urinary tract

MU

mid urethra

MUCP

maximum urethral closure pressure
vii

MUP

maximum urethral pressure

NA

noradrenaline

NE

neuroendocrine

nNos

neuronal nitric oxide synthase

NO

nitric oxide

PBS

phosphate buffered saline

PFR

peak firing rate

PU

proximal urethra

RA

resting activity

SAA

single afferent activity

SA

slow adapting

SCI

spinal cord injury

SDV

strong desire to void

SD

standard deviation

SEM

standard error of the mean

SP

substance P

SUI

stress urinary incontinence

TBS

tris-buffered saline

TBS-T

tris-buffered saline tween

TH

tyrosine hydroxylase

TRPV1

transient receptor potential vanilloid 1

UCPP

urethral closure pressure profile

UD

urethral distension

UVJ

urethrovesical junction

vacht

vesicular acetylcholine transporter

vim

vimentin

5-HT

Serotonine, or 5-hydroxytryptamine

viii

Units of measure
cm

centimeter

mm

millimeter

µm

micrometer

cmH2O

centimeter water

g

gram

ml

milliliter

min

minute

Hz

hertz

kHz

kilohertz

%

percentage

ix

x

Chapter 1: Introduction

Introduction

1.1. Lower urinary tract: anatomy and peripheral innervation
The lower urinary tract (LUT), which comprises the bladder and the urethra, has two
essential functions: the storage and periodic elimination of urine. In order to function
normally, the bladder and urethra have to work together as one functional unit. Moreover,
their anatomical connections are too imbricated to be considered as two different organs.
Functionally, the bladder and urethra have an opposite function, where the bladder will
act as a reservoir for urine and the urethra will serve as the outlet.

1.1.1. Bladder
The bladder is a hollow muscular organ, when empty located in the pelvis behind the pubic
symphysis. An adult normal bladder has a capacity of 400-500mL. When the bladder is
full, it expands into the abdominal cavity and can readily be palpated or percussed 1. The
dome, the upper part of the bladder, is mobile and will extend during bladder filling. The
median umbilical ligament (urachus) is a fibrous cord that connects the dome of the
bladder to the umbilicus. The dorsal part of the bladder and the dome are covered by
peritoneum. The lower part of the bladder, the bladder base, is fixed. At the level of the
ureterovesical junction the ureters, coming from the kidneys, enter the bladder in an
oblique manner at the dorsal side. The trigone, located in the posterior wall of the bladder
base, is triangular and is located between the two ureteral orifices and the urethral orifice
or the bladder neck2 .
The wall of the urinary bladder consists of an outer adventitial layer of connective tissue
(serosa), a thick smooth muscle layer (the detrusor), a submucosa and an inner mucosa
composed of transitional epithelium (urothelium) and an underlying lamina propria. The
detrusor muscle can be described as a sphere of smooth muscle bundles, made up of a
mixture of smooth muscle fibres without a well-defined orientation in the upper part of
the bladder. On the other hand, close to the bladder neck, three layers of smooth muscle
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can clearly be distinguished: an inner longitudinal, a middle circular and an outer
longitudinal smooth muscle layer.
Primarily the superior and inferior vesical arteries, coming from the internal iliac arteries,
supply the bladder with blood. In females, the uterine and vaginal arteries also send
branches to the bladder. The venous drainage of the bladder form a rich plexus that
ultimately empties into the internal iliac veins3.

1.1.2. Urethra
The urethra is a thin-walled tube leading from the bladder neck to the exterior of the body.
Its main function is to discharge the urine from the bladder out of the body. The anatomy
of the urethra differs in both sexes.
The adult male urethra is about 18-20cm long and has three named regions: the proximal
or prostatic urethra, the membranous urethra and the spongy or penile urethra. The
prostatic urethra is about 2.5cm long and runs in the prostate. The membranous urethra
is about 2cm and passes through the deep muscles of the perineum. The spongy urethra
is the longest portion (about 15cm) and passes through the entire penis. The urethra opens
at the tip of the penis via the external urethral meatus. The male urethra discharges, next
to urine though not simultaneously, also semen from the body. The penis and urethra are
supplied by the internal pudendal arteries and urethral and penile drainage is to the
internal pudendal vein3.
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1.1.2.1.

The female urethra

In the adult female, the urethra is about 4cm long. It is slightly curved and lies beneath the
pubic symphysis. On its posterior wall it is bound to the vagina by connective tissue. The
urethra opens to the outside at the external urethral meatus, located posterior to the glans
clitoris and anterior to the vaginal opening.
The wall of the urethra is composed of mucous, submucous and muscular layers. The
greater part of the urethra is lined by pseudostratified columnar epithelium. A short part
adjoining the urinary bladder is lined by transitional epithelium (urothelium) while the part
near the external meatus is lined by stratified squamous epithelium. The submucosa is
made up of connective tissue, elastic tissue and a submucosal urethral vascular bed. The
female human urethra exhibits an extensive vascular plexus in the submucosa. Embedded
in the submucosa are many periurethral glands, mostly present in the distal urethra. The
largest of these glands in the distal urethra are the periurethral glands of Skene 4.

Figure 1.1: Ureters, urinary bladder and urethra in women 5.
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The urethral smooth musculature contains two layers, the inner longitudinal and the outer
circular layer. It is believed that the inner longitudinal layer of smooth muscle is continuous
with the inner longitudinal layer of the bladder detrusor6-10, though several investigators
deny this continuality11-14. Surrounding this muscle layer is a thicker layer of circular
smooth muscle, extending from the external vesical muscular layer6. This layer of circular
smooth muscle is defined by Terminologica Anatomica (1998) as musculus sphincter
urethrae internus, which has usually been described in the literature as the internal
urethral sphincter (IUS) or musculus sphincter vesicae.

Figure 1.2: The smooth muscular layers of the bladder, trigone and urethra15.
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The external urethral sphincter (EUS) or rhabdosphincter, defined by Terminologica
Anatomica (1998) as musculus sphincter urethrae externus, surrounds the smooth muscle
layers of the urethra.

It is believed to consist of smooth and striated muscular

components16, 17. The EUS consists of a superior and inferior part. Superiorly it has a
horseshoe-shaped part with the opening on the dorsal side and covers only the anterior
and lateral side of the urethra, while the inferior part has large muscular wings that cover
the anterolateral portion of the urethra and the lateral portion of the vagina17, 18.
The arterial supply to the female urethra is provided superiorly by the inferior vesical,
vaginal arteries and inferiorly by the internal pudendal arteries, while the vesical plexus of
veins will drain the blood by the internal pudendal veins3.
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1.1.3. Urethral functional aspects and considerations
1.1.3.1.

Continence/urethral closure pressure profile

During bladder storage the intraluminal urethral pressure exceeds the intravesical pressure
and it is this difference in pressure which is responsible for the normal maintenance of
continence. It is generally agreed that intraluminal urethral pressure is generated by a
multifactorial physiological sphincteric mechanism. This mechanism includes a number of
factors, which can be subdivided into a neuromuscular and a non-neuromuscular
component. The neuromuscular component comprises the smooth muscle 19, 20 and the
striated muscle13,

21

of the urethra and the pelvic floor22.

The non-neuromuscular

component has several determinants including the urethral mucosa 23, the elastic and
connective tissue of the urethra9, 13, 24, and the submucosal urethral vascular bed24-27. It
has been noted that the rich submucosal vascular plexus of the urethra, also referred to as
cavernous tissue, venous plexus, corpus spongiosum or erectile tissue, exceeds the
requirements of a blood supply for the urethra25 and may contribute to one third of the
resting intraurethral closure pressure20, 24, 26. The striated muscle component would also
be responsible for one third, while the other factors mentioned (smooth muscle,
elastic/connective tissue, etc.) would account for the last third of the resting intraurethral
closure pressure20.

Furthermore, proper anatomic support by extrinsic pelvic

attachments28 and the hormonal status (estrogen)29 will also be critical for an effective
urethral sphincteric function.
The urethral closure pressure profile (UCPP) provides information regarding several
aspects of urethral function. The UCPP is determined by recording the pressure in the
urethra with a special catheter at every level from the internal to the external urethral
meatus, with the bladder in rest. Commonly used catheter types are catheters with waterfilled latex balloons, water-filled infused catheters, air-charged balloon catheters, and
catheters with microtransducers30.
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The shape of the UCPP reflects the contributions of the intrinsic anatomical components
of the urethra. The normal UCPP in female is nearly symmetric and will give information
about functional urethral length (FUL) (Purethra>Pbladder), total urethral length, maximum
urethral closure pressure (MUCP) (Purethra-Pvesical) and maximum urethral pressure (MUP).

Figure 1.3: A normal urethral pressure profile with superimposed terminology 31.

Urodynamic studies, like urethral pressure profilometry, observe LUT function and
dysfunction in an objective manner so that an appropriate treatment can be planned. The
UCPP was historically the first parameter to characterize stress urinary incontinence (SUI).
The MUCP and FUT tend to be lower in patients with SUI, though its reliability for the
diagnosis of SUI has been questioned often32, 33.
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1.1.3.2.

Bladder neck opening

The voluntary activation of micturition is said to start with an initial relaxation of the
urethral external striated muscle and pelvic floor, followed by a bladder contraction and
an opening of the bladder neck, which forces urine into the relaxed bladder neck and
urethra.

Figure 1.4: Schematic representation of the relationship among bladder, bladder neck, and distal urethral
pressures during voiding. Bladder contraction (P ves) occurs simultaneously with a reduction in external
urethral sphincter pressure (PEUS) and an attenuation of the electromyogram (EMGEUS). Pressure in the vicinity
of the bladder neck (PBN) increases in parallel with the rising bladder contraction. During flow (Q), the
electromyogram remains silent34.
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Several anatomical theories have been proposed for bladder neck opening and closure.
The most widely accepted theory is Hutch’s base plate theory35. This theory stresses the
importance of the trigonal musculature and certain smooth muscle loops of the detrusor
and proximal urethra, which form the IUS. During bladder storage the base plate is flat,
but during voiding it is pulled into a funnel-shaped structure.

Figure 1.5: Schematic drawing demonstrating two basic positions of the base plate. A, base plate is flat,
internal sphincter is closed. B, base plate is in early funnel formation. Further contraction of muscles in fundus
ring carries process of funnel formation progressively forward to completion 35.
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Hutch’s base plate theory suggests a ring like structure at the level of the bladder neck
capable of sphincteric function of which the trigone is an integral part. Such theory has
also been suggested by others11, 12. Other theories include:
a) A separate internal urethral sphincter (not continuous with the detrusor) encircles
the bladder neck which actively opens and closes the bladder neck13
b) Detrusor smooth bundles form loops around the internal urethral meatus to create
a sphincter36
c) There is no internal urethral sphincter and the urethra as a whole is capable of
sphincteric function8-10.

This suggests that the bladder neck and urethral

musculature are continuous and fixed at the urogenital diaphragm.

Bladder

contraction would cause a shortening with an opening of the bladder neck as a
result (mechanical factor)
Although the exact mechanism responsible for bladder neck opening is not clear, either
(para) sympathetic modulation (see further) and/or mechanical factors at the bladder neck
will be responsible.

Figure 1.6: Schema of relations in voiding and filling according to theory that urethra has no internal sphincter
and capable in its whole of sphincteric function 9.
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1.1.4. Peripheral innervation LUT
The bladder and its outlet, the urethra, are controlled by the autonomic (involuntary
control) and somatic nervous system (voluntary control). The autonomic nervous system
comprises of the parasympathetic and the sympathetic innervation. Three peripheral
nerves innervate the LUT, i.e. the hypogastric nerve, the pelvic nerve and the pudendal
nerve37-41.
1.1.4.1.

Parasympathetic pathways

Parasympathetic preganglionic neurons, located in the intermediolateral region of the
sacral spinal cord (S2-S4), send their axons to the ganglionic cells of the pelvic plexus and
bladder wall. There, the parasympathetic preganglionic neurons will release the excitatory
transmitter acetylcholine (ACh) that will activate the postsynaptic ganglionic-type nicotinic
receptors, located on the parasympathetic postganglionic neurons (nicotinic transmission).
In turn, the parasympathetic postganglionic neurons will release ACh at their nerve
terminals (cholinergic transmission). Together with the release of ACh, postganglionic
neurons also contain neuropeptides which can be co-released with ACh39. Other known
cotransmitters with ACh are adenosine triphosphate (ATP) (purinergic transmission)42 and
nitric oxide (NO) (nitrergic transmission)43.
The parasympathetic innervation of the LUT is primarily conveyed by the pelvic nerve. The
fibers of the pelvic nerve arise, in humans, from the 2nd to the 4th sacral segments of the
spinal cord. The pelvic nerve will provide parasympathetic pathways to the detrusor
smooth muscle (excitatory) and to the urethral smooth muscle (inhibitory).
Parasympathetic pathways to the bladder
Cholinergic excitatory transmission in the bladder is mediated by muscarinic receptors,
located on the bladder smooth muscle cells. The pelvic nerve will also provide purinergic
excitatory transmission to the bladder mediated by ATP, which will act on P2X purinergic
receptors42.
12
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Parasympathetic pathways to the urethra
The parasympathetic input to the urethral smooth muscle elicits inhibitory effects via the
release of NO, which relaxes the smooth muscle43, 44. The relaxant nitric oxide is coreleased with ACh, where ACh will only have an inferior contractile effect on the smooth
muscle. On the other hand, a predominantly parasympathetic cholinergic excitatory input
to the urethral smooth muscle has been identified in the male rat 45, 46.
Noteworthy, it is believed that the external urethral sphincter has a dual innervation
(autonomic and somatic)16, 47, where the pelvic nerve will send parasympathetic branches
to the EUS48,49.

Some authors even suggest a triple innervation (sympathetic,

parasympathetic and somatic)50, though this finding has been countered by others51, 52.
The functional contribution of the parasympathetic innervation of the EUS, if there is any,
is still unknown52.
1.1.4.2.

Sympathetic pathways

The sympathetic efferent fibers to the LUT originate in the intermediolateral cell column
of the spinal cord at T10 to L2. Sympathetic preganglionic neurons pass to and synapse in
one of the nearby sympathetic chain ganglia. Alternatively, sympathetic preganglionic
neurons destined for the LUT may pass directly though the paravertebral ganglia and
synapse in the prevertebral inferior mesenteric ganglia and pelvic ganglia53-55.
They release the excitatory transmitter ACh that will activate the postsynaptic ganglionictype nicotinic receptors. In turn, the sympathetic postganglionic neurons will release
noradrenaline (NA) at their nerve terminals (adrenergic transmission). In some species,
purinergic co-transmission may also occur.
The sympathetic pathways coming from the sacral chain ganglia pass via the pelvic nerve
whereas sympathetic pathways coming from the rostral lumbar and inferior mesenteric
ganglia travel in the hypogastric nerve. Both nerves will provide sympathetic pathways to
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the bladder base smooth muscle (excitatory), urethral smooth muscle (excitatory) and to
the bladder body smooth muscle (inhibitory).

Figure 1.7: Diagram of the peripheral innervation of the female lower urinary tract. BL, urinary bladder; CP,
celiac plexus; HGN, hypogastric nerve; IMP, inferior mesenteric plexus; L1, first lumbar root; PEL, pelvic nerves;
PP, pelvic plexus; PUD, pudendal nerve; S1, first sacral root; SN, sciatic nerve; SHP, superior hypogastric plexus;
T9, ninth thoracic root; U, ureter. Image modified from Fowler et al (2008)40.
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Sympathetic pathways to the bladder
Adrenergic excitatory transmission in the bladder base is mediated by α1-adrenoceptors,
whereas adrenergic inhibitory transmission in the bladder body is mediated by βadrenoceptors.
Sympathetic pathways to the urethra
The sympathetic input to the urethral smooth muscle elicits excitatory effects mediated by
the activation of α1-adrenergic receptors.

Some inhibitory effect is present on β-

adrenoceptors, though the excitatory effect on the α1-adrenergic receptors is dominant37.
1.1.4.3.

Somatic pathways

Somatic cholinergic motor nerves arise in S2-S4 motor neurons in Onuf’s nucleus (a
circumscribed region of the lateral ventral horn), where they send their axons into the
pudendal nerve. The somatic nerve terminals release ACh, which acts on skeletal muscle
type nicotinic receptors to induce a muscle contraction.
Somatic pathways to the urethra
The lumbosacral efferent pathways in the pudendal nerve provide cholinergic excitatory
inputs to the striated muscle of the urethral sphincter.
1.1.4.4.

Afferent pathways

All three nerves innervating the LUT, i.e. hypogastric, pelvic and pudendal nerve, will
contain afferent axons. These afferents will transmit information from the LUT to the
lumbosacral spinal cord56, 57. Bladder afferents mainly follow the pelvic nerve. Urethral
afferents follow the hypogastric and pelvic nerve for the upper part of the urethra, and the
pudendal nerve for the rest of the urethra and sphincter.
Afferents from the LUT can be involved in reflexes or can lead to a sensation (see further).
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1.2. Neurophysiology of the storage and voiding reflexes
During normal storage and micturition the bladder and the urethra work as one functional
unit. This coordinated activity is regulated by a complex neural control system, which
incorporates different spinal and supraspinal reflex pathways39. The LUT switches in an allor-none manner between storage and micturition and requires the participation of higher
brain-centers. The reflex circuitry consists of four basic components; spinal efferent
neurons, spinal interneurons, primary afferent neurons and neurons in the brain that
modulate spinal reflex pathways.
Storage reflexes are activated during bladder filling and are organized primarily in the
spinal cord, whereas voiding is mediated by reflex mechanisms organized in the brain.

1.2.1. Urine storage reflexes
During urine storage, the bladder will serve as a low-pressure reservoir, hence the bladder
pressures remain low during bladder filling when the bladder volume is below the
micturition threshold.
Bladder distension will produce low-level afferent firing in the pelvic nerve which in turn
will stimulate the inhibitory sympathetic outflow via the hypogastric nerve to the bladder
base and urethra58, 59. This reflex activation of the lumbar sympathetic pathway is involved
in the inhibition of bladder smooth muscle, contraction of the bladder outlet and inhibition
of parasympathetic activity at the level of the autonomic ganglia39, 60. This has been
identified in animals, though the importance of the sympathetic control is less obvious in
humans.
The afferent firing in the pelvic nerve will also stimulate the pudendal outflow to the EUS,
which leads to an increase of the outlet resistance (guarding reflex). Further, contraction
of the EUS will also produce afferent firing in the pudendal nerve, which initiate an
inhibition of the parasympathetic excitatory pathway to the bladder37. Thus the bladderto-EUS-to-bladder reflex pathway represents a second negative feedback mechanism that
16
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promotes urinary continence. Both reflexes, both occurring at the spinal level, will
promote urinary continence during bladder filling.
Some input from the lateral pons, which is also known as the ‘L-region’ or ‘pontine storage
center’ might facilitate sphincter reflexes or have a role in involuntary sphincter control61,
62.

Figure 1.8: Neural circuits that control continence and micturition. (A) Urine storage reflexes (B) Voiding
reflexes63.
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1.2.2. Micturition reflexes
The switch from storage to voiding phase can be made voluntary or involuntarily (reflexly).
Reflexly activation of the voiding phase happens when the bladder reaches a certain
volume, the micturition threshold, and there is no inhibitory influence from higher brain
centers. The bladder afferent firing at this volume will trigger the micturition reflexes. The
ascending afferent activity from the bladder from the sacral spinal cord passes through a
relay center in the periaqueductal gray before the activation of neurons in the pontine
micturition center (spinobulbospinal pathway). The activation of the pontine micturition
center will produce firing in the sacral parasympathetic pathways (pelvic nerve) and an
inhibition of sympathetic (hypogastric nerve) and somatic (pudendal nerve) pathways. This
activation will lead to urethral relaxation and a synchronous bladder contraction64, 65,
resulting in the flow of urine through the urethra. Furthermore, when urine passes the
urethra, an augmenting reflex will be activated which will promote complete bladder
emptying66-69.

1.2.3. Barrington reflexes
The reflexes involved in bladder storage and micturition were first described in the cat by
Barrington in the early 20th century68-70. He identified seven reflexes that might be involved
in the generating and coordinating of micturition.
I
II
III
IV
V
VI
VII

Stimulus

Response

Afferent

Central pathway

Efferent

Bladder distension
Urethral flow
Urethral distension
Urethral flow
Bladder distension
Bladder distension
Urethral flow

Bladder contraction
Bladder contraction
Small bladder contraction
Urethral relaxation
Urethral relaxation
Urethral relaxation
Bladder contraction

PN
PUDN
HGN
PUDN
PN
PN
PN

Pontine
Pontine
Spinal
Spinal
Spinal
Spinal
Spinal

PN
PN
HGN
PUDN
PUDN
PN
PN

Table 1.1: Barrington’s reflexes. PN= pelvic nerve, HGN= hypogastric nerve, PUDN= pudendal nerve.
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These seven reflexes still provide the basis of our understanding of the voiding process.
Four of the seven reflexes have their afferent origin in the urethra, which stresses the
importance of urethral afferents in the control of the LUT.
It is know that afferent input from the urethra can modulate bladder function. This has
been demonstrated in animals71-75 and humans with spinal cord injury (SCI)76-79, where
intraurethral and pudendal nerve electrical stimulation (ES) can initiate bladder
contractions. In the cat, ES of urethral afferents can activate or inhibit the bladder
depended on its location and frequency74. Furthermore, in humans with SCI intraurethral
or pudendal ES can initiate bladder contractions, though a certain minimal bladder volume
needs to be present, suggesting some baseline bladder afferent activity76-79.
The urethrovesical augmenting reflex is described by Barrington’s second and seventh
reflexes, where sensory feedback from the urethra during micturition (distension and flow)
is necessary to efficiently empty the bladder.

This augmenting reflex is readily

demonstrated in several animal studies67, 80, 81. In humans, there is some controversy as to
the existence of the second and seventh Barrington’s reflexes, where Nathan 82 did not
observe bladder contractions after urethral flow or distension. On the other hand, Shafik
et al did demonstrate a rise in basal vesical pressure after proximal urethral distension66.
Because the second and seventh reflex are difficult to demonstrate, one can assume that
they probably cannot initiate reflex vesical contractions, but have a purely augmenting
role, being an important pathway for minimizing the residual volume of the bladder.
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Location of stimulation

Bladder volume

Stimulation

Nathan82

Human (sex
unknown)

Urethra

Desire to micturate

Catheter pushed in/out
urethra

No rise in vesical pressure

Nathan82

Human (sex
unknown)

Urethra

Full

Flow

Bladder did not contract

Nathan82

Human (sex
unknown)

Urethra

Unknown

Distension

No evidence of bladder contraction

Shafik et al66

Healthy subjects

Posterior urethra

Empty

Distension

Rises in basal vesical pressure

Shafik et al66

Healthy subjects

Urethra

Subject asked to micturate
at urge sensation

Anesthesia

Ceased flow, strain and spurts of urine

Gustafson et al78

SCI

Proximal urethra

Filled in increments

ES proximal urethra

Bladder contraction depended on
bladder volume

Kennelly et al77

SCI (male)

Bladder neck, prostatic
urethra, penile urethra

Filled in increments

ES

Bladder contraction depended on
bladder volume and location

Yoo et al76

SCI

Pudendal nerve

Filled in increments

Pudendal nerve
electrical stimulation

Minimum bladder volume (60% Vth)
Excitatory pudendal reflex (spinal)

Pudendal ES

Urethral ES

Anesthesia

Distension

Flow

Human

Result

Table 1.2: Overview of studies in men investigating the bladder augmenting urethral reflexes. SCI= spinal cord injury, ES= electrical stimulation, Vth= volume
threshold.
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1.3. Sensations and (sensory) afferents associated with the LUT
An adequate sensory input is necessary for conscious bladder control. Any changes in the
sensory mechanisms of the LUT can therefore give rise to disturbances in LUT function and
different pathologies. The sensory input of the LUT is provided by all three nerves, i.e. the
hypogastric nerve, the pelvic nerve and the pudendal nerve.

1.3.1. Lumbosacral afferent pathways
Primary afferent neurons are contained in the dorsal root ganglia (DRG). They transmit
afferent input from the LUT to interneurons in the spinal cord, which play an essential role
in LUT reflexes83, or travel to executive centers involved in LUT control and sensation84.
Primary afferent neurons in the pelvic and pudendal nerves originate in sacral DRG,
whereas those in the hypogastric nerves arise in the rostral lumbar and caudal thoracic
DRG.
The most important sensory afferents for the initiation of micturition are the pelvic
afferents conveying sensory information about bladder fullness or bladder pain to the
sacral spinal cord57. It is believed that up to one third of the pelvic nerve consists of primary
afferents85. Additionally, hypogastric afferents will also provide some sensory input about
bladder filling or pain86, though only one tenth of the hypogastric nerve consists of
afferents85. The pudendal nerve will not provide afferent input on bladder filling. On the
other hand, afferent input from the urethra may run in the pelvic, hypogastric and
pudendal nerve.
In the bladder, sensory nerves have been identified in the urothelium, suburothelium as
well as the detrusor smooth muscle87-93. Suburothelially, sensory nerves form a dense
nerve plexus that lies immediately beneath the epithelial lining. In the bladder smooth
muscle, sensory nerves are evenly distributed, whereas the subepithelial plexus is thickest
in the neck of the bladder and in the initial portion of the urethra88. Sensory axons are also
found within many blood vessels in the bladder wall where their role is unknown.88, 92
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Similarly, in the urethra sensory nerves run in the epithelium, subepithelium plexus or the
urethral smooth muscle88, 89, 94-98. It is interesting to mention that specialized sensory
endings of the type found within striated muscle (i.e. muscle spindles) do not occur in the
external urethral sphincter13, 99, 100. However, they do occur within the periurethral striated
muscle of the pelvic floor. Furthermore, in humans, the sensory innervation of the external
urethral sphincter is very low101 or even absent98, 102. Though, it is well known that somatic
afferent pathways in the pudendal nerve can inhibit voiding function. This inhibition is also
shown to have its afferent origin in the urethral sphincter 37, 53. Therefore, some afferent
input from the EUS must be present. Moreover, retrograde and anterograde tracing
methods have respectively revealed pudendal afferent pathways from the EUS in the cat103
and peptidergic nerve fibres (putative afferent) in the EUS of mice 104.
In most animals and humans, afferent fibers of the LUT terminate as simple, free endings58,
88, 92, 105.

In the human, most of the varicose afferent fibers studied in the bladder and

urethra lamina propria ran and ended freely in the connective tissue50, 106. Within the
subepithelium free afferent nerve endings will exhibit different branching patterns and
complex terminations within the epithelium97. On the other hand, in the cat and dog,
lamellated end-organs (like Pacinian corpuscles) have been identified within the urethral
wall85, 99 and the bladder wall107, 108. These rapidly adapting pressure receptors occur in
many viscera, though these receptors resemble only a small part of the afferent fibres. In
the bladder, they might signal rapid changes in bladder or abdominal pressure, whereas in
the urethra it may be postulated that these lamellated end-organs might represent the
rapidly adapting “flow receptors” described by Todd99.
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1.3.1.1.

Types of (sensory) afferent nerves

The functional properties of afferent axons that innervate the LUT have been studied with
single-unit and multiunit recording in in vitro and in vivo preparations of various
mammalian species.
Bladder
Myelinated Aδ-fibers and unmyelinated C-fibers running in the pelvic nerve coming from
the bladder are considered as the most important afferent fibers for the micturition
process. These afferents are classically subdivided by their conduction velocities, where
myelinated Aδ-fibers are fast conducting and unmyelinated C-fibers are slow conducting.
Myelinated Aδ-fibers are primarily located in the smooth muscle layer of the bladder and
are thought to convey sensory information on bladder volume and to trigger the normal
micturition reflex. These afferent fibers have conduction velocities ranging between 2.5
and 14m/s84. In the cat, Aδ-fibers in the pelvic nerve respond to both passive bladder
distension as well as active contraction of the bladder indicating that they are “in series
tension receptors”109, 110. These afferent fibers have no ongoing resting activity, therefore
are silent when the bladder is empty. During bladder filling, they will display a graded
increase in discharge frequency with increasing bladder pressures. These afferent fibers
are low threshold mechanoreceptors, with their activation thresholds ranging from 5 to
15cm H2O105, 111. Myelinated mechanoreceptive fibers also may exhibit chemoreceptive
properties. After exposure to chemical irritants, Aδ-fibers may have ongoing activity and
an altered, more sensitive response, thus signaling sensory abnormalities112.
Bladder unmyelinated C-fibers are more widespread in the bladder and are located in the
detrusor smooth muscle and in the bladder mucosa. In contrast to mechanosensitive Aδbladder afferents, the C-bladder afferents in cats are generally mechano-insensitive, also
called “silent C-fibers”, i.e. they exhibit no ongoing activity, nor do they respond to bladder
distension. “Silent C-fibers” have a mean conduction velocity of 1.4m/s84. They appear to
primarily signal pain, responding to chemical irritation of the bladder mucosa113 or to
23

Introduction

cold114.

Following exposure to chemical irritation “silent C-fibers” become

mechanosensitive, exhibiting spontaneous firing when the bladder is empty and increased
firing during bladder filling113.
In the cat, a small portion of all C-fibers (2.3%) were mechanosensitive at very high bladder
pressures, ranging from 30 to 50mmHg, called “nociceptors”113. This small group is
believed to signal pain during bladder overdistension83.
In the rat bladder, there appears to be no distinction between the Aδ- fibers and C-fibers
function, both are mechanosensitive and respond to bladder distension. Moreover, 70% of
bladder afferents in the pelvic nerve have conduction velocities in the C-fiber range and
30% in the Aδ-fiber range115. They also found that, of all bladder afferents, 70% were
responsive to mechanical stimuli, which included both Aδ- and C-fibers. Of these
mechanoreceptive afferents, most had low activation thresholds (80%), while a smaller
population (20%) had high activation thresholds. Interestingly, the conduction velocity
does not correlate with the response threshold, each population consisting of Aδ as well
as C-fiber axons. The majority of mechanoreceptive afferents exhibit resting activity, with
an increase in firing with increasing bladder distension, and slow adaptation in response to
a maintained distension 115-117. Of these mechanoreceptive afferents, the majority were
defined as “in series tension receptors”. However, some C-fiber mechanoreceptive
afferents responded to bladder distension but not to bladder contraction. These C-fibers
have been defined as volume receptors118. Of all bladder afferents in the rat, 30% were
mechano-insensitive, mostly being C-fibers (i.e. “silent C-fibers”). These fibers did respond
to chemical stimuli117.
Next to the pelvic nerve, bladder afferents are also present in the hypogastric nerve.
Talaat85 found that bladder mechanosensitive afferents in the hypogastric nerve of the dog
could only be excited at high intravesical pressures, thus signaling visceral pain. In contrast,
Winter119 has reported mechanosensitive bladder afferents, both Aδ-fibers and C-fibers, in
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the hypogastric nerve of the cat responding to a wide range of thresholds. These afferents
were often active with the bladder empty.
Urethra
In comparison to bladder afferents, studies investigating urethral afferents are limited. The
urethra is innervated by all three nerves (hypogastric, pelvic and pudendal nerve), thus
urethral afferents may run in each of these nerves. The pudendal nerve contains, next to
visceral afferents, also somatic afferents.
In the early 20th century some studies measured urethral afferent activity, by measuring
peripheral nerve ending afferent or by recording single urethral afferent potentials. The
stimuli used to excite urethral afferents are typically urethral distension or urethral flow.
Talaat85 identified afferent nerve ending discharges in all three nerves following urethral
distension, where the hypogastric afferents had the highest activation threshold and the
pudendal afferents had the lowest. Further, single urethral afferent discharges following
urethral distension have been identified in the pudendal nerve of the cat99.
Following urethral flow, only pudendal afferent nerve ending discharges could be found in
the dog85. Discharges from the hypogastric or pelvic nerve were only present at very high
rates, probably resulting in an urethral distension. A recent study has described the
dynamics of the pudendal afferent nerve response to urethral flow in the rat 120. Further,
single pudendal flow afferents have also been identified in the cat99, 121.
Other stimuli have also been used to identify urethral afferents. Bahns et al122 have
identified afferent units supplying the urethra with the use of a small glass rod. These
urethral afferent units did not respond to bladder distension or reacted only at high
intravesical pressures. The same group has also identified pelvic urethral afferents excited
by mechanical stimulation with a transurethral catheter109. About half of these pelvic
urethral afferents responded to bladder distension.
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Furthermore, the histological properties of urethral afferent neurons have been described
in the rat with the use of the retrograde tracing method123. A clear difference could be
found between the proximal and distal urethra. The properties of proximal urethral
afferents were similar to those of bladder afferent neurons, consisting of a large C-fiber
population (about 70%). This distribution changed in the distal urethra, with a smaller
number of C-fibers and where a more diverse population of A-fiber neurons was present.
This experimental data suggests the existence of large myelinated (Aα/β fibers) afferents
in the pudendal nerves innervating the distal urethra.
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1.3.1.2.

Sensations in the LUT

Sensation, by definition subjective, is a perception made by a person which is elicited by
activities happening inside the body. Overall, several sensations have been reported in the
LUT. They can be subdivided into physiologic (sensations of bladder filling and sensation
during micturition), pathologic (urgency and pain) and externally induced (sensation of
touch, temperature and sensations due to electrical stimulation) sensation. Hereinafter,
we shortly address the physiological sensations.
1.3.1.2.1.

Bladder filling sensations

Sensations referring to bladder sensations are usually reported during cystometric bladder
filling124. The sensations can easily be distinguished from each other and probably
correspond with specific physiological mechanisms. When the bladder is empty, no
bladder sensation is perceived. When the bladder is filled cystometrically, a first sensation
of filling (FSF) occurs. As the bladder continues to fill, a desire to void (FDV) can be felt,
and eventually followed by a strong desire to void (SDV). The afferent pathways involved
in these sensations can be found in Table 2.3. The involvement of urethral sensory
information is suggested by the fact that SDV at full bladder is localized very low in the
pelvis and urethra, probably related to an increase of intra-urethral pressure at the
sphincter level125.
1.3.1.2.2.

Sensation of micturition

It is believed that micturition is free of sensation, although one can be aware of urine
passing. Nathan126 described an awareness of the opening of the urethral sphincter, a
feeling of something passing the urethra, and a thermal sensation. Further, urethral
discomfort can be perceived if micturition is postponed for a long time127.
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Afferent pathway
Sensation

Pelvic

Lumbar

Pudendal

Sensation of filling

Yes

Probably

No

Desire to void

Yes

Probably

No

Strong desire to void

Possibly

Possibly not

Yes

Pain, bladder

Yes

Yes

No

Pain, urethral

Probably

Probably not

yes

Table 1.3: Hypothetical schema of sensations in the lower urinary tract and the afferent pathways related to
these sensations127.
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Aims and outline

During normal storage and micturition the bladder and urethra work as one functional unit.
This coordinated activity is regulated by a complex neural control system, which
incorporates different spinal and supraspinal reflex pathways.
Various studies, in both animals and humans, have shown that afferent input from the
urethra can modulate bladder function. As described in Chapter 1, several reflexes have
their origin in the urethra and can augment or inhibit bladder function. Thus, it is clear that
the urethra is more than just a tube to guide urine outside the body. Though, there is little
knowledge about urethral afferents and their role in the lower urinary tract mechanisms.
More experimental studies are needed on the functional and structural characteristics of
urethral afferents. It is critical to better understand both structure and function in order
to gain knowledge of the normal and pathological conditions in experimental animals, like
the rat, and eventually in humans. Therefore, the general aim of this thesis is to expand
the knowledge on urethral afferents. This will be done by studying the functional and
structural characteristics of urethral afferents.
Only few studies in the early 20th century have looked at the functional characteristics of
urethral afferents. These studies were limited based on the fact that only whole nerve
potentials were measured, thus this raises the need for single urethral afferent
measurements. Single bladder afferent measurements have been abundantly studied in
the past by our research group. In order to measure urethral afferents this technique has
been modified, where potentials are measured not only from the pelvic nerve but also from
the pudendal nerve. In Chapter 4, single urethral afferent potentials are characterized in
the pelvic and pudendal nerve that responded to urethral distension. This is done for the
first time in the female rat. We described the type of fibres identified in the pelvic or
pudendal nerve and the type of urethral fibres responding, together with their response
properties, tested in two locations; i.e. the proximal and distal urethra. Additional stimuli,
such as bladder filling and/or external stimulation, were also tested. Further, possible
differences in sensory signaling in type and in location were studied.
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One must bear in mind that there are possibly different types of urethral afferents not
revealed by functional studies. In the bladder, the problem is clearly more complex since
it has been demonstrated that nerves with different morphological and immunochemical
profiles are present. Similar to the bladder, the urethral outflow may be complex and
attempts need to be made to explore this complexity with the use of structural studies.
Therefore, in Chapter 5, we have identified and characterized the complex structural and
functional elements of the female rat urethra that may be involved in the control of
urethral closure and continence. This reevaluation and characterization of the structural
elements, afferent and efferent, located in the urethra have been correlated with the
functional

data

obtained

in

the

study.

Structural

data

is

obtained

by

immunohistochemistry, while the functional data is obtained by the use of a technique
measuring the urethral wall compliance along the urethral length in different axis. The
latter study made it clear that the urethra is not a simple structure with a single function.
The complexities identified demonstrate the need for more detailed studies of integrated
urethral afferent function.
Chapter 6 describes a detailed study of the autonomic and sensory nerve distribution in
the epithelium and lamina propria of the urethra of the female rat. The precise microanatomical location and subtype classification of the nerves; e.g. as cholinergic, adrenergic
nitrergic or peptidergic, is established. Regional variations of the afferent (sensory)
function, related to urethral function, are described.
A previously undescribed nucleated peptidergic cell type, possibly neuronal, was noticed
and addressed in Chapter 6. The function of this cell type is unknown and needs further
investigation. As a result, these nucleated peptidergic cell types are being studied in
Chapter 7. Next to their immunoreactivity to the peptidergic marker, other markers have
been used to identify and elaborate on their possible function. Further attempts were
made to describe their morphological characteristics and relation to other structures.
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Finally, in Chapter 8, the results from this thesis are discussed. The integrated approaches
of this thesis are intended to open and discuss possibilities for establishing the specific
functions of urethral afferents.

This will allow the unravelling of the maze of

electrophysiologically and morphologically identified urethral afferents. Ultimately this
will provide a greater insight into the role of urethral afferents in lower urinary tract
function.
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Materials and methods

Experiments were conducted in accordance with the European Communities Council
Directive (2010/63/EU) on the protection of animals used for experimental and other
scientific purposes, and the Animal Ethics Committee of the Faculty of Medicine, University
of Antwerp, approved all protocols.

3.1. Functional experiments
3.1.1. Single urethral afferent fiber measurements
A first technique to study urethral afferents is the Single Afferent Activity (SAA) technique.
This technique allows us to measure single afferent potentials in vivo. This technique has
been abundantly used in the past by our research group to measure afferent potentials
coming from the bladder1-3. In order to measure urethral afferents this technique has been
modified, where potentials are measured not only from the pelvic nerve but also from the
pudendal nerve.

The response of urethral afferents on different stimuli (urethral

distension, external mechanical stimuli) has been investigated.
Animals
Adult female Sprague-Dawley rats weighting 200-250g were used.

The rats were

maintained under standard laboratory conditions with a 12:12hr light/dark cycle, and free
access to food pellets and tap water. The rats were anesthetized with urethane (1.5g/kg
intraperitoneally). Body temperature was maintained by a heated blanket at 38°C. After
the experiments, the animals were sacrificed by an overdose of urethane.
General preparation
The pelvic structures were exposed by a left lower abdominal incision. The ureters were
ligated close to the bladder. The left pelvic nerve was dissected from surrounding tissue
proximal to the major pelvic ganglion. A second incision was made at the ischiorectal fossa
where the sensory branch of the pudendal nerve was identified near the obturator
foramen. A pair of Teflon-coated silver electrodes was placed around each nerve and
sealed with Wacker Silgel® (Wacher Chemie AG, Munich, Germany). A polyethylene-50
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catheter (Clay Adams Division Becton Dickenson Co, Parsippany, NJ, USA) was inserted in
the bladder through the dome. The intravesical catheter was attached to a DX-100
pressure transducer (Nihon Kohden, Tokyo, Japan) and a NE-1000 filling pump (ProSense,
Oosterhout, The Netherlands) to record intravesical pressure and infuse saline.
The lumbosacral spinal cord was exposed by laminectomy and the dura mater was opened.
Both L6 dorsal roots were cut close their entrance to the spinal cord. The dorsal skin was
tied up to make a pool, which was filled with body warm paraffin oil (Fisher Scientific,
Loughborough, UK). Fine filaments were dissected from the left L6 dorsal root and placed
across shielded bipolar silver electrodes. Recorded nerve activity was pre-amplified with a
low noise AC differential amplifier (10x) and filtered (60-5000Hz). A final amplification
(10000x) was used before the activity was displayed on an oscilloscope (TDS-310,
Tektronix, Inc., OR, USA).
Urethral SAA measurements
Afferent fibers are identified by ES (0.5-msec square wave pulses, SEN-3301, Nihon
Kohden, Tokyo, Japan) of the pelvic and pudendal nerve. The filaments were teased until
a maximum of three clearly different unitary action potentials were evoked by ES. These
action potentials were discriminated by the Spike2 (CED, Cambridge, UK) impulse shape
recognition program and manual subclassification. Nerve activity was sampled at 20kHz
with the data acquisition program.
Conduction velocity (CV) was calculated from the latency of response to electrical
stimulation and the conduction distance between stimulation and recording sites. Fibers
were grouped based on CV. Those with a CV <2.5m/sec were considered to correspond
with unmyelinated C-fibers, those with a CV ≥2.5 m/sec to myelinated Aδ-fibers and those
with a CV≥14 m/sec to myelinated Aα/β-fibers.
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Stimuli
The discharge of the afferent receptive units can be analyzed and characterized for
different stimuli, such as urethral distension and external mechanical stimuli (see Chapter
4).
Urethral distension:

the urethral lumen can be distended by the use of a latex

embolectomy microballoon catheter (Intra Special Catheters GmbH, RS, Germany), which
was inserted into the urethra through the urethral meatus.
External mechanical stimuli: external soft movements and applying light pressure with a Q
tip at various locations: i.e. skin of the left leg, left groin, perineal region and the external
urethral meatus.

Figure 3.1: Single urethral afferent fiber measurements: schematic overview of the experimental procedure.
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3.1.2. Urethral compliance measurements
The approach used was adapted from the method described by Xu et al4 to measure
urethral pressure profiles. However, it is argued here that the method measures the
compliance of the urethral wall rather than the intrinsic pressure generated within the wall.
Animals
Adult female Sprague-Dawley rats weighting 250-350g were used.

The rats were

maintained under standard laboratory conditions with a 12:12hr light/dark cycle, and free
access to food pellets and tap water. The rats were anesthetized with urethane (1.5g/kg
intraperitoneally). After the experiments, the animals were sacrificed by an overdose of
urethane.
General preparation
A polyethylene-50 catheter (Clay Adams Division Becton Dickenson Co, Parsippany, NJ,
USA) was inserted in the bladder through the dome. The bladder catheter was left open,
allowing saline to exit the bladder. Resting bladder pressure was maintained during the
experiment.
A 2F closed ended fluid-perfusion catheter (diameter 0.67mm) (Intra Special Catheters
GmbH, RS, Germany) was inserted into the urethra through the external urethral meatus.
The aperture of the catheter had a diameter of 0.2mm and was made 6mm from the tip of
the catheter. The catheter was connected to an automated pump, which withdrew the
catheter at a constant rate of 1cm/min. During withdrawal, saline was forced through the
opening of the catheter at a rate of 0.3ml/min, by the use of a NE-1000 filling pump
(ProSense, Oosterhout, The Netherlands). Simultaneously, the catheter pressure was
recorded during withdrawal (Fig. 3.2).
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Urethral compliance measurements
When the catheter and the aperture is drawn through the urethra, the opening is brought
into contact with the urethral wall. A resistance to flow is created, the magnitude of which
depends on the compliance of the underlying wall. If the urethral wall over the aperture is
passive and elastic (high compliance) then the wall will contribute only a small amount to
the resistance and the catheter pressure will remain close to basal pressure. However, if
the wall is stiff (low compliance), the fluid flow will not displace the wall and the resistance
to flow will be greater. As a result, the pressure in the catheter will rise. The catheter
pressure is therefore, in part, related to the compliance of the underlying urethral wall.
The catheter aperture can be positioned to face the dorsal, ventral and lateral walls of the
urethra. Thus, measurements of compliance can be made along the urethral length and in
different axial directions. If the catheter is first inserted, through the urethra, into the
bladder and then withdrawn at a constant rate (1cm/min) a profile of urethral compliance
can be made on each axis (see Chapter 5).

Figure 3.2: Urethral compliance measurements: schematic overview of the experimental procedure.
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3.2. Structural experiments
3.2.1. Immunohistochemistry
Two different immunohistochemistry techniques have been used during the structural
experiments. The reason for this is the use of two different laboratories with their own
specific immunohistochemistry protocols.
Tissue extraction
Adult female Sprague-Dawley rats weighting 200-250g were used.

The rats were

maintained under standard laboratory conditions with a 12:12hr light/dark cycle, and free
access to food pellets and tap water. The rats were anesthetized with pentobarbital
(60mg/kg intraperitoneally). The urethra and bladder of each rat was dissected out as a
single unit. After dissection, the rats were killed by pentobarbital overdose (3x anaesthetic
dose).
Immunohistochemistry technique laboratory 1
Tissue preparation and staining procedures
The urethra and bladder units were pinned onto a Sylgard dish after which the urethras
were dissected free at the level of the bladder neck. Tissues were immediately immersionfixed in 4% paraformaldehyde in phosphate buffer saline (PBS) for 120 min at 4°C. The
urethras were then washed in PBS and incubated in solutions with progressively higher
sucrose solutions (10, 20 and 30%) to act as a cryo-protectant. Tissues were subsequently
‘snap frozen’ using isopentane cooled to freezing point with liquid nitrogen. Frozen tissue
was then kept at -80°C until needed. Tissue sections (7-8μm) were cut at -25°C and
subsequently placed on polysine-coated slides.
Slides were removed from the freezer and maintained in a dry environment for 120 min at
room temperature. They were then washed in tris-buffered saline (TBS), tris-buffered
saline tween (TBS-T) and TBS wash cycle for 5 min at each stage. Primary antibodies (Table
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3.1) were diluted with 1x PBS or PBS with triton-X (1%), pH 7.4. Combinations of primary
antibodies were then put on each slide and incubated overnight at 4°C in a humidified
chamber.
After overnight incubation, sections were washed in TBS, TBS-T, TBS wash cycles each for
20 mins. Sections were then incubated with appropriate secondary fluorescent antibodies
(Table 3.2). Secondary Abs were applied (in PBS) sequentially and were applied for 1 h at
room temperature in a humidified chamber, in a dark environment. After each incubation,
slides were washed three times in TBS, TBS-T and TBS. After the final wash, sections were
covered with Vectashield hard-set mounting medium with DAPI (nucleic acid molecular
probe stain) and over-laid with a coverslip (24x60 mm). Varnish was applied to the
coverslip to preserve slides.
Image and microscope analysis
Sections were viewed using an Olympus BX61 fluorescence microscope with x10, x20 and
x60 objectives. Images were captured using an Olympus XM10 monochrome camera in
16-bits digital format and further analysed using Image J software (Java-based image
processing program, National Institutes of Health (US)).
Immunohistochemistry technique laboratory 2
Tissue preparation and staining procedures
The urethras and bladder units were pinned onto a Sylgard dish after which the urethras
were dissected free at the level of the bladder neck. Tissues were immediately immersionfixed in 4% paraformaldehyde for 120 min. The urethras were then washed in phosphatebuffered saline (PBS; 0.01M; pH 7.4), stored overnight in 20% sucrose (in PBS; 4°C) and
mounted in Tissue Tek (Sakura Finetek Europe, Zoeterwoude, The Netherlands). Tissue was
stored at -80°C until needed.
Cryostat sections were thaw-mounted on Poly-L-Lysine-coated microscope slides, dried at
37°C (2 hours) and further processed for immunolabeling.

Immunohistohemical
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incubations were performed in a closed humidified container (22°C). All primary and
secondary antisera were diluted in PBS containing 10% normal horse serum, 0.1% BSA,
0.05% thimerosal and 0.01% NaN3 (PBS*). Before incubation with the primary antisera,
cryostat sections were incubated for 30 min with PBS* containing 1% Triton X-100 to
reduce aspecific binding and enhance penetration. Sections were incubated overnight
with one of the primary antibodies listed in Table 3.1.

For visualization of the

immunostaining, sections were further incubated for 2 hours with secondary antibodies
(Table 3.2).
After a final rinse in PBS, the sections were mounted in Citifluor (19470; Ted Pella, Redding,
CA). Negative staining controls for all immunostaining procedures were performed by
substituting the primary antisera with non-immune sera. To check for possible cross
reactivity after multiple staining, the results of single staining for the different antisera
were compared with those from multiple labeling experiments.
Image and microscope analysis
All high-resolution images were obtained using a Nikon Eclipse Ti-E inverted microscope
attached to a microlens-enhanced dual spinning disk confocal system (UltraVIEW VoX;
PerkinElmer, Zaventem, Belgium) equipped with 405, 488, 561 and 640 nm diode lasers for
excitation of blue, green, red and far-red fluorophores, respectively. The images were
obtained with Volocity 3D Image Analysis Software.
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Antigen
Host
α smooth muscle actin (αSMA)
Mouse
β tubulin (βTub)
Rabbit
Calcitonin gene related peptide (cgrp)
Rabbit
Calcitonin gene related peptide (cgrp)
Mouse
Neuronal nitric oxide synthase (nNos)
Rabbit
Neuronal nitric oxide synthase (nNos)
Mouse
Substance P (SP)
Guinea Pig
Transient Receptor Potential Vanilloid 1 (TRPV1)
Rabbit
Tyrosine hydroxylase (TH)
Rabbit
Vesicular acetylcholine transporter (vacht)
Rabbit
Vesicular acetylcholine transporter (vacht)
Rabbit
Vimentin (vim)
Mouse
5-HT
Mouse
Table 3.1: List of primary antisera used for immunohistochemistry.

Secondary antisera
FITC-conjugated Fab fragments of goat anti-rabbit IgG (GAR-Fab-FITC)
CyTM3-conjugated donkey anti-mouse IgG (DAM-Cy3)
CyTM3-conjugatd donkey anti-guinea pig IgG (DaGP-Cy3)
Alexa Fluor 488 Donkey anti-mouse IgG (H+L)
Alexa Fluor 594 Donkey anti-rabbit IgG (H+L)
Table 3.2: List of secondary antisera used for immunohistochemistry.

Mc/Pc
Mc
Pc
Pc
Mc
Pc
Mc
Pc
Pc
Pc
Pc
Pc
Mc
Mc

Source
Merck A2547, Bornem Belgium
Covance MRB-435P, San Diego, CA, USA
Merck C8198, Bornem, Belgium
Santa Cruz sc-57053, Dallas, Texas, USA
Santa Cruz sc-648, Dallas, Texas, USA
Santa Cruz sc-5302, Dallas, Texas, USA
Abcam ab10353, Cambridge, UK
Enzo Life sciences SA-564, Bruxelles, Belgium
Santa Cruz sc-14007, Dallas Texas, USA
Merck V5387, Bornem, Belgium
Phoenix H-V006, Burlingame, CA, USA
BioGenex MU074-UC, Fremont, CA, USA
GeneTex GTX31099 Irvine, CA, USA

Source
Jackson Immuno Research 111-097-003
Jackson Immuno Research 715-165-151
Jackson Immuno Research 706-165-148
Life Technologies A21202
Life Technologies A21207

Dilution
1:1000
1:2000
1:10000
1:500
1:500
1:200
1:500
1:100
1:5000
1:1000
1:1000
1:3000
1:200

Dilution
1:250
1:250
1:500
1:500
1:500
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4.1.

Urethral distension evoked unifiber afferent potentials

Abstract

It is well known that afferent input from the urethra can modulate bladder function.
Nevertheless, little is known about the functional properties of urethral afferents. In the
current study we investigated the effect of urethral distension on single fiber afferent
activities of the lower urinary tract in the female rat. Female Sprague Dawley® rats were
anesthetized. Single fiber afferent activities were recorded from the left L6 dorsal root and
classified by conduction velocity. The response of pelvic and pudendal units on urethral
distension (60 seconds) was measured. Two distension diameters were measured in the
proximal and the distal urethra. A total of 93 pelvic and 72 pudendal units were isolated
in 15 rats. Of the units 20 (8 pelvic and 12 pudendal) were responsive to urethral
distension. Three patterns of response could be distinguished, including a fast adapting
and 2 groups of slow adapting afferents. The largest grade of distension resulted in the
greatest response in both nerves. Five pelvic and 3 pudendal units responded exclusively
to proximal distension, 2 pelvic and 5 pudendal units responded to distal distension, and 1
pelvic and 4 pudendal units responded to both types of distension. The responses were
reproducible. No association was found between the type of nerve and the location of the
response to distension. This electrophysiological study demonstrates the presence of
urethral distension evoked afferents in the pelvic and pudendal nerves, and describes their
response to distension. Differences in sensory signaling in type and in location were
demonstrated. The current technique can be used for further investigation of urethral
afferents.
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Introduction

The LUT serves two main functions, including the storage and the periodic voiding of urine.
Under normal physiological circumstances the switch between these two phases is
voluntarily controlled with adequate sensory input. The sensory afferent pathways from
the LUT are believed to consist of small myelinated Aδ-fibers and unmyelinated C-fibers
running in the three peripheral nerves innervating the LUT, ie the hypogastric, pelvic and
pudendal nerves1. Moreover, experimental data suggest the existence of large myelinated
(Aα/β-fibers) afferents in the pudendal nerve, which innervate the distal urethra2.
During normal storage and micturition the bladder and the urethra work as one functional
unit. This coordinated activity is regulated by a complex neural control system, which
incorporates different spinal and supraspinal reflex pathways1. It has been reported that
afferent input from the urethra can modulate bladder function.

Intraurethral and

pudendal nerve ES can initiate bladder contractions in animals 3,4 and humans with spinal
cord injury5-8. Barrington described the urethrovesical augmenting reflex in cats where
sensory feedback from the urethra during urine flow is necessary to efficiently empty the
bladder9,10. This reflex has been demonstrated in several animal studies in which afferent
feedback from urethral afferents augmented the micturition reflex11,12. Experimental
evidence of the urethrovesical augmenting reflex in humans has been described by Shafik
et al13,14.
Nevertheless, little is known about the functional properties of urethral afferents. Such
knowledge will allow greater insight into the role of urethral afferents in LUT function. In
the current study we investigated the effect of urethral distension (UD) on single fiber
activities of the LUT in the female rat.
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Materials and methods

Animals
A total of 15 female Sprague Dawley rats weighing 200 to 250 gm were used. They were
maintained under standard laboratory conditions with a 12:12-hour light/dark cycle with
free access to food and water. The rats were anesthetized with urethane (1.5g/kg
intraperitoneally) and sacrificed by an overdose of urethane. Body temperature was
maintained by a heated blanket at 38C. The protocol was approved by the animal ethics
committee of the Faculty of Medicine and Health Sciences, University of Antwerp (EC201352).
Experimental Procedure
The pelvic structures were exposed by a left lower abdominal incision. The ureters were
ligated. The left pelvic nerve was dissected from surrounding tissue proximal to the major
pelvic ganglion. A second incision was made at the ischiorectal fossa, where the sensory
branch of the pudendal nerve was identified near the obturator foramen. A pair of
polytetrafluoroethylene coated silver electrodes was placed around each nerve and sealed
with Wacker Silgel®. A PE-50 catheter (Clay-Adams, Parsippany, New Jersey) was inserted
in the bladder through the dome. The intravesical catheter was attached to a DX-100
pressure transducer (Nihon Kohden, Tokyo, Japan) and a NE-1000 filling pump (ProSense,
Oosterhout, The Netherlands) to record intravesical pressure and infuse saline. A 2Fr 40cm
latex embolectomy microballoon catheter (Intra Special Catheters, Rehlingen-Siersburg,
Germany) was inserted through the urethral meatus (Fig. 4.1).
The lumbosacral spinal cord was exposed by laminectomy and the dura mater was opened.
Both L6 dorsal roots were cut close to their entrance in the spinal cord. The dorsal skin
was tied to make a pool and filled with body warm paraffin oil (Fisher Scientific,
Loughborough, United Kingdom). Fine filaments were dissected from the left L6 dorsal
root and placed across shielded bipolar silver electrodes. Recorded nerve activity was
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preamplified (10x) with a low noise AC differential amplifier and filtered (60 to 5000Hz).
Final amplification (10,000x) was used before the activity was displayed on a TDS-310
oscilloscope (Tektronix®).
Afferent fibers were identified by ES of the pelvic and pudendal nerves using 0.5millisecond square wave pulses at 8 to 10 V and 1Hz and a SEN-3301 device (Nihon Kohden,
Japan). The filaments were teased until a maximum of 3 different unitary action potentials
were evoked by ES. These action potentials were discriminated by the Spike2 impulse
shape recognition program (CED, Cambridge, United Kingdom) and manual
subclassification. Nerve activity was sampled at 20000Hz with the data acquisition
program. CV was calculated from the latency of the response to ES and the conduction
distance between stimulation and recording sites, the latter defined by the body weight of
the rat and precalculated. Fibers were grouped based on CV. Those with a CV of less than
2.5m/second were considered to correspond with unmyelinated C -fibers, those with a CV
of 2.5m/second or greater corresponded to myelinated Aδ-fibers and those with a CV of
14m/second or greater corresponded to myelinated Aα/β-fibers15,16.
The discharge of the afferent receptive units was analyzed for certain external mechanical
stimuli, including light pressure with a cotton swab on the skin of the left leg, left groin,
perineal region and external urethral meatus. The afferent activity during UD (60 seconds)
was measured. Two locations of the microballoon catheter in the urethra were studied,
i.e. the proximal and the distal urethra. Based on the mean length of the urethra in the
female rat17 the locations of the proximal and distal urethra were specified as the distance
between the middle of the microballoon to the urethral meatus, which was 10mm
(approximately a third of the bladder neck-urethral meatus distance) and 5mm
(approximately two-thirds of bladder neck-urethral meatus distance), respectively. At each
location two grades of UD were investigated, i.e. a balloon diameter of 4.5mm and a
balloon length of 4.5mm, referred to as UD1, and a balloon diameter of 6 mm and a balloon
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length of 6mm, referred to as UD2. At each location recording was repeated to evaluate
reproducibility. Figure 4.2 shows an overview of the protocol.
Adaptation of the fibers was studied by examining the discharge rate during UD. Peak firing
rate (PFR) was defined as the maximum burst of firing during distension. Fibers with a
discharge pattern that returned to zero during UD were classified as fast adapting (FA)
afferents. Fibers with a discharge above zero or resting activity (RA) during UD were
classified as slow adapting (SA) afferents. The area under the curve (AUC) during UD
(number of spikes during 60 seconds) was used to compare grades of UD. The greatest
response during consecutive grades of UD for each responsive unit was used for further
analysis. The response of identified single afferents responsive to UD during constant filling
cystometry with 80ml per minute saline at room temperature was measured.
Statistical Analyses
All data are expressed as the mean ± SEM (standard error of the mean) and were analyzed
by SPSS® Statistics, version 22. Before statistical analyses a Kolmogorov-Smirnov test (data
not shown) was performed to check normality. Two paired groups were tested by the
paired t-test (parametric) or the Wilcoxon test (nonparametric). Two unpaired groups
were tested by the independent t-test (parametric) or the Mann-Whitney test
(nonparametric).

Associations were tested using the Fisher exact test with p<0.05

considered statistically significant.

Figure 4.1: Black marks on latex 2Fr 40cm embolectomy microballoon catheter indicate distance to urethral
meatus. Two urethral locations were investigated, i.e. proximal and distal urethra. A, for UD1 balloon
diameter and length were 4.5mm each. B, for UD2 balloon diameter and length were 6mm each.
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Figure 4.2: Schematic overview of protocol performed in empty bladder with bladder pressure recorded during protocol duration. Two ureth ral locations were
investigated, i.e. proximal and distal urethra. Two UD grades were analyzed at each location and repeated twice to evaluate reproducibility. For UD1 balloon diameter
and length were 4.5mm each. For UD2 balloon diameter and length were 6mm each.
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Results

In 15 rats a total of 165 single unit afferent fibers excited by ES of the pelvic or pudendal
nerve were isolated (Table 4.1). Figure 4.3 shows individual data on each rat and the
responsiveness of the identified fibers.
Both pelvic and pudendal afferents were checked for reactivity to external mechanical
stimulation. Six pelvic (6.45%) and 21 pudendal units (29.17%) were activated by external
palpation. All pelvic units were activated at the perineal region whereas the region of
activation of pudendal units was more broadly distributed. Two pelvic and 3 pudendal
units corresponded to criteria for unmyelinated C-fibers, 1 pelvic and 3 pudendal units
corresponded to criteria for myelinated Aδ-fibers, and 3 pelvic and 15 pudendal units
corresponded to criteria for myelinated Aα/β-fibers.
Single Unit Afferent Fibers Responsive to UD
A total of 20 afferent fibers (i.e. 12% of the total identified) were responsive to UD, of which
8 and 12 were isolated from the pelvic and the pudendal nerve, respectively (Table 4.1). A
total of 18 units (90%) showed RA with a mean of 0.6 ± 0.3 impulses per second. Two units
(10%) showed no RA (pelvic units that were C and Aδ-fibers). None of the fiber RAs showed
progressive desensitization or sensitization of the response to repeat UD (Wilcoxon test
p>0.05 with p value correction based on various comparisons). UD1 and UD2 were
repeated twice at the same location to verify reproducibility. No change in the afferent
response was observed (paired t-test p=0.065).
Some fibers responsive to UD were activated by external palpation, including 2 pelvic units
(1 C fiber and 1 Aδ-fiber) activated at the perineal region and 2 pudendal units (a C-fiber
responsive at the external urethral meatus and an Aδ-fiber at the perineal skin).
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Pelvic nerve

Pudendal nerve

Single fiber afferents
No. fibers (%):
C
Aδ
Aα/β
With RA
Fiber conduction velocity (m/sec):
Range
Mean ± SEM C
Mean ± SEM Aδ
Mean ± SEM Aα/β

93
82 (88.2)
6 (6.5)
5 (5.4)
33 (35.5)

72
26 (36.1)
8 (11.1)
38 (53.8)
20 (27.8)

0.4 - 39.2
0.9 ± 0.04
4.2 ± 1.0
29.1 ± 4.0

0.3 - 42.7
0.8 ± 0.1
7.5 ± 1.2
26.1 ± 1.2

Single fiber afferents responsive to UD
No. fiber (%):
C
Aδ
Aα/β
RA:
No. fibers (%)
Mean ± SEM (spike/sec)
Mean ± SEM PFR (Hz)
Fiber conduction velocity (m/sec):
Mean ± SEM C
Mean ± SEM Aδ
Mean Aα/β

8 (8.6)
6
2
0

12 (16.7)
10
1
1

6 (75)
0.4 ± 0.1
10.9 ± 1.9

12 (100)
0.7 ± 0.4
20 ± 3.4

0.9 ± 0.1
4.1 ± 1.4
Not applicable

0.9 ± 0.2
4.4
27.8

Response patterns of single fiber afferents responsive to UD*
FA afferents:
No./total No. (%)
Mean ± SE PFR (Hz)
Mean ± SE C fibers (m/sec)
Mean ± SE Aδ fibers (m/sec)
SA1 afferents:#
No./total No. (%)
Mean ± SE PFR (Hz)
No. C fibers
Mean ± SE C fibers (m/sec)
SA2 afferents:
No./total No. (%)
Mean ± SE PFR (Hz)
No. C fibers
Mean ± SE C fibers (m/sec)
Mean ± SE Aδ fibers (m/sec)
Mean ± SE Aα/β fibers (m/sec)

Not applicable
2/20 (10)
5.5 ± 1.5
1 ± 0.7
1 ± 2.7
5/20 (25)
13 ± 1.8
5
0.9 ± 0.2

5/20(25)
11.4 ± 1.7
5
1.0 ± 0.3

7/20 (35)
Not applicable
Not applicable
Not applicable
Not applicable
Not applicable

7
26.1 ± 4.5
5
0.8 ± 0.1
1 (4.4)
1 (27.8)

Table 4.1: Characteristics of single fiber afferents identified by pelvic and pudendal nerve ES, those responsive
to UD and 3 response patterns of those responsive to UD.
* One pelvic Aδ (1 of 20 afferents) not included because it could not be subdivided into 1 of 3 groups
# Aδ fibers not applicable
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Figure 4.3: Individual data on 15 rats (x-axis) and responsiveness of identified single afferent fibers excited
by ES (y-axis). For each rat number of pelvic and pudendal single afferent fibers are shown as well as total
number of pelvic and pudendal single afferent fibers responsive to external mechanical stimuli and/or UD,
and number that did not respond to latter stimuli.
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Response Pattern
Three different patterns of response to UD could be distinguished (Fig. 4.4).
The first group can be described as FA afferents. Firing during distension showed an
exponential decay to zero within seconds (mean 14 ± 6 seconds) with a mean PFR of 5.5 ±
1.5Hz. Two units showed this type of response pattern (Table 4.1). Both units were pelvic
afferents that did not show RA (C and Aδ-fiber).
A second group (SA1) was characterized by an initial burst during distension (phasic firing).
Adaptation occurred within 10 seconds to a nonzero plateau (tonic firing) (mean 5.6 ± 0.7
seconds). No further adaptation occurred and this level of firing was maintained until UD
was stopped. Ten responsive units showed this type of pattern (Table 4.1). PFR never
exceeded 18Hz (mean 12.2 ± 1.2Hz). In 7 afferents UD2 resulted in a higher nonzero
plateau. All afferents showing this pattern were classified as unmyelinated C-fibers.
Seven responsive units exhibited a third group of response pattern (Table 4.1). These SA
afferents (SA2) showed an initial burst during the process of distension (phasic firing).
Adaptation took more than 20 seconds (mean 27.7 ± 3.0 seconds) and followed
exponential decay to a positive nonzero plateau (tonic firing). In comparison to SA1
afferents, the third group showed greater PFR in UD1 and UD2 (Mann-Whitney test
p=0.028 and 0.018, respectively). At response onset a maximum PFR of 49Hz was found
(mean 26.1 ± 4.5Hz). All SA2 afferents were noted in the pudendal nerve. In 5 of 7 afferents
UD2 resulted in a higher nonzero plateau.
For all SA afferents firing stopped momentarily and recovered to RA when UD was
withdrawn. One afferent could not be subdivided in 1 of the 3 groups and was seen as a
bladder afferent responsive to slow bladder filling as described.
UD2 resulted in the biggest AUC in the pelvic and pudendal nerves (Wilcoxon test p=0.036
and 0.004, respectively, Fig. 4.5). No significant difference was found between the mean
UD1 AUC or the mean UD2 AUC of pelvic and pudendal units (Mann-Whitney test p=0.054
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and 0.064, respectively). The mean difference between the AUCs of UD1 and UD2 of the
pudendal units (mean 145 spikes x 60 seconds) appeared to be greater than that of the
pelvic units (mean 110.3 spikes x 60 seconds), although no significant difference could be
found (Mann-Whitney test p=0.487).

Figure 4.4: Afferent response patterns to UD. A, FA. B, SA1. C, SA2.

Figure 4.5: Mean ± SEM AUC of responsive afferents during UD1 and UD2. A, pelvic and pudendal afferents.
B, all afferents. Single pound sign indicated significantly different (Wilcoxon test p<0.05). Double pound signs
indicate significantly different (Wilcoxon test p<0.01).
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Response Location
The units were subdivided based on their response to UD (Table 4.2). No association was
found between the type of nerve and the location of the response to distension (Fisher
exact test p=0.362).
Of the identified single afferents responsive to UD 19 did not respond to slow bladder filling
(80 ml per minute). One pelvic afferent (Aδ-fiber) responded to low intravesical pressures
and could not be subdivided into 1 of the 3 groups of distension response pattern. This
afferent was seen as a bladder afferent responsive to slow bladder filling.
Proximal urethra

Distal urethra

Proximal + Distal urethra

2
0.5 ± 0.1
9±1

1
0.7
7

Pelvic nerve*
C fibers:
No.
Mean ± SEM CV (m/sec)
Mean ± SEM PFR (Hz)
Aδ fibers:
No.
Mean ± SEM CV (m/sec)
Mean ± SEM PFR (Hz)

3
1.1 ± 0.2
15.7 ± 1.2

Not applicable
2
4.1 ± 1.4
20 ± 16

Pudendal nerve
C fibers:
No.
Mean ± SEM CV (m/sec)
Mean ± SEM PFR (Hz)
Aδ fibers:
No.
Mean ± SEM CV (m/sec)
Mean ± SEM PFR (Hz)
Aα/β fibers:
No.
Mean CV (m/sec)
Mean PFR (Hz)

2
0.7 ± 0.2
40 ± 9

5
0.8 ± 0.1
16.8 ± 4.2

3
1.2 ± 0.6
15 ± 3.6
Not applicable

1
4.4
17
Not applicable
1
27.8
14

Table 4.2: Characteristics of units responsive to UD in different urethral locations.
* Aα/β fibers not applicable
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Discussion

Several studies in animals and humans have shown the importance of urethral afferent
feedback in the regulation of normal LUT function 11-14,18. How such feedback actually
works needs further research.
In the current study we investigated the afferent response of pelvic and pudendal afferents
to 2 grades of UD in the proximal and the distal urethra of the female rat.
Of the pelvic and pudendal afferents studied 8.6% and 16.7%, respectively, responded to
UD. The majority of these fibers (80%) were C-fibers. Based on the urethral diameter in
female rats19 the UD in this study can be seen as a stimulus outside the normal physiological
range. One cannot exclude the non-physiological stimulation of afferents and additionally
the possibility of C-fiber stimulation resulting in pain.
To our knowledge no other group has described the percentage of pelvic or pudendal
afferents responsive to UD. It is important for further research to keep in mind that this
percentage can vary due to variability among rats and the topographic anatomy of the
dorsal root itself (Fig. 4.3). Bahns et al20 identified pelvic urethral single afferents (5.7%)
that were excited by mechanical stimulation with a transurethral catheter. Five of 11
urethral pelvic afferents were responsive to bladder distension. In the current study none
of the UD responsive afferents that showed 1 of the 3 response patterns responded to
bladder distension.
Furthermore, a functional study of pudendal afferents in the cat described that 37% of
identified pudendal units were responsive to flow21. Notably in this study a different
species and stimulus were used as well as a different method and location of afferent
recording. It is possible that recording not from L6 but from the S1 dorsal root would
identify more UD responsive afferents. However, according to a study by Yoshimura et al2
urethral afferents predominantly travel through the L6 dorsal root ganglion.
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In the early 20th century few studies described peripheral nerve responses to UD. The
afferent discharges to UD from the peripheral end of the nerves innervating the LUT have
been studied in dogs by Talaat22. Discharges were found in all 3 peripheral nerves. The
hypogastric nerve needed the highest pressures to evoke discharges and the pudendal
nerve needed the lowest pressures. No gradient of different pressures were used in the
current study, although our results show a trend toward higher pudendal afferent
responses to greater distension. Therefore, those afferents are more responsive to lower
pressures than pelvic afferents. More tests should offer more clarity and may rule out any
assumption.
Todd described pudendal afferent discharges responsive to flow and UD in the cat 23.
Afferent discharges were found during the initiation of distension as well as during the
release of distension but not while distension was maintained. These results are in contrast
to the current data, which show that the afferent discharge was maintained until distension
was stopped. Taking into account that no specifications about the size of distension is
given, it cannot be excluded that this effect is solely a difference between species.
One of 20 UD responsive afferents had a CV of 27.8 m/second and was not responsive to
external mechanical stimulation. This finding supports the possibility that large myelinated
afferent fibers running in the pudendal nerve innervate the distal urethra 2.
Three different response patterns of UD could be distinguished. Pelvic afferents responsive
to UD showed a FA pattern and a SA pattern (SA1) whereas all pudendal afferents showed
a SA pattern (SA1 and SA2). In contrast, FA pudendal afferents have been identified in the
cat following vaginal distension and transurethral flow21,24.
The pelvic FA units represented the smallest group (2). Pelvic afferents with a FA character
have been reported in the dog following UD22. No tendency toward FA units being units
with a high CV could be found. Besides, 1 pudendal unit classified as an Aα/β-fiber showed
a SA pattern.
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No pelvic units showed the SA2 pattern. This finding raises the possibility of different pelvic
and pudendal receptor types, and possibly different signaling functions.

One can

hypothesize that the FA units signal the beginning of transurethral flow whereas the SA
units give information about the duration of flow.
Several studies have demonstrated the positive effect of UD or flow on bladder
function11,13,18 and yet little is known about the characteristics of urethral afferents. A
recent study has characterized pudendal afferents responsive to flow in the cat 21. In the
current study we identified pelvic and pudendal afferents responsive to UD in the rat. A
neurophysiological study of voiding in rats concluded that the activity of the urethral nerve
was more related to pressure than to flow25. Note that this study measured whole nerve
activity. When data on urethral flow afferent measurements are compared with our data,
a similar pattern of afferent response can be distinguished during high flow rates. To our
knowledge whether flow activates the same pressure receptors in the urethra remains to
be clarified.
In the current study distension responsive afferents were found in the pelvic and pudendal
nerves. No association was found between the type of nerve and the location of the
response to UD. Two pelvic and 3 pudendal units responded to UD at the distal and the
proximal urethra, respectively (Table 4.2). This result suggests no clear distinction of pelvic
and pudendal urethral innervation, and the possibility of innervation overlap.

It is

necessary to keep in mind that the UD used was non-physiological and could activate
receptors more proximal or distal than at the site of distension alone.
The current study probably did not sample all types of urethral receptors. UD might be an
aspecific stimulus for possible flow receptors.

Based on the reflexes identified by

Barrington9,10 one can assume that urine passage may elicit potentials in flow receptors
and urethral distension may stimulate pressure receptors. Moreover, bladder filling
increases on external urethral sphincter electromyography, known as the guarding reflex26.
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It could be useful to repeat this study with different bladder volumes to see whether
urethral afferents contribute to this increase in electromyography.
Furthermore, one needs to keep in mind the possibility of different types of urethral
afferents. Different types of immunoreactive nerves have been identified in the bladder
of different animals27,28. Next to electrophysiological studies, in which afferents are solely
subdivided by CV, immunohistochemical studies of the urethra are needed to identify
different types of afferents. Identification of the possible different afferent mechanisms in
the urethra and their functional characteristics will give greater insight into urethral
afferents in the physiology of the LUT.
Nevertheless, it is clear that urethral afferents have a major role in LUT function.
Therefore, modulation of urethral afferent/sensory neurons pharmacologically or with ES
may have a potential role in the treatment of certain pathologies of the LUT, such as SUI
and overactive bladder.

4.6.

Conclusion

Our electrophysiological data demonstrate the presence of urethral afferents responsive
to UD in the pelvic and pudendal nerves, and describe their response properties. The
feasibility of the current technique allows for further selective investigation of urethral
afferents under different conditions, which will lead to a better understanding of the
physiology of the LUT.
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Abstract

The present study characterizes the complex structural and functional elements of the
female rat urethra that may be involved in controlling urethral closure and continence.
Urethras were dissected from female Sprague-Dawley rats (n=12) euthanized by
pentobarbital overdose. Tissues were fixed (4% paraformaldehyde), frozen and sectioned
(8μm) for light microscopy and immunohistochemistry. Antibodies were used to detect
immunoreactivity (IR) to cgrp, nNos, vacht and TH. Measurements of urethral wall
compliance were taken along its length and in different axes using a closed ended catheter
with a circular aperture. The bladder neck and proximal urethra are characterized by a
highly folded epithelium and lamina propria. A smooth muscle layer is apparent but not
pronounced. Distal to this region the smooth muscle layer thickens and forms the body of
the internal sphincter, which has a complex innervation. In the mid urethra the smooth
muscle is thickened resulting in a luminal protrusion, producing an occlusion of the lumen.
The structure of the distal urethra is different. The epithelium has few folds and,
immediately below the lamina propria large thin walled vascular lacunae can be found.
Measurements of the urethral wall compliance demonstrate distinct regional differences
with proximal and distal specialisations. These variations, which correlate with muscular
and vascular elements, suggests the operation of discrete systems, hence effecting urethral
closure during filling. An understanding of these systems may yield insights into urethral
pathology and direct approaches to develop pharmacological interventions to promote
continence.
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Introduction

During the storage and voiding phases of the micturition cycle the bladder and its outlet,
the urethra, operate as a functional coordinated unit. This coordination is brought about
by complex neural control systems that incorporate up to 7 reflex arcs between the
bladder-urethra, urethra-bladder, bladder-bladder and urethra-urethra that pass through
spinal and supra-spinal pathways1-4.
It is now becoming clear that the afferent outflow from the bladder, the ‘afferent noise’ is
complex involving several functional sensory systems5,

6

and possibly reflex arcs that

involve the peripheral ganglia7, 8. Furthermore, different forms of motor activity are also
becoming apparent in the bladder wall that are controlled by distinct efferent mechanisms
and which may have complex physiological roles9, 10. It is remarkable that less is known
about the afferent outflow from the urethra and its efferent systems.
In general, the afferent pathways from the lower urinary tract, identified electrophysiologically, are believed to involve small myelinated fibres (Aδ-fibres) and
unmyelinated fibres (C-fibres) running in the peripheral nerves innervating the LUT: the
hypogastric, pelvic and pudendal nerves11. There is also evidence suggesting the existence
of large myelinated (Aα/β fibres) afferents in the pudendal nerve that innervate the distal
urethra12. Recently, urethral afferent fibres associated with fast and slowly adapting
receptors have been described in the proximal and distal urethra of the rat 13. However,
the precise micro-anatomical location and subtype classification of these afferents nerves,
e.g. as cholinergic, adrenergic, nitrergic or peptidergic, remains to be established.
The mechanisms involved in the efferent reflexes of the urethra are poorly understood.
Roles for an internal smooth muscle sphincter and external somatic sphincter have been
described in terms of continence mechanisms to maintain closure of the urethra during
bladder filling14. The activation of the external striated sphincter appears to involve
cholinergic motor end plates15. However, the control of the internal sphincter is less well
understood and appears to be complex involving adrenergic, cholinergic and peptidergic
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input16. How these mechanisms integrate with the reflexes described by Barrington are
poorly understood1-3.
There are indications in the literature that the efferent mechanisms in the urethra are even
more complex. In particular these reports relate to a vascular component involved in
maintaining urethral closure during filling17-20. Here, it has been suggested that the
urethral wall has an increased blood flow as the bladder fills and that this engorgement
facilitates closure of the urethral lumen21, 22. However, the structures involved in this
mechanism, their control and precise role in the maintenance of continence are poorly
understood.
The purpose of the present study was to undertake a re-evaluation and characterization of
the structural elements, afferent and efferent, in the urethral wall. In addition, attempts
have been made to begin to explore the functional manifestations of these structural
elements.
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Materials and methods

Tissue extraction and preparation
A total of 12 female Sprague Dawley rats weighing 200 to 250gm were used. They were
maintained under standard laboratory conditions with a 12:12-hour light/dark cycle with
free access to food and water. The protocol was approved by the animal ethics committee
of the Faculty of Medicine and Health Sciences, University of Antwerp (EC2014-89).
The rats were anesthetized with pentobarbital (60mg/kg, intraperitoneal). The urethra and
bladder of each rat was dissected out as a single unit. After dissection, the rats were killed
by pentobarbital overdose (3x anaesthetic dose).
Tissue preparation for immunohistochemistry was as previously described 23. Briefly, the
urethra and bladder units were removed and pinned onto a Sylgard dish after which the
urethras were dissected free at the level of the bladder neck. Tissues were immediately
immersion-fixed in 4% paraformaldehyde in PBS for 120 min at 4°C. The urethras were
then washed in PBS and incubated in solutions with progressively higher sucrose solutions
(10, 20 and 30%) to act as a cryo-protectant. Tissues were subsequently ‘snap frozen’ using
isopentane cooled to freezing point with liquid nitrogen. Frozen tissue was then kept at 80°C until needed. Tissue sections (7-8μm) were cut at -25°C and subsequently placed on
polysine-coated slides. Four urethras were cut longitudinally and 8 were cut transversely.
Tissue morphology was examined using a light microscope to confirm that gross structural
features were intact. Of the urethras cut longitudinally, sections were also processed with
H&E staining to define the overall cyto-architecture.
Staining procedures
Slides were removed from the freezer and maintained in a dry environment for 120 min at
room temperature. They were then washed in TBS, TBS-T and TBS wash cycle for 5 min at
each stage. Primary antibodies were diluted with 1x PBS or PBS with triton-X (1%), pH 7.4.
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Combinations of primary antibodies were then put on each slide and incubated overnight
at 4°C in a humidified chamber.
Primary antibodies included against cgrp (1:500; Santa Cruz, Cat No. sc-57053), nNos
(1:500; Santa Cruz, Cat No. sc-648), TH (1:5000; Santa Cruz, Cat No. sc-14007), 5-HT (1:200,
GeneTex, Cat No. GTX31099) and vacht (1:1000; Merck, Cat No. V5387). These antibodies
were chosen since they have been characterized at the molecular level and previously used
in papers24-26.
After overnight incubation, sections were washed in TBS, TBS-T, TBS wash cycles each for
20 mins. Sections were then incubated with appropriate secondary fluorescent antibodies:
mouse, goat and rabbit primary antibodies were visualized using donkey antimouse/goat/rabbit IgG antibody conjugate (Molecular Probes) Alexa Fluor 488 or 594.
Secondary Abs were applied in PBS and used at 1:500 dilutions. The secondary antibodies
were applied sequentially and were applied for 1 h at room temperature in a humidified
chamber, in a dark environment. After each incubation, slides were washed three times in
TBS, TBS-T and TBS. After the final wash, sections were covered with Vectashield hard-set
mounting medium with DAPI (nucleic acid molecular probe stain) and over-laid with a
coverslip (24x60 mm). Varnish was applied to the coverslip to preserve slides.
Image and microscope analysis
Sections were viewed using an Olympus BX61 fluorescence microscope with x10, x20 and
x60 objectives. Images were captured using an Olympus XM10 monochrome camera in
16-bits digital format and further analysed using Image J software (Java-based image
processing program, National Institutes of Health (US)).
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Urethral compliance measurements
Six female Sprague-Dawley rats (200-250g) were anesthetized with urethane (1.5g/kg
intraperitoneally). They were maintained under standard laboratory conditions with a
12:12-hour light/dark cycle with free access to food and water. The protocol was approved
by the animal ethics committee of the Faculty of Medicine and Health Sciences, University
of Antwerp (EC2016-40). After the experiments, the rats were killed by urethane overdose
(3x anaesthetic dose).
Urethral compliance measurements were obtained in these anesthized rats in prone
position using a modified water-perfusion one-hole catheter (2F) system. Saline was
infused into the perfusion catheter (0.3ml/min) while the catheter was pulled back through
the urethra (1cm/min). The pressure profiles were studied with the aperture oriented
towards different surfaces of the urethra (dorsal, ventral, lateral). Control pressure records
were compared to sham-operated and bilateral pudendal transection.
The approach used was adapted from the method described by Xu et al 27 to measure
urethral pressure profiles. However, it is argued here that the method actually measures
the compliance of the wall rather than the intrinsic pressure generated within the wall.
Briefly, urethral wall signal (compliance) is determined using a closed ended catheter
(diameter 0.67mm) in which an aperture (diameter 0.2mm) is made 6mm from the tip.
Saline at room temperature was infused into the perfusion catheter (0.3ml/min), resulting
in a basal catheter pressure, while the catheter was pulled back (1cm/min) from the
bladder neck to the urethral meatus, giving an estimation of urethral wall compliance along
its length in the urethra (see Fig. 5.8 for a further elaboration of the experimental
principle). The catheter aperture was positioned to face the dorsal, ventral and lateral
walls of the urethra. Thus, measurements of urethral compliance were made along the
urethral length and in different axial directions.
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Results

Figures 1 A and B show respectively examples of longitudinal and transverse sections of
the urethra. Similar morphological elements were seen in all urethras examined (n=12).
In longitudinal sections of the proximal urethra and mid urethra (Fig. 5.1A), as described,
an outer circular striated muscle layer (ss) was seen to surround a smooth muscle layer
(sm). The bladder neck and proximal urethra are characterised by a high degree of
epithelial folding (F) (see also below). This prominent feature has not been fully described
before. In the distal urethra, the major structural elements were different (Fig. 5 1A(b)):
there was little or no smooth muscle adjacent to the epithelium and lamina propria but
there was a pronounced vascular plexus (bv). These large vessels were thin walled and had
the appearance of dilated veins or cavernosae. A smooth muscle layer was found to
surround the vascular plexus. These regional differences in smooth muscle distribution,
epithelia folding and vascular plexus are also seen in transverse sections (Fig. 5.1B). Two
additional features can be seen in these transverse sections. In the bladder neck, at the
urethrovesical junction (Fig. 5.1B(a)) a vascular plexus (bv) can be seen outside the smooth
muscle layer. Also, in the mid urethra (Fig. 5.1B(c)) the smooth muscle layer (sm) can be
seen to form a distinct bulge that protrudes into the urethral lumen. This feature can also
be seen in Figures 5.4 and 5.5.
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Figure 5.1: Morphology of different regions of the female rat urethra. Each panel shows sections stained
with H and E. [A] shows longitudinal sections of the urethra illustrating (a) the bladder neck and proximal
urethra and (b) the mid and distal urethra. [B] shows transverse sections taken from different positions along
the urethra; (a), bladder neck (b), proximal urethra (c), mid urethra (d), distal urethra and (e) external urethral
meatus. The dorsal aspect of the urethra are marked (D). Individual features are identified: lumen (lum),
epithelium (epi), smooth muscle (sm), striated muscle sphincter (ss), detrusor (det), epithelial folds (F) and
blood vessels (bv). Scale bars in each panel are 800µm.
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Figure 5.2: Illustration of urethral folding in the bladder neck/proximal urethra and the position of the muscle
sphincters. [A] the upper panel is a montage of images illustrating the bladder neck and proximal urethra
over a distance of 5mm (vertical lines are 500µm apart). It shows immunofluorescent images illustrating
staining for cgrp (green), vacht (red) and the nuclear stain dapi (blue). The lumen (lum), epithelium (epi),
smooth muscle internal sphincter (sm) and striated muscle sphincter (ss) are indicated. The region of high
folding is also shown (F). The lower section is a tracing of the features in the upper panel drawn for clarity,
showing the epithelium (solid line) and the internal sphincter (dotted line). [B] illustrates an analysis of this
section depicting the total length of epithelium within successive 500µm wide regions along the urethra (grey
histograms). The thickness of the smooth muscle layer is also shown for the corresponding 500µm intervals
along the urethra (o). Note that the point of maximum muscle thickness is distal to the point of maximal
urethral folding. Similar data showing such a displacement between the position of maximum folding and
maximum smooth muscle thickness were seen in all urethras studied (n=5).
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The relationship between the region of epithelial folding and the smooth muscle layer of
the bladder neck and proximal urethra is examined in more detail in Figure 5.2. Figure 5.2A
shows the region of epithelial folding, illustrating the presence and distribution of cgrp-IR
and vacht-IR nerves, at the level of the bladder neck and proximal urethra. For clarity,
tracings were made of the epithelial and the muscle layers (lower panel). This region, with
a length of 5mm, was divided into 500µm sub-regions illustrated by the vertical lines. In
each sub-region the total length of epithelium and thickness of the smooth muscle cell
layer were measured (Fig. 5.2B). This example shows what was seen in all urethra, that the
region of thickest smooth muscle is always distal to the region of maximal folding.
A further feature of the smooth muscle in this region was a variation in the distribution of
cgrp-IR putative afferent nerves. This is shown in Figure 5.3. A and B illustrate sections
stained for TH (putative motor) and cgrp (putative sensory) from the bladder neck (A) and
proximal urethra (B).

These regions are identified as 2 and 4 in panel C.

The

immunohistochemical images show clear TH-IR nerves in the bladder neck and proximal
urethra. However, there are fewer cgrp-IR nerves in the muscle of the proximal urethra
compared to the bladder neck. This loss of cgrp-IR nerves was quantified by measuring the
number of cgrp-IR nerves in identified regions along the bladder neck and urethra. Clearly,
there is a progressive loss of afferent nerves in the smooth muscle along the urethra.
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Figure 5.3: Illustration of the putative sensory innervation of the smooth muscle in the bladder neck and
proximal urethra. Smooth muscle is illustrated in the bladder neck [A] and proximal urethra [B]. The sections
are stained for the nerve markers TH (red), cgrp (green) and the nuclear marker dapi (blue). The upper panels
show the combined images while the middle and lower show the composite TH and cgrp images. The
epithelium (epi), lamina propria (lp), smooth muscle (sm) and striated muscle sphincter (ss) are indicated.
Regions of the smooth muscle are identified (dotted lines) for nerve profile analysis. Note the near absence
of cgrp-IR fibres in the smooth muscle of the proximal urethra. Calibration bars in [A] and [B] are 150µm. [C]
shows a more detailed analysis of the distribution of cgrp-IR fibres. The upper panel identifies 5 arbitrary
regions (1-5) in the bladder base (BB), bladder neck (BN) and proximal urethra (PU). Section [A] corresponds
with arbitrary region 2 and section [B] corresponds with arbitrary region 4. In each of the arbitrary regions
(1-5) the extent of cgrp innervation was determined in representative area by determining fibre length per
area. Values are mean ± standard deviation (SD) (n=5) for representative areas. Note the clear reduction in
cgrp innervation in the smooth muscle of the proximal urethra.
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Figure 5.4A illustrates images of transverse sections of the bladder base, proximal urethra
and the mid urethra, which gradually decreased in size (Fig. 5.4B). A large oval lumen could
be identified at the level of the bladder base while in the proximal urethra the lumen has
extensive epithelial folding. In the mid urethra the lumen is crescent-shaped due to the
presence of the smooth muscle protrusion (see also Fig. 5.1B(c)). This bulk of smooth
muscle was located on the dorsal side in all urethras. The characteristics of this muscle
protrusion are explored in Figure 5.5 in sections stained with antibodies to TH, vacht and
cgrp. A dense innervation of TH-IR and vacht-IR fibres suggests a complex dual motor
innervation. The presence of a distinct but sparse cgrp-IR suggests the presence of some
sensory outflow. Panel A shows transverse sections while B longitudinal sections. In A the
nerves appear as short ‘dot like’ structures while in B the structures appear as distinct
fibres. This implies that the fibres run predominantly in a longitudinal orientation.
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Figure 5.4: Cross sections of the bladder base, proximal and mid urethra. [A] illustrates 3 transverse sections
stained for the neuronal markers 5HT (green), vacht (red) and the nuclear marker dapi (blue). The left panel
shows the large lumen diameter of the bladder base. The middle panel shows the high degree of epithelial
folding in the proximal urethra. The right panel illustrates a thickening of the smooth muscle in the mid
urethra. Note that, in this region, this is on the dorsal side (D) of the urethra and protrudes into the lumen,
coming into close proximity with the ventral surface. Calibration bars in [A], [B] and [C] are 200µm. [B]
illustrates an analysis of the lumen dimensions at different locations along the urethra. In order to take into
account the folding of the urethral wall, measurements were made of the lumen cross-sectional area. Data
are mean values ± SD (n=7).
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Figure 5.5: Illustration of the innervation of the luminal protrusion on the dorsal side of the mid urethra. [A]
shows low power transverse sections of the thickening in the mid urethra stained (from left to right) for TH
(red) and cgrp (green); vacht (red) and cgrp (green); nNos (red) and cgrp (green). All sections are also stained
for dapi (blue). The middle panels shows higher resolution images of [A] (boxes) illustrating distinct TH, vacht
and nNos-IR nerve fibres as well as cgrp-IR fibres. Note the orientation of the fibres that appears as ‘dots’ or
short structures. [B] shows images from a different urethra illustrating the innervation in the same midurethral region with the same stainings. In this preparation the tissue was cut longitudinally. Note that here
the fibres appear long suggesting that they run predominantly parallel to the long axis of the tissue.
Calibration bars: [A], 200µm; middle panels, 20µm; [B], 20µm.
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The most dramatic morphological differences between the proximal and distal urethra is
the presence of a distinct vascular plexus lying immediately below the epithelium in the
distal urethra (Fig. 5.6). The walls of the vascular plexus have a dense innervation primarily
of vacht-IR fibres.

Figure 5.7 illustrates, in more detail, the complex and multiple

innervation of the large vessels in the distal urethra. The presence of vacht-IR and nNosIR fibres, and the presence of cgrp-IR fibres respectively suggest a dual efferent and
afferent innervation of these vessels.
In an attempt to determine whether this complex pattern of structural elements could be
correlated with any functional characteristics, measurements of urethral wall compliance
were made along its length (see Xu et al27 and legend Fig. 5.8). Typical pressure profiles
with the aperture directed at the dorsal, ventral, left and right lateral wall are illustrated in
Figure 5.8E(b). The 0mm position is taken to be the first point of increased resistance,
assumed to be the urethrovesical junction (UVJ). Based on the structural analysis above, a
cartoon illustrating the different structural aspects is also shown (Fig. 5.8E(a): see also Fig.
5.9). At least two broad regional differences could be detected in the compliance profiles:
one 2-5mm from the UVJ and a second 7-10mm from the UVJ. These two functional
regions appear to correlate with the region of the proximal urethra with smooth muscle
and, in the distal urethra, a region of high vascularity. Both regions appear to contribute
to the overall occlusion of the urethra.
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Figure 5.6: The distribution of large blood vessels in the proximal and distal urethra. [A] and [B] show
respectively transverse H and E sections of the proximal urethra and distal urethra. In each panel examples of
vessels are indicated (*). Note that in the proximal urethra the vessels are located primarily between the
major muscle mass (M) and the fascia of the dorsal margin (D). In the distal urethra, a region of dense vessels
is seen close to the lumen (lum). [C] and [D] show sections of the proximal and distal urethra respectively
stained for the nerve markers cgrp (green) and vacht (red). Sections are also stained for the nuclear marker
dapi (blue). Note, in the proximal urethra, the presence of cgrp-IR fibres close to the epithelium (epi) but not
in the smooth muscle layer (sm). In the distal urethra, vacht-IR fibres are seen in close proximity to the vessels.
Calibration bars: [A]/[B] 800µm and [C]/[D] 200µm. lp = lamina propria.
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Figure 5.7: High resolution images illustrating the innervation of the blood vessels in the distal urethra. [A]
shows a section stained for the nerve markers vacht (red) and cgrp (green). All sections are also stained for
the nuclear marker dapi (blue). The left panel shows a low power image while the right panels show the
identified regions (boxes) at higher magnification. Vessel lumens are indicated (*). Arrows point to distinct
vacht-IR and cgrp-IR fibres in the wall of the vessels. [B] shows sections stained for nNos (red), cgrp (green)
and dapi (blue). Vessel lumen are indicated (*) and arrows point to distinct nNos-IR nerves. The panels on
the right show the identified regions (boxes) of the image on the left at higher magnification. nNos-IR nerves
are clearly seen in the vessel wall. Calibration bars in [A] and [B] large panels are 15µm and side panels are
6µm.
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Figure 5.8: Estimation of urethral wall compliance along its length and on different axes [A] illustrates the
aperture of the closed ended catheter (catheter diameter 0.67mm, aperture diameter 0.2mm). Saline is
forced through the opening at a rate of 0.3ml/min (direction of flow (f) illustrated by arrows) resulting in a
basal catheter pressure (p). When the catheter opening is brought close to the urethral wall the resistance to
flow (r) increases and the pressure rises. If the urethral wall over the aperture is passive and elastic (high
compliance (c)) then the wall will contribute only a small amount to the resistance and the catheter pressure
will remain close to basal pressure. However, if the wall is stiff (low compliance), the fluid flow will not
displace the wall and the resistance to flow will be greater. As a result, the pressure in the catheter will rise.
The catheter pressure is therefore, in part, related to the compliance of the underlying urethral wall. [B]
illustrates a simple representation of the elements of the system. [C] illustrates the catheter with the aperture
in the bladder lumen (a) and as it is pulled through the urethra (b). The dotted lines are assumed to represent
the urethrovesical junction (UVJ) and the external urethral meatus (EUM). [D] illustrates the position of the
aperture in relation to the urethral wall. The aperture can be rotated to estimate the wall compliance in the
dorsal and ventral aspects and also in the lateral walls. [E] (b) illustrates 4 sample records of catheter pressure
from one animal (supine position) as the catheter is pulled from the bladder through the urethra (10mm/min).
The different traces were made with the aperture pointing to the dorsal, ventral, left lateral and right lateral
wall. A reference point to identify the position of the aperture was determined by the position of first pressure
inflection during a withdrawal (0mm). Negative values represent positions where the aperture is in the
bladder and positive values at different positions along the urethra. The cartoon summarizing the
morphological features along the urethra is also shown (a) in an attempt to relate structures to the
pressure/compliance changes (see legend Fig. 5.9 for details).
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Discussion

Despite the extensive use of rats in studies of the lower urinary tract there are only a
limited number of studies that have described in detail the morphology and anatomy of
the female rat urethra14, 28-30. Most studies focused on the anatomy and location of the
smooth muscle, describing circular and longitudinal smooth layers, and the external
striated muscle sphincter surrounding the proximal and mid urethra. The coordinated
control of these two independent systems has formed the basis of our understanding of
the mechanisms controlling the urethra and producing continence15, 31. The present study
has further explored the structural and functional specializations of the female rat urethra.
The observations suggest the presence of additional mechanisms that have previously not
been fully explored. Given this additional complexity it is now essential to consider the
relative importance and contribution of each mechanism to urethral function, lower
urinary tract reflexes and the maintenance of continence.
The images presented here show clearly that the bladder neck and the proximal urethra is
highly folded. It is likely that these folds occur in the empty bladder. These results imply
that, as the bladder fills, the folds may open out to accommodate the increased bladder
volume, while the rest of the urethra is still sealed. At which bladder volume this occurs is
not known. The observation that the majority of the internal smooth muscle sphincter lies
distal to the folded area suggests that this specialization facilitates the unfolding while
maintaining urethral closure. Continence is maintained by the activity in both the internal
smooth muscle sphincter and the external sphincter, together with additional factors such
as the vascular tissue, elastic tissue and connective tissue 17,

19.

Moreover, as noted

previously by Gabella et al32 and also in this study, the sub-urothelial layer in this region
has a dense innervation of cgrp-IR nerves, which are presumed to be afferent. So, as the
bladder fills and pressure rises it is likely that the folds open out (while the urethra is
closed), therefore activating the underlying afferent fibres. These afferent fibres could
send specific information on the later phases of filling to the central nervous system (CNS).
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It is clear that the majority of the afferent outflow from this region originates from the
suburothelial region. It is noteworthy that the cgrp-IR innervation (putative sensory) of the
smooth muscle is sparse. This might be interpreted to suggest that for the smooth muscle
in this region, there is only a limited afferent outflow and a weaker role for the afferents in
the overall coordinated control of the region. The transition from an empty bladder to a
full bladder with epithelial unfolding in the presence of proximal urethral contraction is
illustrated in Figure 5.9A and 5.9B(I).
A distinctive and consistent feature of the urethra in this study was the presence of a
distinct bulge of smooth muscle located at the dorsal urethral wall of the mid urethra. The
consistence of observation and that a similar structure is not seen in other regions of the
urethra suggest that this bulge of smooth muscle has a functional specialization. The
protrusion contains predominantly smooth muscle and its presence suggests that it might
occlude the lumen restricting urine flow and possibly contribute to continence. The nerves
and fibres in this region appear to run longitudinally suggesting that contraction would
generate the bulge while relaxation would facilitate luminal opening.

A region of

longitudinal smooth muscle has been described previously towards the dorsal surface in
the mid urethra28. It is possible that the bulge described here is an illustration of the same
structure. Further, Ulmsten et al33 described a highly specific adrenergic innervated region
of smooth muscle located in the mid urethra of the guinea-pig which correlated with the
maximum intraurethral pressure recorded. It is likely that this identified bulge region in
the rat is similar to the described adrenergic region in the guinea-pig and therefore has a
dominant function in urethral continence. Moreover, in this region distinct TH-IR, vacht-IR
and cgrp-IR nerves are found. The precise roles of the fibres with these different
immunochemical characteristics are not known. One possibility is that there are at least
two efferent control systems, an adrenergic and a cholinergic system as has been described
for the proximal urethra15. The presence of cgrp-IR fibres suggests that this region also has
a sensory function. Overall, this mid-urethral mechanism may represent a separate and
distinct mechanism contributing to the coordinated control of the urethra. The operation
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of this region in contributing to luminal opening and closure is also illustrated in Figure
5.9B(II).

Figure 5.9: Cartoons summarizing the major structural elements observed in the female rat urethra. [A]
shows the major elements: detrusor (det), folded epithelium of the proximal urethra (f), striated muscle
sphincter (ss), smooth muscle (sm), mid urethral smooth muscle thickening (t) and distal urethral blood vessels
(bv). The bladder neck (BN), the urethra, ventral (V) and distal (D) positions are shown. Panel A also illustrates
a possible arrangement where all of the different elements are in place to produce a closed urethra, i.e. as
during the filling or storage phase. [B] illustrates how each of the component systems might change to lead
to an opening of the urethral lumen: (I) opening of the bladder neck and unfolding of the proximal epithelial
folds, (II)/(III) opening urethral lumen by relaxation of urethral smooth and striated muscle, and (IIII) opening
distal urethral lumen by overcoming of vesical resistance.
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The structures within the distal urethra are very different. Of particular note is the
presence of a distinct vascular plexus lying immediately below the epithelium and lamina
propria. These vessels are thin walled and are thus likely to represent a venous plexus.
The structure also has the appearance of cavernosal tissue. Critically, in this region, there
is no smooth muscle layer adjacent to the lamina propria although a thin layer is found in
the outer margins. Also, here, the striated muscle sphincter is less prominent. Thus,
closure of the urethral lumen must be derived from an occlusion related to filling of the
venous vascular component rather that from the smooth or striated muscle layers. Dilation
of the vascular plexus, an engorgement of the wall with blood, would occlude the lumen
while a vasoconstriction, draining the venous plexus, would facilitate luminal opening (see
Fig. 5.9B(III and IIII). Several studies have speculated about the participation of a vascular
component in the resting urethral closure mechanism17-20. In these studies the blood
supply to the whole urethra was occluded, making it difficult to determine the contribution
of any proximal and distal vascular plexus in the resting urethral closure pressure.
However, it was suggested that the vascular component of the urethra exceeds the
requirements of urethral blood supply and may contribute to one third of the resting tone
in the urethra19. Further, it is well know that postmenopausal women are less capable of
continence. The lack of estrogen affects the urinary tract and changes the lining of the
urethra by diminishing the vascular component34. In an experimental study by Zinner et
al35, it was concluded that the ability of the urethral wall to deform, mold and conform was
correlated with higher leak point pressures (LPP). The vascular plexus may play a major
role in this urethral wall “softness”, thus play a major role in the urethral seal. These data
demonstrate a role for blood vessels in determining urethral compliance, possibly along its
entire length. In contrast, the data from the rat demonstrate a highly specialized region of
vascular cavernosae that contribute to the wall compliance in the distal part of the urethra.
Also, these vessels are highly innervated. The detection of vacht-IR, nNos-IR and cgrp-IR
nerves in the wall of the vascular structures suggests complex regulation of vessel tone
involving cholinergic and nitrergic mechanisms. The presence of cgrp-IR, possible afferent
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fibres, also raises the possibility that the information relating to the degree or presence of
the vasodilatation can be transmitted to the CNS as part of the integrated reflex control of
urethral closure. In the present study, in contrast to others, these vessels are particularly
prominent. This may be related to the use of barbiturates as an anaesthesia in this study
as it is well recognized that barbiturates produce a profound peripheral vasodilatation.
Although a direct role for a urethral vascular plexus in urethral occlusion or during
micturition has not yet been demonstrated, it has been shown that urinary flow through
the urethra was associated with a mild relaxation of the corporal sinusoids and a mild
cavernosus muscle contraction in men. This suggests an ‘urethro-corporocavernosal”
reflex36. This reflex was also seen in both men and women after intra-urethral stimulation
of the distal urethra37. The relation of the corporal sinusoids and contraction of the
cavernosus muscle would imply a stretching of the urethra for better passage of urine,
making the role of the vascular plexus in continence inferior during micturition after
relaxation of the urethral smooth and striated muscle.
One important point to consider is the complex distribution of putative sensory fibres
(cgrp-IR) throughout the urethra. Fibres are found in the subepithelial proximal urethra,
in the smooth muscle sphincter and the vessel walls of the cavernosal structures. It is
unlikely that all these fibres sense the same modality. Consequently, studies involving
single unit afferent recording need to take into account this micro-anatomical complexity.
The present study has identified structural specialisations in different regions of the female
rat urethra. What is now critical is to identify and characterize what the functional
contribution of each of these elements could be to overall urethral function. In an attempt
to begin such a characterization, an approach, previously described in the literature, was
used to assess the urethral pressure profile in female rats27. In this original study, a
progressive increase in urethral pressure could be identified within the proximal urethra
with a peak pressure occurring within the mid urethral segment. The observations
described in this paper are in keeping with this observation (see Fig. 5.8E) where there is a
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region of low compliance in the proximal and mid urethra, in the region of maximum
internal smooth muscle sphincter thickness and external sphincter thickness.
Measurements of compliance also show an additional resistance element in the distal
urethra. This region coincides with the region of the vascular plexus. Thus, the vascular
component can function as a urethral closure mechanism and so be involved in maintaining
continence. Orientation of the catheter aperture in different directions reveals differences
in wall compliance in the distal urethra. The reason for this is not known but may be related
to variations in the extent of the vascular network or variations in the supportive
connective tissues components.
Next to urethral compliance, it is relevant to note that urethral competence can also be
evaluated by the use of an urodynamic parameter, the LPP. Defined as the bladder
pressure at which urine leaks from the urethra in the absence of a detrusor contraction.
The LPP has been demonstrated and defined in a variety of rat experiments 38, 39. The
contribution of different neurological factors and other contributors to continence with
the use of LPP measurements has recently been described in female rats38. Similarly, the
present data suggest that several components underline the urethral continence
mechanism, which is complex and multifactorial. All these structural components will
contribute to the LPP in the female rat.
The structural complexities of the female rat urethra are summarized in Figure 5.9. In
addition, the opening of the bladder neck, to open the folds, and the opening of the closure
elements along the urethral length are illustrated: internal smooth muscle sphincter,
external striated sphincter, mid urethral smooth muscle thickening and the plexus of distal
urethral blood vessels. It seems more than likely that the opening of the folds of the
bladder neck and proximal urethra occurs as the bladder fills, reaching a maximum at high
bladder volumes. In humans, the bladder neck is seen to dilate immediately prior to
voiding40. Strong sensations of a desire to void are associated with this opening of the
bladder neck41. The same may be true in the rat. Opening of the folds and activation of
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the afferent fibres may be associated with the arousal behaviors observed in the conscious
rat during standard filling cystometry42.
The sequence of events involving either the opening or closing of the urethral elements
during the filling or voiding cycle are not known. There may be one sequence during the
early stages of a void and a different one to stop or slow urine flow at the end. Also,
different elements may play different roles during filling when the stress on the urethra to
remain closed changes as bladder pressure increases. Thus, reflex activation of the
different control elements may involve a coordinated single reflex or involve multiple and
independent reflex mechanisms in the urethra.
The extrapolation of these observations and concepts of regulation to human deserves
caution.

Although some of the elements are the same their precise anatomical

arrangement and functional consequences cannot be assumed. However, a realization
that the urethra has such complexities raises questions about the origins of urethral
pathologies in the human, SUI, urethral instability and urethra weakness. Since there is
possibly different discrete systems operating, this raises the possibilities for specific
pharmacological interventions to modulate particular urethral continence related
mechanisms.
What is clear is that the urethra is not a simple structure with a simple single function. The
complexities identified and discussed clearly demonstrate the need for more detailed
studies of integrated urethral function.
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Innervation of the female rat urethra

Abstract

The aim of this study was to characterise the number, type and distribution of
immunochemically identified nerves in epithelium and lamina propria of the female rat
urethra.

Urethras from female Sprague-Dawley rats (n=12) were fixed, frozen and

sectioned (8μm).

Standard immunohistochemical techniques were used to identify

putative nerves using the following antibodies: cgrp, nNos, TH and vacht. The number,
distribution and characteristics of all IR structures adjacent to the urethral epithelium and
in the lamina propria was assessed. In the bladder few cgrp-IR and vacht-IR fibres were
associated with the urothelium or suburothelium of the lateral wall. In contrast, large
numbers of vacht-IR, nNos-IR and cgrp-IR fibres were found close to the epithelium and
subepithelium of the bladder neck and throughout the urethra. The number of cgrp-IR
fibres was significantly higher in the urethra in comparison with the bladder neck. A
population of undescribed cgrp-IR cells associated with the bladder neck and proximal
urethra has been characterized. Each of these cells appears to be associated with a nerve
fibre. In the distal urethra, the number of peptidergic fibres penetrating the epithelium
was significantly higher than the rest of the urethra. Clearly, the present study has revealed
a highly complex and heterogeneous network of putative afferent nerves fibres along the
length of the urethra. These structural specialisations need to be taken into account when
probing the different functions of the urethra.

100

Chapter 6

6.2.

Innervation of the female rat urethra

Introduction

The sensory outflow from the LUT plays a central role contributing to the sensations that
result in the desire to void and to the reflexes that coordinate the bladder and urethra to
affect continence and a functional void. In comparison to the bladder, limited studies have
investigated the sensation and afferent nerve function of the urethra. However, it is clear
that urethral afferents play a central role in the control mechanisms of the LUT. Urethral
afferents are thought to facilitate efficient bladder emptying (augmenting reflex) but are
also important to maintain continence (guarding reflex). These reflexes have been
demonstrated in several animal models and in men1-8.
Several studies have elaborated on the functional characteristics of urethral afferents in
the female rat. Stimuli such as urethral distension or flow have identified responsive
urethral afferent fibres located in the pelvic or pudendal nerve 9-12. Further, functional
studies have described the urethral or pudendal afferent response to urine flow in the rat 13,
14.

One must bear in mind that there are possibly different types of urethral afferents not

revealed by functional studies. In the bladder, the problem is clearly more complex since
it has been demonstrated that nerves with different morphological and immunochemical
profiles are present15, 16. Similar to the bladder, the urethral outflow may also be complex
and attempts need to be made to explore this complexity with the use of structural studies.
Further studies have identified sensory and autonomic nerves in the bladder. Bladder
afferents, identified primarily by neuropeptide immunoreactivity for cgrp or SP, are readily
found in the muscle layers of the lateral wall in the rat and guinea pig but are absent in the
lamina propria and urothelium. In contrast, the lamina propria and urothelium of the
bladder base are densely innervated16, 17. In the mouse and guinea pig, nerves staining
specifically for cgrp and SP (peptidergic nerves), vacht (cholinergic nerves) and nNos
(nitrergic nerves) have been reported in the lamina propria and adjacent to the
urothelium18,

19.

In the human, bladder sensory nerves are seen in the detrusor,
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suburothelially and adjacent to the urothelium throughout the bladder: dome, lateral wall
and base20.
In contrast, in the female urethra, most studies focus on the autonomic and overall
innervation of the urethral smooth muscle and striated muscle21-24. The overall innervation
of the epithelium and subepithelium of the proximal urethra has been addressed in the rat
by Grol et al19. The distribution of peptidergic nerve fibres throughout the urethra has
been described in whole mount urethral preparations of the dog 25, 26 and recently in
urethral sections in the mouse27.
Since the majority of the electrophysiological studies are been done in the female rat, a
detailed study of the autonomic and sensory nerve distribution in the epithelium and
lamina propria of the female urethra is therefore needed. The precise micro-anatomical
location and subtype classification of these nerves, e.g. as cholinergic, adrenergic, nitrergic
or peptidergic, remains to be established. The current report examines and characterises
the sensory and autonomic nerve distribution in the epithelium and lamina propria of the
female rat urethra. During data collection, it became apparent that different populations
of cgrp-IR positive structures were present in the rat urethra. Therefore, first attempts
were made to describe their distribution and characteristics.
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Materials and methods

Tissue extraction and preparation
Twelve female Sprague Dawley rats weighing 200 to 250g were used in this study. Animals
were kept under standard laboratory conditions with a 12:12-hour light/dark cycle with
access to food and water. The protocol was approved by the animal ethics committee of
the Faculty of Medicine and Health Sciences, University of Antwerp (EC2014-89).
The rats were anaesthetised with pentobarbital (60mg/kg, intraperitoneal). The urethra
and bladder of each rat were dissected out as a single unit. After dissection, the rats were
killed by pentobarbital overdose (3x anaesthetic dose).
Tissue preparation for immunohistochemistry was as previously described 28. Briefly, the
urethra and bladder units were removed and pinned onto a Sylgard dish after which the
urethras were dissected free at the level of the bladder neck. Tissues were immediately
immersion-fixed in 4% paraformaldehyde in PBS for 120 min at 4°C. The urethras were
then washed in PBS and incubated in solutions with progressively higher sucrose solutions
(10, 20 and 30%) to act as cryo-preservant. Tissues were subsequently ‘snap frozen’ using
isopentane cooled to freezing point with liquid nitrogen. Tissue was stored at -80°C until
needed. Tissue sections (8μm) were cut at -25°C and subsequently placed on poly-lysinecoated slides. Four urethras were cut longitudinally and 8 were cut transversely. Tissue
morphology was examined using a light microscope to confirm that gross structural
features were intact.
Staining procedures
Slides were removed from the freezer and maintained in a dry environment for 120 min
before use. They were washed in TBS, TBS-T and TBS for 5 min in each solution. Primary
antibodies were diluted with 1x PBS or PBS with triton-X (1%), pH 7.4. Combinations of
primary antibodies were then put on each slide and incubated overnight at 4°C.
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Primary antibodies included against cgrp (1:500; Santa Cruz, Cat No. sc-57053), nNos
(1:500; Santa Cruz, Cat No. sc-648), TH (1:5000; Santa Cruz, Cat No. sc-14007) and vacht
(1:1000; Merck, Cat No. V5387).
After overnight incubation, sections were washed in TBS, TBS-T, TBS wash cycles each for
20 min. Sections were then incubated with appropriate secondary fluorescent antibodies:
mouse, goat and rabbit primary antibodies were visualized using donkey antimouse/goat/rabbit IgG antibody conjugate (Molecular Probes) Alex Fluor 488 or 594.
Secondary Abs were applied in PBS and used at 1:500 dilutions. The secondary antibodies
were applied sequentially and were applied for 1 h at room temperature in a humidified
chamber, in a dark environment. After each incubation, slides were washed three times in
TBS, TBS-T and TBS. After the final wash, sections were covered with Vectashield hard-set
mounting medium with DAPI (nucleic acid molecular probe stain) and over-laid with a
cover-glass (24x60mm). Varnish was applied to the cover-glass to preserve slides.
Image and microscope analysis
Tissue sections were examined using an Olympus BX61 deconvoluting confocal
fluorescence microscope with x10, x20 and x60 objectives. Individual images were
captured using an Olympus XM10 monochrome camera in 16-bits digital format and
analysed using Image J software (Java-based image processing program, National Institutes
of Health (US)). For high magnification images, image stacks were made using the
motorised stage in the z axis. Typically 20-30 images were captured at 0.3 - 0.7µm
intervals.

Image stacks were then processed in AutoQuant (Olympus) to produce

deconvoluted confocal images. In the figures illustrated in the text confocal projections of
the image stack are used.
Determination of nerve density
The density of specific nerve subtypes in the suburothelial space, as determined by their
immunofluorescent reactivity, was determined as follows. Images, captured using a x20
objective, from each identified region of the urethra were exported into Image J. Sample
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regions were identified in each image that included the epithelium and subepithelium.
Each region for measurement of nerve density was taken to be bounded immediately by
the basal margin of the epithelium and to extend approximately 100µm below the
epithelium: visually the region of highest nerve density. The length of the epithelium in
each identified area was measured to facilitate normalisation of data (see below). In each
tissue section approximately 5-10 regions were identified and analysed. Data from 3
urethra were combined in the current analysis. The degree of innervation was determined
by measuring the length of every identifiable axonal structure in each area and calculating
the sum of all these axonal structures. Nerves were readily differentiated from other
cellular structures (ribbon cells) described in this paper by their fine axonal elements and
varicosities (see diameter analysis below). In order to compare the degree of innervation
of different regions, the sum of all nerve lengths was normalised to a unit length of
epithelium (arbitrarily set as 1000µm). Nerve density is therefore expressed as the total
axonal length per 1000µm of epithelium in 8µm sections (µm / 1000µm). Although this is
an arbitrary number it does enable comparisons of the number of nerves in different
regions.
In addition, measurements were made of the number of axons that were seen to penetrate
the epithelium. This was done by simply counting the number of penetrating profiles per
1000µm of epithelium to give a basic nerve density.
Measurements of the diameter of identified structures
Subepithelial structures were identified by their immunohistochemical profile in images
captured using a x60 objective. Images were then imported into Image J. For each
immunohistochemically identified structure (vacht, cgrp or nNos) serial measurements of
the diameter of each structure were made: measurements being taken approximately
every 3-5µm along the length of each structure. Such measurements were made on 5 - 20
identified structures in each section. Typically 3-4 sections of each region were analysed
for each urethra. A similar analysis was done on the nerve fibres found within the muscle
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bundles. Data from 3 different urethra were pooled. These measurements were then used
to generate the diameter frequency histograms illustrated in the different figures.
Statistical analysis
Data are expressed as mean ± standard deviation (SD) and were analysed using SPSS®
Statistics, version 24. Before statistical analyses a Kolmogorov-Smirnov test (data not
shown) was performed to check normality. The data were analysed using one way ANOVA
with Fisher’s Least Significant Difference (LSD) post hoc correction. A P value ≤0.05 is
considered significant.
Terminology
An overview of the terms used to describe the anatomical regions of the bladder and
urethra can be found in Figure 6.1.29

Figure 6.1: Overview of the terms used to describe the anatomical regions of the bladder and urethra. [A]
shows a simple diagram with the overall structure of the bladder and urethra and its anatomical regions. [B]
shows a more complex cartoon of the bladder neck and the urethra with its regional structural and functional
specialisations. Abbreviations used: det (detrusor), ss (striated muscle sphincter), sm (smooth muscle), t
(smooth muscle thickening), bv (blood vessels), V (ventral), D (dorsal). Modified from Eggermont et al 29
(Eggermont et al, in press, Anatomical Record).
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Results

An extensive network of vacht-IR and cgrp-IR nerve fibres was present beneath the
epithelium in the bladder base, bladder neck and throughout the urethra. This was in
contrast with the lateral wall of the bladder, where few cgrp-IR and vacht-IR fibres were
found in the subepithelium (Fig. 6.2). Few fibres penetrated the epithelium in the bladder
base and proximal urethra, whereas more fibres are seen to penetrate the epithelium in
the mid and distal urethra. The highly innervated subepithelium is clearly visible in the
folded proximal urethra (Fig. 6.3A/B). In this region the density of cgrp-IR and vacht-IR
structures in the subepithelial layer is high. Examples of the density of vacht-IR and cgrpIR structures are illustrated in Figure 6.3 panels C-D. Distinct vacht-IR and cgrp-IR
structures can be seen with no colocalisation. The poor innervation of cgrp-IR and vachtIR fibres in the lateral wall of the bladder can also be seen in the accumulated data,
representing fibre density (Fig. 6.2 G). The number of cgrp-IR nerve fibres was significantly
higher in the urethra in comparison with the bladder neck (One-way ANOVA with LSD post
hoc correction, P<0.001). Further, the number of cgrp-IR nerve fibres in the lateral wall of
the bladder was significantly smaller in comparison with all other areas measured in the
bladder and urethra (One-way ANOVA with LSD post hoc correction, P<0.001). Vacht-IR
nerve fibres were also present in all areas, although no significant difference could be
found.
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Figure 6.2: Overview of the distribution of cgrp-IR and vacht-IR structures associated with the epithelium and
subepithelium in [A], the lateral wall of the bladder (LW); [B], bladder neck (BN); [C], bladder base (BB); [D],
proximal urethra (PU); [E], mid urethra (MU); [F], distal urethra (DU). In each panel cgrp-IR putative nerves
are indicated by simple arrows. The structures identified with the arrow and (+) have a diameter greater than
single nerve fibres. [G] shows mean data (mean ± standard deviation, n=3 urethra) estimating the number
(density) of the cgrp-IR and vacht-IR structures in the subepithelium in each region. In representative 8µm
thick sections the density of the immunoreactive structures was measured as the total length of cgrp-IR and
vacht-IR structures per 1000µm length of epithelium. Asterisks indicate statistically significant differences in
comparison with the bladder lateral wall, while pound signs indicate statistically significant differences in
comparison with the bladder neck (One-way ANOVA with LSD post hoc correction, p<0.05). Calibration bars
in each panel are 50µm.
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Figure 6.3: Illustration of the complex folded region of the proximal urethra and the region of increasing nerve
density. [A] shows an overview image of a montage of sections stained for vacht (red), cgrp (green) and the
nuclear stain dapi (blue). The lumen (lum) and the highly folded epithelium (F) are readily identified. The
striated muscle sphincter (ss), smooth muscle (sm), lamina propria (lp) and epithelium (epi) are indicated.
Note the dense staining for vacht-IR (red) in the smooth muscle of the proximal urethra. Also, notice the low
number of cgrp-IR structures in the bladder neck (BN) compared to the folded epithelium (F). [B] shows the
same region, the highly folded proximal urethra, in a different urethra. Vacht-IR (red) and cgrp-IR (green)
fibres are readily seen. The panels [C] and [D] show regions of [B] at higher magnification, showing the
combined colour image and the individual constituent images. Separate vacht-IR (red) and cgrp-IR (green)
fibres are apparent. Calibration bars: [A], 130µm; [B], 80µm; [C], 40µm and [D], 30µm.
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The cgrp-IR and vacht-IR nerve fibres can be seen in more detail in Figure 6.4A and B, which
show examples of cgrp-IR and vacht-IR fibres in the proximal urethra adjacent to the
epithelial layer at a higher magnification. The vacht-IR and cgrp-IR fibres can be seen to be
in close contact and to wrap around each other. There is clearly no colocalisation
suggesting functionally different types of fibres. Both fibre types have varicosities at
intervals along their axons.
Several nNos-IR fibres were also present in the subepithelium of the urethra. Figure 6.5
shows an example of a section of the proximal urethra stained to show cgrp-IR and nNosIR. The cgrp-IR and nNos-IR structures are distinct showing no colocalisation. Similar to
the cgrp-IR and vacht-IR fibres, occasionally a nNos-IR fibre was seen to penetrate the
epithelium. Further, no TH-IR nerves were observed related to the urethral epithelium and
subepithelium, although HT-IR nerves were present in the urethral smooth muscle.
During data collection, it became apparent that different populations of cgrp-IR positive
structures were present in a specific region of the rat urethra. We observed these thicker
cgrp-IR structures in the subepithelium of the bladder neck and proximal urethra. Figure
6.5A illustrates structures that are cgrp-IR but which are unlikely to be nerve fibres because
they appear to be thicker than normal nerve fibres. Figure 6.5A panel b shows one of these
thicker cgrp-IR structures at higher magnification. It seems to have a diameter between 2
and 6µm and appears to have a nucleus. Both structures in this section are also closely
associated with a nNos-IR nerve fibre.
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Figure 6.4: Illustration of nerve like structures in the folded region of the proximal urethra. [A] and [B] show
overview images from two separate urethras showing the vacht-IR (red) and cgrp-IR (green) structures. The
lumen (lum), epithelium (epi) and lamina propria (lp) are identified. Distinct vacht-IR (*) and cgrp-IR (#)
structures are easily identified. Note that there is no colocalisation indicating distinct structures. The panels
(a) and (b) show regions of [A] and [B] at higher magnification, clearly showing distinct structures that
intertwine around each other. Calibration bars: [A]/[B], 15µm, lower panels (a/b) 6µm.
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Figure 6.5: Illustration of nNos-IR (red) and cgrp-IR (green) structures in the folded region of the proximal
urethra. [A] shows a low power image of a region where a distinct network of cgrp-IR and nNos-IR fine
structures is seen (# and *). The panels (a) and (b) show regions of [A] at higher magnification. Indicated by
an arrow and (+), cgrp-IR structures of greater diameter can be seen. One of these structures can be seen to
have a nucleus (dapi, blue positive) and is in close proximity to a nNos-IR fine structure (putative nerve).
Calibration bars: [A], 15µm, lower panels (a/b) 8µm.
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These thicker cgrp-IR structures were studied in more detail. Analysis of the diameter of
the cgrp-IR, vacht-IR and nNos-IR structures, located in the proximal urethra, is shown in
Figure 6.6A-C respectively. In each (a) shows an analysis of all structures, while (b) shows
an analysis of demonstrable nerve fibres showing measurements of the diameters of the
axons and varicosities. Note that in A, the cgrp-IR analysis, there are large diameter
structures that are greater than 1.5µm with a maximum of 7µm.

Figure 6.6: Analysis of the diameters of [A], cgrp-IR; [B], vacht-IR and [C], nNos-IR structures in the folded
region of the proximal urethra. The data are presented as diameter frequency histograms (bin width 0.2µm).
In each, the left hand panels (a) are an analysis of all structures without any attempt to differentiate what it
is. Note the larger cgrp-IR structures in [A]. The right hand panels (b) are an analysis of structures deemed
to be putative nerves. In each, putative nerve regions of fine axons and regions with distinct varicosities were
identifiable. These were measured separately and presented in each histogram by a different colour. Note
that in the cgrp-IR analysis ([A] panel b) few identified varicosities were larger than 2.5µm
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Further examples of these larger cgrp-IR structures can be seen in Figure 6.7 and Figure
6.8(A-B). The large cgrp-IR structures were first identified by the presence of a nucleus
indicating that they were distinct cells and as such were unlikely to be peripheral axons.
Invariably, the cells extended on each side of the nuclear region with long processes, of
lesser diameter than in the nuclear region, that were often in excess of 80 µm in length.
The immunoreactivity of cgrp appeared as discrete vesicular structures throughout the
entire length of the cells. These vesicular structures appear to occur randomly and appear
as surface staining in the region of the nucleus (Fig. 6.8B). Some cells were seen to extend
processes into or close to the epithelium (Fig. 6.7B). Also, some of these structures are
associated with two nuclei (Fig. 6.8B) suggesting that several cells may connect together to
form a larger structure. Finally, many of these cells were associated with vacht-IR or nNosIR nerve like structures that wound around them over some considerable distance (Fig.
6.5(b), Fig. 6.7C and Fig. 6.8A and B).
Figure 6.8C shows an analysis of the diameters of these large cgrp-IR nucleated cells and
their processes. The largest diameter measurements were associated with the nuclear
region and the remainder with the processes. This distribution, when added to the data
on the cgrp-IR axons and varicosities, represent the whole data set shown in Figure 6.6A(a).
Thus, there are two different types of structures demonstrating cgrp-IR: nerve fibres with
its axons and varicosities and the long larger nucleated cgrp-IR cells. These large cgrp-IR
structures will hereinafter be referred to as “ribbon cells”, due to their appearance. In all
tissues, the ribbon cells were located in the subepithelium of the bladder neck and
proximal urethra, typically near the urethrovesical junction. No “ribbon” cgrp-IR cells were
present in the smooth or striated muscle.

114

Chapter 6

Innervation of the female rat urethra

Figure 6.7: Higher resolution images showing examples of large diameter cgrp-IR structures (green). The
sections were also stained for vacht-IR (red). The left panel in each shows an overview image of examples of
these structures and the right hand image a region at higher magnification. [A] shows a cell, cgrp-IR, with a
nucleus (#). The process of this cell can be seen to lie adjacent to the epithelium (epi) and to extend for over
50µm. The higher resolution panel shows the cell nucleus where cgrp-IR can be seen as discrete particles
covering the nuclear space of the cell. In [B] a similarly long cgrp-IR structure is seen. Here there appears to
be two nuclei (#) suggesting that the structure is made up of two distinct cells. Note that the upper cell
appears to extend processes into the epithelium (epi). Details of these processes are shown on the right at
higher resolution. [C] shows an example where the nucleus is readily seen immediately below the epithelium
(epi). Associated with this cell is a distinct vacht-IR structure (red) that appears to be a nerve (*). This nerve
can be tracked along a considerable length of the cgrp-IR cell. Calibration bars: [A], 15µm, right panel 6µm;
[B], 15µm, right panel 8µm and [C], 10µm, right panel 4µm.
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Figure 6.8: [A] and [B] show further examples of large cgrp-IR (green) cells, where the nucleus of the cell (#)
can be seen. The left panel in each shows an overview image of examples of these structures and the right
hand image a region at higher magnification. The cgrp-IR cell is located in the proximal urethra, showing
close proximity to vacht-IR (red) nerve like structures (*). [C] illustrates an analysis of the diameter of these
structures (data taken from 3 different urethra) presented as a diameter frequency histogram (bin width
0.2µm). For these measurements, only structures where a nucleus could be clearly seen were measured. Up
to 10 measurements were made from each cell at regular intervals. Calibration bars: [A], 60µm, right panel
10µm; [B], 50µm, right panel 8µm.
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Vacht-IR and cgrp-IR nerve fibres were also found within the smooth muscle bundles of the
proximal urethra (Fig. 6.9). Panel B shows an analysis of the diameters of the axons and
varicosities of each fibre type. The distribution of vacht-IR and cgrp-IR nerve fibres in the
smooth muscle differs from the vacht-IR and cgrp-IR nerve fibre distribution in the
subepithelium.

Figure 6.9: Illustration of cgrp-IR (green) and vacht-IR (red) nerves in the smooth muscle of the proximal
urethra. Distinct axonal structures with varicosities can be seen for both fibre types (*). These distinct axonal
structures may also intertwine around each other (#). [A] shows a low power image and the right panels show
regions at higher magnification. [B] and [C] show an analysis of the diameters of cgrp-IR and vacht-IR nerves
respectively of the smooth muscle in the proximal urethra presented as a diameter frequency histogram (bin
width 0.2µm). Calibration bars: [A], 10µm, right panels 2µm.
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In the distal urethra, distinct cgrp-IR and vacht-IR structures are seen with no colocalisation
suggesting again distinct structures and fibre types. In the distal urethra more fibres, cgrpIR and vacht-IR fibres, were seen to penetrate into the epithelial layer (Fig. 6.10). Some
appear to terminate in widened terminals within the epithelium (Fig. 6.10B), some divide
(Fig. 6.10B, C and E) while some axons extend to the luminal side (Fig. 6.10A, B and E).
Measurements of the number of fibres (both cgrp-IR and vacht-IR) that penetrate into the
epithelium in different regions of the urethra is illustrated in Figure 6.11C. A significantly
greater number of axons penetrate into the epithelium in the distal urethra (One-way
ANOVA with LSD post hoc correction, P<0.001). On the other hand, the penetrating vachtIR nerve fibres did not show a significant increase towards the distal urethra.
In conclusion, Figure 6.11A and B shows an analysis of the diameters of the cgrp-IR and
vacht-IR structures in the subepithelium of the distal urethra. These data are similar to the
nerves observed in the proximal urethra. Although, no large diameter nucleated “ribbon
cells” were found in the distal urethra. As mentioned before, these “ribbon cells” are
present in the subepithelium of the bladder neck and proximal urethra. No “ribbon cells”
could be found in the muscle layers of the whole urethra, nor in the subepithelium of the
mid urethra and distal urethra.
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Figure 6.10: Illustration of the pattern and distribution of cgrp-IR (green) and vacht-IR (red) nerves in the
epithelium of the distal urethra. [A] shows a low power image showing the epithelium (epi), lumen (lum) and
lamina propria (lp). Individual cgrp-IR nerves (#) and vacht-IR nerves (*) are indicated by arrows. Note that
both types of nerve fibres penetrate the epithelium with some extending to the luminal surface. [B]-[D] show
higher resolution images of the different types of nerve fibres running within the epithelium. Calibration bars:
[A], 25µm; [B]/[C]/[D]/[E], 15µm.
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Figure 6.11: Analysis of the cgrp-IR and vacht-IR nerves in the subepithelium of the distal urethra. [A] and [B]
show the diameter frequency distributions for each fibre type (bin width 0.2µm). Data were collected from 3
separate urethra. [C] shows an estimate of the number of cgrp-IR and vacht-IR nerve fibres that penetrate
into the epithelium in different regions of the urethra over 1000µm segments of epithelium (mean ± standard
deviation, n=3 urethra). Asterisks indicate statistically significant differences in comparison with the distal
urethra (One-way ANOVA with LSD post hoc correction, p<0.05).
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Discussion

In the current study we have examined and characterized the peptidergic, cholinergic,
nitrergic and adrenergic nerve distribution in the epithelium and lamina propria of the
female rat urethra. A dense peptidergic and cholinergic innervation was present in the
subepithelium along the whole length of the urethra. An increasing trend of penetrating
peptidergic nerve fibres towards the distal urethra was found in the urethral epithelium.
Moreover, the current study identified and described a nucleated cgrp-IR cell, here
referred to as a ribbon cell, located in the bladder neck/proximal urethra region of the
female rat. Overall, the present study reveals a highly complex distribution of different
types of nerve fibres along the length of the urethra.
The afferent outflow from the urethra has been suggested to play a critical role during
bladder filling, in maintaining continence, and during voiding, to facilitate bladder
contractions and affect complete emptying3, 4, 30. Functional studies have provided more
insight into how urethral afferents respond to different urethral stimuli.

Some

investigators have described the overall nerve response10, 14 and others have looked at the
single afferent nerve fibre responses following urethral distension and flow 9, 11, 12. So far
urethral afferents have been characterised in terms of their functionality, typically
conduction velocity. The present study demonstrates different types of nerve fibres and
nerve specialisations in different regions of the urethra. Therefore, in any future functional
studies, attention must be paid to the complexity of fibre subtypes.
Some attention has been given to the innervation of the female rat urethra, although most
studies focus mainly on the muscle innervation21-24. There are few studies focusing on the
afferent innervation of the epithelium and subepithelium. The present study expands on
this literature and demonstrates further additional complexities. Furthermore, it has been
proposed that the epithelium and subepithelium of the LUT may act as an integral part of
a “sensory web”31. Such a sensory web may exist in the urethra. However, there is very
little experimental evidence to date that demonstrates this.
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In the bladder, the peptidergic innervation of the suburothelium of the lateral wall of the
rat is sparse, whereas a large suburothelial nerve plexus is present in the bladder base 15, 17.
Similar results were found in the present study. Moreover, the current study shows a
dense peptidergic innervation of the urethral epithelium and lamina propria, significantly
higher in comparison with the peptidergic innervation of the bladder neck. These cgrp-IR
nerve fibres typically ran below the basal layer of the epithelium. Other studies have also
described the peptidergic innervation of the urethral mucosa, although no quantitative
comparison with the bladder was made25-27, 32. Although the bladder and urethra may be
regarded as two different sensory systems, these results stress the importance of the
sensory outflow of the urethral mucosa.
Afferent axons are primarily identified by neuropeptide immunoreactivity for cgrp. The
majority (more than 70%) of bladder and proximal urethral DRG neurons in rats appear to
contain neuropeptides. In the distal urethra, lower numbers of C-fibre afferents and
peptidergic C-fibres are found33. Therefore, one needs to keep in mind that only a
subgroup of all urethral afferent fibres contain peptides, and as a result a group of sensory
nerves could be missed. In the current study, these may be represented by the vacht-IR
and nNos-IR nerves (see below).
Next to a dense peptidergic subepithelial plexus, we also identified a high number of
penetrating peptidergic fibres in the urethral epithelium, with a significant increase
towards the distal urethra. A recent study in mice also identified innervation differences
in the epithelial layer of the urethra27. Here the studied fibres showed immunoreactivity
for the pan-neuronal marker PGP9.5, with an increased amount of epithelial fibres in the
distal urethra of multiparous mice. It should be noted that we did not detect an increase
of vacht-IR penetrating nerve fibres towards the distal urethra. Bases on their location
within the epithelium, these vacht-IR nerve fibres might be sensory.
The innervation differences along the urethral epithelium may be related to urethral
function. It has been argued that sensory fibres in the proximal urethra are linked to
122

Chapter 6

Innervation of the female rat urethra

distension29. In this way they may be simple stretch receptors. In contrast, fibres
penetrating the epithelium might be more sensitive to lateral movements of the
epithelium such as might occur during urine flow. Thus, in the distal urethra the fibres may
be related to flow and/or distension. Such afferent nerve specialization might be related
to the afferent limbs of the reflexes described by Barrington2-4.
Further, a distinct cholinergic and nitrergic innervation is present in the epithelium and
lamina propria of the rat urethra. Although the overall mucosal cholinergic and nitrergic
innervation was lower in comparison to the peptidergic innervation. The same is true in
the bladder mucosa15, 18, 34, 35. Critically, it must be borne in mind that structural studies
alone cannot determine whether a fibre is sensory or motor. However, as yet, no efferent
functions have been demonstrated experimentally of nerve fibres associated with the
urothelium or suburothelium of the bladder, or the epithelium and subepithelium of the
urethra. Our data demonstrated a different distribution of the vacht-IR nerve fibres in the
smooth muscle in comparison with the vacht-IR nerve fibre distribution in the
subepithelium. This may be due to the fact that vacht-IR nerve fibres in the smooth muscle
are likely to be motor, whereas those in the subepithelium are likely to be sensory.
Moreover, a sensory role has been proposed by Gosling and Dixon for acetylcholinesterasepositive nerves in the lamina propria of the bladder36. On the other hand, Nos-IR fibres in
the suburothelium of the bladder were not affected by the neurotoxin capsaicin,
suggesting that these fibres belong to a different population of nerves than capsaicin
sensitive cgrp nerves34. It is possible that there are different groups of Nos-IR fibres; i.e.
efferent fibres innervating small blood vessels in the lamina propria and afferent fibres,
some of them penetrating the epithelium, representing free sensory nerve endings. The
origin of nerves producing nitric oxide (NO) in the LUT has not been fully established,
although colocalisation has been shown with cholinergic nerves37. Therefore it is possible
that the vacht-IR and nNos-IR fibres resemble the same group of structural nerves.
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A close relationship could readily be seen between individual nerve fibres running in the
subepithelial layer of the urethra. Such a micro-anatomical arrangement has been
reported previously in the rat15, guinea pig38 and in the human bladder20. However, it is
not known if this is simply an anatomical relationship with fibres running in the same
sheath or whether it represents a functional interaction between the fibres. The close
relationship of vacht-IR and cgrp-IR fibres raises the possibility of direct sensitization of the
peptidergic fibres by acetylcholine15. Also, other mechanisms of nerve crosstalk need to
be considered, such as ephaptic transmission39.
An interesting observation was the discovery of a previously undescribed nucleated cgrpIR cell type in the subepithelium of the bladder neck and proximal urethra, here referred
to as a ‘ribbon cell’. These structures are associated with nuclei, thus, they must be
considered to be cells. Based on our results, these ribbon cells have processes that extend
into or close to the epithelium and appear to be associated with vacht-IR or nNos-IR nerve
fibres, suggesting some form of intimate functional contact. They also appear to form a
network and are only found in the urethrovesical junction typically just below the
epithelium. A similar cell, immunoreactive to the pan neuronal marker PGP9.5, has been
identified in the mouse urethra27. However, no further attention has been given to their
morphology, function or location in the urethra. Further, in general morphology terms, a
similar cell type has been isolated form the proximal urethra of the rabbit40. This cell
showed spontaneously electrical activity and was referred to as an interstitial cell (IC).
Whether this cell resembles the same cell as identified in the current study is not clear.
The function of these ribbon cells is unknown and needs further investigation. Therefore,
these ribbon cells and their immunohistochemical characteristics will be the topic of a
subsequent paper.
There are reports of the presence of neuroendocrine (NE) cells in the rat urethra. These
NE cells lie within the epithelium and are often in close apposition to nerve fibres 25, 41, 42.
These cells are also referred to as brush cells, chemosensory cells or paraneurons and
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subtypes may be positive for acetylcholine43, serotonin42, 44 and somatostatin45. The NE
cells may be part of a signaling system within the urethral epithelium. These cells are
clearly different from the ribbon cells described here, which also have a distinct innervation
suggesting that they may also interact with nerves forming some form of signaling system.

6.6.

Conclusion

In conclusion, the present observations add to the complexity of the sensory urethral
outflow. The urethral epithelium and lamina propria might function, similar to the bladder,
as an integral part of the urethral sensory web.

The presence of different

immunohistochemical nerve fibres (putative sensory), regional differences along the
urethra and the presence of an undescribed cgrp-IR cell adds to this complexity. An
appreciation of such diversity is critical to fully understand the function of the urethra and
the lower urinary tract.
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Abstract

Recently a newly identified nucleated cell (ribbon cell) IR to the peptidergic marker cgrp
has been described, located in the subepithelium of the bladder neck and proximal urethra
of the female rat. The nature and function of this “ribbon cell” is unknown. In this study,
other markers have been used to identify and elaborate on their possible function. Further
attempts were made to describe their morphological characteristics and relation to other
structures. Urethras from healthy female Sprague-Dawley rats (n=9) were fixed, frozen
and sectioned. Sections were stained with antibodies against calcitonin gene related
peptide (cgrp), substance P (SP), transient receptor potential vanilloid 1 (TRPV1), vimentin
(vim), α smooth muscle actin (αSMA), βIII-tubulin (βTub), vesicular acetylcholine
transporter (vacht) and neuronal nitric oxide synthase (nNos). Ribbon cells showed IR to
the peptidergic markers cgrp and SP, the neuronal marker βIII-tubulin and to the pain
receptor TRPV1. No IR was found for the mesenchymal marker vim, αSMA or the
neurochemical markers nNos and vacht. The ribbon cells appear to form a distinct network
and close cell-cell contacts were present. Further, ribbon cells were associated with nNos
and/or vacht nerve fibres and appeared to be present near vascular structures. These data
indicate that the urethra of the female rat harbours specialized neuronal cells, which act
as sensors and may respond to urethral stimuli, leading to sensation. Their close contact to
nerve fibres and blood vessels suggests there may exist a functional connection with these
neighbouring structures.
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Introduction

The lower urinary tract (LUT) serves two main functions, i.e. the storage and the periodic
voiding of urine, where the bladder and its outlet, the urethra, operate as one functional
coordinated unit. It is clear that afferent input from the urethra can modulate bladder
function and therefore plays an important role in the control mechanisms of the LUT1-6.
Though, compared to the bladder, less attention has been given to the functional and
structural characteristics of the urethra.
In the bladder, it has been demonstrated that nerves with different morphological and
immunohistochemical profiles are present7, 8. Recent study showed that the urethral
outflow, similar to the bladder, is complex with the presence of different types of
morphological and immunohistochemical profiles of urethral efferent and afferent
nerves9. Moreover, regional variations of afferent (sensory) urethral function are present.
In latter study, a nucleated peptidergic cell type was noticed. This type of cell has not been
described before. These cells showed IR to the peptidergic marker cgrp and were only
located in the subepithelium of the bladder neck and proximal urethra. This cell was
referred to as a “ribbon cell” due to their appearance. The nature and function of this
“ribbon cell” is unknown and needs further investigation. As a result, these nucleated
peptidergic cell type is being studied in current study. Next to their immunoreactivity to
the peptidergic marker, other markers have been used to identify and elaborate on their
possible function.

Further attempts were made to describe their morphological

characteristics and relation to other structures.
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Materials and methods

Tissue extraction and preparation
Nine female Sprague Dawley rats weighing 200 to 250g were used in this study. Animals
were kept under standard laboratory conditions with a 12:12-hour light/dark cycle with
access to food and water. The protocol was approved by the animal ethics committee of
the Faculty of Medicine and Health Sciences, University of Antwerp (EC2016-50).
The rats were anaesthetized with pentobarbital (60mg/kg, intraperitoneal). The urethra
and bladder of each rat was dissected out as a single unit. After dissection, the rats were
killed by pentobarbital overdose (3x anaesthetic dose).
The urethras and bladder units were removed and pinned onto a Sylgard dish after which
the urethras were dissected free at the level of the bladder neck. Tissues were immediately
immersion-fixed in 4% paraformaldehyde for 120 min. The urethras were then washed in
phosphate-buffered saline (PBS; 0.01M; pH 7.4), stored overnight in 20% sucrose (in PBS;
4°C) and mounted in Tissue Tek (Sakura Finetek Europe, Zoeterwoude, The Netherlands).
Tissue was stored at -80°C until needed.
Immunohistochemical staining of urethra cryosections
Cryostat sections of 20μm were thaw-mounted on Poly-L-Lysine-coated microscope slides,
dried at 37°C (2 hours) and further processed for immunolabeling.
Immunohistochemical incubations were performed in a closed humidified container
(22°C). All primary and secondary antisera were diluted in PBS containing 10% normal
horse serum, 0.1% BSA, 0.05% thimerosal and 0.01% NaN3 (PBS*). Before incubation with
the primary antisera, cryostat sections were incubated for 30 min with PBS* containing 1%
Triton X-100 to reduce aspecific binding and enhance penetration.

Sections were

incubated overnight with one of the primary antibodies listed in Table 7.1. For visualization
of the immunostaining, sections were further incubated for 2 hours with secondary
antibodies (Table 7.2). The combinations of primary and secondary antisera used for
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multiple immunohistochemical labelling are listed in Table 7.3. After a final wash in PBS,
the sections were mounted in Citifluor (19470; Ted Pella, Redding, CA). Negative staining
controls for all immunostaining procedures were performed by substituting the primary
antisera with non-immune sera. To check for possible cross reactivity after multiple
staining, the results of single staining for the different antisera were compared with those
from multiple labeling experiments.
Image and microscope analysis
All high-resolution images were obtained using a Nikon Eclipse Ti-E inverted microscope
attached to a microlens-enhanced dual spinning disk confocal system (UltraVIEW VoX;
PerkinElmer, Zaventem, Belgium) equipped with 405, 488, 561 and 640 nm diode lasers for
excitation of blue, green, red and far-red fluorophores, respectively. The images were
obtained with Volocity 3D Image Analysis Software.
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Antigen
Host
calcitonin gene related peptide
cgrp
rabbit
vimentin
vim
mouse
α smooth muscle actin
αSMA
mouse
βIII-tubulin
βTub
rabbit
substance P
SP
guinea pig
vesicular acetylcholine transporter
vacht
rabbit
neuronal nitric oxide synthase
nNos
mouse
transient receptor potential vanilloid 1
TRPV1
rabbit
Table 7.1: List of primary antisera used for immunohistochemistry.

Morphological and immunohistochemical characteristics ribbon cells
Mc/Pc
Pc
Mc
Mc
Pc
Pc
Pc
Mc
Pc

Merck C8198, Bornem, Belgium
BioGenex MU074-UC, Fremont, CA, USA
Merck A2547, Bornem, Belgium
Covance MRB-435P, San Diego, CA, USA
Abcam ab10353, Cambridge, UK
Phoenix H-V006, Burlingame, CA, USA
Santa Cruz sc-5302, Dallas, Texas, USA
Enzo Life Sciences SA-564, Bruxelles, Belgium

Secondary antisera, streptavidin complexes
FITC-conjugated Fab fragments of goat anti-rabbit IgG (GAR-Fab-FITC)
CyTM3-conjugated donkey anti-mouse IgG (DAM-Cy3)
CyTM3-conjugatd donkey anti-guinea pig IgG (DaGP-Cy3)
Table 7.2: List of secondary antisera used for immunohistochemistry.

Source
Jackson Immuno Research 111-097-003
Jackson Immuno Research 715-165-151
Jackson Immuno Research 706-165-148

Dilution
1:250
1:250
1:500

Primary antisera antigen 1
Dilution
Visualisation
cgrp
1:10000
GAR-Fab-FITC
cgrp
1:10000
GAR-Fab-FITC
βtub
1:2000
GAR-Fab-FITC
TRPV1
1:100
GAR-Fab-FITC
cgrp
1:10000
GAR-Fab-FITC
βtub
1:2000
GAR-Fab-FITC
βtub
1:2000
GAR-Fab-FITC
vacht
1:1000
GAR-Fab-FITC
Tabel 7.3: List of used immunohistochemical staining procedures.

Primary antisera antigen 2
αSMA
SP
SP
SP
vim
αSMA
nNos
SP

Visualisation
Dam-Cy3
DaGP-Cy3
DaGP-Cy3
DaGP-Cy3
Dam-Cy3
Dam-Cy3
Dam-Cy3
DaGP-Cy3

Dilution
1:1000
1:500
1:500
1:500
1:3000
1:1000
1:200
1:500
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Results

A cgrp-IR nucleated cell was present in the subepithelium of the bladder neck and proximal
urethra of the female rat. Due to their appearance, these cgrp-IR cells are referred to as
“ribbon cells”.
Immunohistochemical characteristics ribbon cells
Calcitonin gene related peptide and substance P immunoreactive ribbon cells
The ribbon cells were firstly identified and described in a previous study based on their
immunoreactivity to cgrp (Fig. 7.1). The immunoreactivity of cgrp appeared as discrete
vesicular structures throughout the entire length of the cells. The distribution of these
vesicular structures is rather random and are present throughout the whole length of the
ribbon cell. Next to cgrp-IR, the ribbon cells were also immunoreactive to SP (Fig. 7.2),
exhibiting clear co-expression with cgrp.

In the epithelium, nerve fibres showing

immunoreactivity for both cgrp and SP were also apparent.
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Figure 7.1: Illustration of cgrp-IR cell (ribbon cell) located in the subepithelium of the bladder neck and
proximal urethra. [A] shows a lower power image stained for cgrp (green) and the nuclear stain dapi (blue)
of a region in the proximal urethra where cgrp-IR ribbon cells (#) and cgrp-IR nerve fibres (*) are seen. The
ribbon cells lie just beneath the basal lamina of the epithelium and extends over a considerable length. The
side panels ([B]/[C]) show regions (boxes) of [A] at higher magnification, showing the combined colour image
and the individual constituent images. [B] shows the nucleus of the cgrp-IR ribbon cell, where cgrp-IR can be
seen as discrete particles covering the nuclear space of the cell. [C] shows a cgrp-IR nerve fibres, where
discrete varicosities can be identified along its length. Note the clear difference between the cgrp-IR ribbon
cell and the cgrp-IR nerve fibre. To further illustrate this difference, analysis of diameters was done in [A],
where the ribbon cell diameters along its length are clearly bigger in comparison to the nerve fibre diameter.
The diameter of the structures in 1, 2, 3, 4 and 5 are respectively 7,7 ; 2,4 ; 0,58 ; 1,05 and 0,83µm. Calibration
bars: [A], 10µm; [B]/[C], 4µm.

136

Chapter 7

Morphological and immunohistochemical characteristics ribbon cells

Figure 7.2: Conventional double immunohistochemical staining showing cgrp+/SP+-IR ribbon cells. [A] and [B]
show low power images stained for cgrp (green), SP (red) and the nuclear stain dapi (blue). In both images a
ribbon cell positive for cgrp and SP can be seen (#). The ribbon cells seem to co-express cgrp and SP. Next to
the ribbon cells, cgrp+/SP+-IR nerve fibres can be seen (*). Note that both ribbon cells illustrated have a
complex structure. The ribbon cells are spindle-shaped with two major processes. The side panels show
regions (boxes) of [A] or [B] at higher magnification, showing the combined colour image and the individual
constituent images. The nuclei of the ribbon cells can be seen where the cgrp-IR and SP-IR can be seen as
discrete particles, showing considerable colocalization. Nerve fibres showing colocalization for cgrp and SP
are present where discrete varicosities can be identified along its length. Calibration bars: [A], 10µm; side
panels, 4µm; [B], 8µm; side panels, 3µm.
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ΒIII-tubulin immunoreactive ribbon cells
ΒIII-tubulin immunoreactivity was detected in the ribbon cells. Double labeling using
antibodies to βIII-tubulin and SP revealed coexpression of the markers in the ribbon cells
(Fig. 7.3). The staining pattern of the βIII-tubulin showed a fibrillar-like staining of the
ribbon cells, whereas SP-IR appeared as vesicular staining.

BIII-tubulin+/SP+

immunoreactive nerve fibres were present in the subepithelium. Nerve fibres negative for
SP but positive for βIII-tubulin were also present, suggesting the presence of other nerve
fibre populations.

Figure 7.3: Conventional double immunohistochemical staining showing βIII-tubulin+/SP+-IR ribbon cells. [A]
and [B] show two images stained for βIII-tubulin (green), SP (red) and the nuclear stain dapi (blue), showing
the combined colour image and the individual constituent images. In both images a ribbon cell positive for
βIII-tubulin and SP can be seen (#). [B] shows, next to ribbon cells, different subtypes of nerve fibres: showing
βIII-tubulin+/SP+-IR nerve fibres (+) and βIII-tubulin+/SP--IR nerve fibres (*). Calibration bars: [A]/[B], 10µm.
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Vimentin and alpha smooth muscle actin immunoreactive negative ribbon cells
The ribbon cells did not show positive staining for the mesenchymal marker vimentin (vim)
or alpha smooth muscle actin (αSMA). Double staining for cgrp and vim displayed two
distinct populations of cells in the subepithelium, i.e. cgrp-IR ribbon cells and vim-IR cells
which are reminiscent of interstitial cells (Fig. 7.4). These vim positive cells occur as
approximately 2-3 layers of cells below the epithelium of the bladder neck and proximal
urethra. The αSMA stain was expressed in smooth muscle cells. The ribbon cells seem to
be closely associated with α-SMA positive structures, most likely capillaries (Fig. 7.5).

Figure 7.4: Conventional double immunohistochemical staining showing cgrp+/vim--IR ribbon cells. [A] shows
a low power image stained for cgrp (green), vim (red) and the nuclear stain dapi (blue). The lower panels
show regions (boxes) of [A] at higher magnification, showing the combined colour image and the individual
constituent images. In [A], approximately 2-3 layers of vim positive cells can be seen below the epithelium.
Next to vim-IR cells (+), ribbon cells (#) positive for cgrp and negative for vim can be seen. Cgrp-IR nerve fibres
can also be seen (*). Calibration bars: [A], 10µm; lower panels, 10µm.
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Figure 7.5: Conventional double immunohistochemical staining showing βIII-tubulin+/α-SMA--IR ribbon cells.
[A] shows a low power image stained for βIII-tubulin (green), α-SMA (red) and the nuclear stain dapi (blue).
The lower panels show regions (boxes) of [A] at higher magnification, showing the combined colour image
and the individual constituent images. [A] shows ribbon cells positive for βIII-tubulin and negative for α-SMA
(#). The ribbon cells seem to be closely associated with an αSMA positive structure, reminiscent of a capillary
(*). Nevertheless there is no direct contact between the ribbon cell and the capillary. Note the close
connecting between the ribbon cells (+). Calibration bars: [A], 10µm; lower panels, 4µm.
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TRPV1 immunoreactive positive ribbon cells
The ribbon cells stained positive for the TRPV1 marker. TRPV1 was coexpressed with SP,
revealing a different staining pattern for TRPV1 and SP (Fig. 7.6). Several nerve fibres
expressing SP-IR and TRPV1-IR were present in the subepithelium.

Figure 7.6: Conventional double immunohistochemical staining showing SP+/TRPV1+-IR ribbon cells. [A]
shows a low power image stained for TRPV1 (green), SP (red) and the nuclear stain dapi (blue). The side
panels show a region (box) of [A] at higher magnification, showing the combined colour image and the
individual constituent images. The ribbon cell coexpresses TRPV1 and SP. Next to the ribbon cell, several
TRPV1+/SP+-IR nerve fibres can be seen (*). Calibration bars: [A], 8µm; side panels, 4µm.
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Figure 7.7: Close contact of ribbon cells with nNos-IR nerve fibres. [A] shows a low power image stained for
βIII-tubulin (green), nNos (red) and the nuclear stain dapi (blue). The lower panels show regions (boxes) of
[A] at higher magnification, showing the combined colour image and the individual constituent images. In
[A], two βIII-tubulin-IR ribbon cells can be seen (#). Note the close contact between the ribbon cells (+). Both
ribbon cells are associated with a distinct nNos-IR structure (red) that appears to be a nerve fibre (*). Different
subtypes of nerve fibres are also present: showing βIII-tubulin+/nNos+-IR nerve fibres (°) and βIIItubulin+/nNos--IR nerve fibres (°°). Calibration bars: [A], 8µm; lower panels, 4µm.
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Close contact of ribbon cells with nerve fibres
As mentioned, often if not always a ribbon cell was associated with a nerve fibre. A close
contact between a ribbon cell and a nNos-IR or vacht-IR nerve fibre can be seen in Figure
7.7 and Figure 7.8. Due to the immunoreactivity of the ribbon cells to cgrp and SP, it was
not possible to identify other putative afferent nerve fibres (cgrp-IR and/or SP-IR nerve
fibres) in close contact with the ribbon cells. In Figure 7.7, other subtypes of nerve fibres
can be seen: βIII-tubulin+/nNos+ immunoreactive fibres and βIII-tubulin+/nNosimmunoreactive fibres.

Figure 7.8: Close contact of ribbon cells with vacht-IR nerve fibres. [A] shows a low power image stained for
SP (green), vacht (red) and the nuclear stain dapi (blue). The lower panels show regions (boxes) of [A] at
higher magnification, showing the combined colour image and the individual constituent images. A SP-IR
ribbon cell can be seen (#) associated with a distinct vacht-IR structure (red) that appears to be a nerve fibre
(*). Calibration bars: [A], 10µm; lower panels, 5µm.
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Morphological characteristics ribbon cells
The ribbon cells were present in all urethras studied. They could easily be differentiated
from the cgrp-IR axons with its varicosities, also present in the subepithelium of the bladder
neck and proximal urethra.

The ribbon cells could clearly be differentiated from

surrounding nerve fibres because of the presence of a nucleus and the bigger diameter of
their processes (Fig. 7.1). No ribbon cells were present in the smooth or striated muscle.
The ribbon cells typically ran, in a single layer, close to the basal lamina of the epithelium
and displayed a clear longitudinal orientation. All ribbon cells exhibited long processes on
each side of their nuclear region (bipolar). In their turn, these processes often formed
smaller protrusions (Fig. 7.2 and 7.3) and they regularly made contact with neighboring
ribbon cells. So the ribbon cells are able to form an interconnected network over a long
distance underneath the epithelium of the urethra (Fig. 7.6 and 7.7). Some cells were seen
to extend processes into or close to the epithelium, though this was rare (Fig. 7.3).

Marker

Nerve fibres subepithelium

Ribbon cell

Smooth muscle cells

Interstitial cells

cgrp

++

++

-

-

SP

+

+

-

-

βtub

++

++

-

-

αSMA

-

-

++

-

vim

-

-

-

++

vacht

++

-

-

-

nNos

++

-

-

-

TRPV1

++

++

-

-

++ = high IR ; + = IR ; - = not IR

Table 7.4: Assessment of immunoreactivity in the urethral wall to different antisera.
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Discussion

In the current study, the immunohistochemical properties of a newly described nucleated
peptidergic cell type are further characterized9. Their morphological characteristics and
relation to each other and other structures are also described. These “ribbon cells” are
found in the subepithelium of the female rat urethra.

The ribbon cells showed

immunoreactivity to the neuronal marker βIII-tubulin and the sensory neuronal markers
cgrp and SP. Further, immunoreactivity was found to the pain receptor TRVP1. No
immunoreactivity was found for the mesenchymal marker vim, αSMA, or the
neurochemical markers nNos and vacht. The ribbon cells are spindle shaped and often
extends into two processes. They appear to form a distinct network just below the basal
layer of the urethral epithelium and are located in the subepithelium of the bladder neck
and proximal urethra of the female rat. Further, often if not always, the ribbon cells were
associated with a nNos or vacht nerve fibre and appeared to be present near vascular
structures.
In a recent study, the existence of this peptidergic ribbon cell in the female rat urethra was
described for the first time9. Several studies have investigated the cgrp-innervation of the
rat bladder and urethra, though these cells were not described7, 10-12. In longitudinal
sections ribbon cells can unambiguous be found and reveal long processes, indicating that
they have a specific longitudinal orientation.
A similar cell have been identified in the mouse urethra IR to the pan neuronal marker
PGP9.513. Whether the cell identified in latter study resembles the same cell as identified
in the current study is not clear. Though, this suggests that the ribbon cells may be also
present in the female urethra of other species.
The IR of the ribbon cells to the peptidergic marker cgrp is described9. Cgrp is considered
to be the most abundant peptide in mammalian primary afferents and is widely present in
sensory neurons of all sizes. Cgrp is released from sensory nerves and is implicated to play
a major role in pain pathways14. This suggests a potential sensory neuronal function of the
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ribbon cells. The ribbon cells also showed IR to SP, known to coexist with cgrp in sensory
neurons15.
The immunoreactivity of the ribbon cells to TRPV1 further strengthens the suggestions
made above. TRPV1 is known for its function in nociceptive neurons, detecting noxious
heat and pain. Moreover, it seems unlikely for these ribbon cells to be specialized
interstitial cells as they did not show any IR to the mesenchymal marker vim, which is
typically expressed by interstitial cells, fibroblasts, and other cells of mesenchymal origin.
Vim is not expressed by cells of neuronal origin16. Further evidence for a neuronal origin
of the ribbon cells is provided by the IR of these cells to βIII-tubulin, which is regarded as a
neuron-specific marker. βIII-tubulin plays an important role in neuronal cell proliferation
and differentiation17. Thus, the ribbon cells may represent a population of specialized
peripheral sensory neurons, supporting a potential role for the ribbon cells in afferent
signalling. Their specific orientation, following the long axis of the urethra, may allow them
to sense distortion of the urethral lumen though further investigation is needed.
Alternatively, their close contact with the epithelium could allow them to sense elements
released by the epithelium.
Interestingly, a close relationship was seen between the ribbon cells and nNos (nitrergic)
or vacht (cholinergic) nerve fibres. Due to their IR to the peptidergic marker cgrp, which is
the “go to” marker to identify afferent fibres, it was not possible to identify a close
relationship with possibly peptidergic nerve fibres. Nevertheless, it is clear that there may
be an functional interaction between the ribbon cells and the nerve fibres. Further,
sections stained for α smooth muscle actin stain showed a close relationship between the
ribbon cells and vascular structures. Hence, these observations may suggest an interactive
communication between the neuronal ribbon cells and the vascular system.
Rare small clusters of subepithelial neurons or solitary neurons have been reported within
the intestinal mucosa. These enteric mucosal neurons have been described in several
animals: cattle18-20, pigs21, 22, rat23-25 and guinea-pig25; and in humans26-31. Morphologically,
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the ribbon cells resemble the subepithelial neurons present in the rat gut23. They are
described as spindle-shaped and are also seen to extend into two processes. Close cell-cell
contacts are also described between two neighbouring cells30. These enteric mucosal
neurons in the rat and guinea-pig are reported to show immunoreactivity to peptidergic
markers, such as SP25. Similar to our results, where ribbon cells are only present in the
subepithelium of the bladder neck and proximal urethra, regional variations of enteric
mucosal neurons also exist22, 29. The reason for such a distribution needs to be elucidated.
The nature of the enteric mucosal neurons is not yet fully understood and are
conventionally considered to be ectopic neurons from the submucous plexus of the enteric
nervous system26. It is possible that the ribbons cells resemble the enteric mucosal
neurons present in the gut. Further, a subclass of enteric intramucosal dendritic cells with
mixed neuroglial differentiation have also been described exhibiting dendritic morphology
typical of neurons and glial cells30. Whether the ribbon cells express immunohistochemical
features of glial cells is unknown and needs further investigation.
There is also the possibility that the ribbon cells represent a subtype of the described
“closed-type” neuroendocrine cell in the urethral epithelium32-34.

Though generally

neuroendocrine cells lie in the epithelium and are spread throughout the whole urethral
epithelium. No immunoreactive urethral neuroendocrine cells to peptidergic markers are
described, not in the epithelium nor in the lamina propria of the female rat urethra.
Though, neuron-like characteristics have been addressed to a subtype of neuroendocrine
cells present in the female urethral mouse epithelium33.

Further, epithelial

neuroendocrine cells in the urethra are often in close apposition to nerve fibres33, 35, 36.
One can propose that the ribbon cells may function as potential sensory detectors and/or
transmitters in the urethral sensory mechanisms. Their specific location in the proximal
urethra may also be related to function. Ribbon cells may be involved in sensing stimuli of
the proximal urethral subepithelium, such as mechanical stimuli (distention, pressure) or
substances released by the epithelium.
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Concluding, this study provides a structural substrate for the existence of a complex
urethral sensory network in the urethra of the female rat. It is not clear if the ribbon cells
are present in the urethra in other female and/or male species and humans. Therefore,
further studies exploring the presence and the function of the ribbon cells are necessary.
Moreover, more knowledge is needed on the role of these ribbon cells in the activation
and/or modulation of non-nociceptive and nociceptive urethral afferent pathways under
physiological and pathological conditions.
Nevertheless, it is clear from the present observations that the innervation of the urethra
is complex. Next to the ribbon cells, the presence of different types of afferent fibres and
fibres originating in distinct micro-anatomical locations underpins this complexity9. An
appreciation of such diversity is critical to completely understand the functions of the
urethra.

7.6.

Conclusion

Together, these data indicate that the urethra of the female rat harbours specialized
neuronal cells (ribbon cells) that may respond to urethral stimuli and lead to sensation.
Whether the ribbon cells are neuroendocrine and to what stimuli they may respond needs
further investigation. In addition, methods and approaches need to be identified to study
the possible role that these cells may play in epithelia/nerve physiology in the proximal
urethra.

148

Chapter 7

7.7.

Morphological and immunohistochemical characteristics ribbon cells

References

1.
Barrington FJF. The effects of lesions of the hind and midbrain on micturition in the cat. (1925). J
Exper Physiol, 15, 81-102.
2.
Barrington FJF. The component reflexes of micturition in the cat, Parts I and II. (1931). Brain, 54, 17788.
3.
Barrington FJF. The component reflexes of micturition in the cat. Part III. (1941). Brain, 64, 239–43.
4.
Shafik A, Shafik AA, El-Sibai O, Ahmed I. Role of positive urethrovesical feedback in vesical
evacuation. The concept of a second micturition reflex: the urethrovesical reflex. (2003). World J Urol, 21,
167-70.
5.
Jung SY, Fraser MO, Ozawa H, Yokoyama O, Yoshiyama M, De Groat WC, et al. Urethral afferent
nerve activity affects the micturition reflex; implication for the relationship between stress incontinence and
detrusor instability. (1999). J Urol, 162, 204-12.
6.
de Groat WC, Fraser MO, Yoshiyama M, Smerin S, Tai C, Chancellor MB, et al. Neural control of the
urethra. (2001). Scand J Urol Nephrol, 35, 35-43.
7.
Dickson A, Avelino A, Cruz F, Ribeiro-da-Silva A. Peptidergic sensory and parasympathetic fiber
sprouting in the mucosa of the rat urinary bladder in a chronic model of cyclophosphamide-induced cystitis.
(2006). Neuroscience, 141, 1633-47.
8.
Gillespie JI, Markerink-van Ittersum M, de Vente J. Sensory collaterals, intramural ganglia and motor
nerves in the guinea-pig bladder: evidence for intramural neural circuits. (2006). Cell Tiss Res, 325, 33-45.
9.
Eggermont M, De Wachter S, Eastham J, Gillespie J. Innervation of the epithelium and lamina propria
of the urethra of the female rat. (2018). Anat Rec, in press, accepted on 26/01/2018.
10.
Gabella G, Davis C. Distribution of afferent axons in the bladder of rats. (1998). J Neurocytol, 27, 14155.
11.
Persson K, Johansson K, Alm P, Larsson B, Andersson KE. Morphological and functional evidence
against a sensory and sympathetic origin of nitric oxide synthase-containing nerves in the rat lower urinary
tract. (1997). Neuroscience, 77, 271-81.
12.
Smith PG, Bradshaw S. Innervation of the proximal urethra of ovariectomized and estrogen-treated
female rats. (2004). Histol Histopathol, 19, 1109-16.
13.
Barry CM, Ji E, Sharma H, Yap P, Spencer NJ, Matusica D, et al. Peptidergic nerve fibers in the urethra:
Morphological and neurochemical characteristics in female mice of reproductive age. (2017). Neurourol
Urodyn, doi: 10.1002/nau.23434.
14.
Russell FA, King R, Smillie SJ, Kodji X, Brain SD. Calcitonin gene-related peptide: physiology and
pathophysiology. (2014). Physiol Rev, 94, 1099-142.
15.
Iyengar S, Ossipov MH, Johnson KW. The role of calcitonin gene-related peptide in peripheral and
central pain mechanisms including migraine. (2017). Pain, 158, 543-59.
16.
Skalli O, Schurch W, Seemayer T, Lagace R, Montandon D, Pittet B, et al. Myofibroblasts from diverse
pathologic settings are heterogeneous in their content of actin isoforms and intermediate filament proteins.
(1989). Lab Invest, 60, 275-85.
17.
Mariani M, Karki R, Spennato M, Pandya D, He S, Andreoli M, et al. Class III beta-tubulin in normal
and cancer tissues. (2015). Gene, 563, 109-14.
18.
Drasch O. Beiträge zur Kenntniss des feineren Baues des Dünndarms, inbesondere über die Nerven
desselben. (1881). Sitzber Akad Wiss Wien, 82, 168-198.
19.
Vau E. Uber die subglandulären Ganglienzellen in der Magenwand einiger Haussäugetiere. (1932).
Anat Anz, 73, 380-5.
20.
Balemba OB, Mbassa GK, Semuguruka WD, Assey RJ, Kahwa CK, Hay-Schmidt A, et al. The
topography, architecture and structure of the enteric nervous system in the jejunum and ileum of cattle.
(1999). J Anat, 195, 1-9.

149

Chapter 7

Morphological and immunohistochemical characteristics ribbon cells

21.
Balemba OB, Grondahl ML, Mbassa GK, Semuguruka WD, Hay-Smith A, Skadhauge E, et al. The
organisation of the enteric nervous system in the submucous and mucous layers of the small intestine of the
pig studied by VIP and neurofilament protein immunohistochemistry. (1998). J Anat, 192, 257-67.
22.
Balemba OB, Hay-Schmidt A, Assey RJ, Kahwa CK, Semuguruka WD, Dantzer V. An
immunohistochemical study of the organization of ganglia and nerve fibres in the mucosa of the porcine
intestine. (2002). Anat Histol Embryol, 31, 237-46.
23.
Dahlström AN, B. Nyhus, LM, Ahlman, H. Morphological evidence for subepithelial neuron-like cells
in the gut. (1983). J Auton Nerv Syst, 9, 325-9.
24.
Dahlström AN, B. Naito, S. Ueda, T. Ahlman, H. Further evidence for the presence of subepithelial
nerve cells in the rat ileum - an immunohistochemical study. (1984). Acta Physiol Scand, 120, 1-5.
25.
Schultzberg M, Hokfelt T, Nilsson G, Terenius L, Rehfeld JF, Brown M, et al. Distribution of peptideand catecholamine-containing neurons in the gastro-intestinal tract of rat and guinea-pig:
immunohistochemical studies with antisera to substance P, vasoactive intestinal polypeptide, enkephalins,
somatostatin, gastrin/cholecystokinin, neurotensin and dopamine beta-hydroxylase. (1980). Neuroscience,
5, 689-744.
26.
Stöhr P. Mikroscopische studien zur Innervation des Magen-Darmkanales III. (1934). Z Zellforsche
Mikrosk Anat, 21, 243-78.
27.
Stöhr P. Mikroscopische studien zur Innervation des Magen-Darmkaneles V. (1944). Z Zellforsche
Mikrosk Anat, 34, 1-54.
28.
Wedel T, Roblick U, Gleiss J, Schiedeck T, Bruch HP, Kuhnel W, et al. Organization of the enteric
nervous system in the human colon demonstrated by wholemount immunohistochemistry with special
reference to the submucous plexus. (1999). Ann Anat, 181, 327-37.
29.
Kramer K, da Silveira AB, Jabari S, Kressel M, Raab M, Brehmer A. Quantitative evaluation of neurons
in the mucosal plexus of adult human intestines. (2011). Histochem Cell Biol, 136, 1-9.
30.
Badizadegan K, Thomas AR, Nagy N, Ndishabandi D, Miller SA, Alessandrini A, et al. Presence of
intramucosal neuroglial cells in normal and aganglionic human colon. (2014). Am J Physiol Gastrointest Liver
Physiol, 307, G1002-12.
31.
Fang S, Wu R, Christensen J. Intramucosal nerve cells in human small intestine. (1993). J Auton Nerv
Syst, 44, 129-36.
32.
Vittoria A, Cocca T, La Mura E, Cecio A. Immunocytochemistry of paraneurons in the female urethra
of the horse, cattle, sheep, and pig. (1992). Anat Rec, 233, 18-24.
33.
Kullmann FA, Chang HH, Gauthier C, McDonnell BM, Yeh JC, Clayton DR, et al. Serotonergic
paraneurones in the female mouse urethral epithelium and their potential role in peripheral sensory
information processing. (2017). Acta Physiol (oxf), Jul 18. doi: 10.1111/alpha.12919..
34.
Pinheiro PF, Segatelli TM, Francia CC, Martinez M, Padovani CR, Franchi MR, et al. Morphologic
changes in the urethral epithelium in an ethanol-drinking rat strain (UChA and UChB). (2007). Micron, 38,
734-46.
35.
Tamaki M, Iwanaga T, Takeda M, Adachi I, Sato S, Fujita T. Calcitonin gene-related peptide (CGRP)immunoreactive nerve terminals in the whole mount preparations of the dog urethra. (1992). Arch Histol
Cytol, 55, 1-11.
36.
Yokoyama T, Saino T, Nakamuta N, Yamamoto Y. Topographic distribution of serotoninimmunoreactive urethral endocrine cells and their relationship with calcitonin gene-related peptideimmunoreactive nerves in male rats. (2017). Acta Histochem, 119, 78-83.

150

Chapter 8: General discussion

General discussion

The LUT serves two main functions, including the storage and the periodic elimination of
urine. This implies that the bladder and urethra work together as one functional unit. The
coordinated activity of the LUT is regulated by a complex neural control system, which
incorporates different spinal and supraspinal reflex pathways that have their origin in the
bladder or urethra. In the early 20th century, Barrington identified and described seven
reflexes in the cat that currently still provide the basis of our understanding of the voiding
process1-3. As described in Chapter 1, afferent input from the urethra can modulate
bladder function. Intraurethral and pudendal nerve ES can initiate bladder contractions,
both in animals4-8 and humans with SCI9-12. Furthermore, several studies have shown the
augmenting effect of urethral flow and/or distension on the bladder, as described by
Barrington’s second and seventh reflex13-16. These observations underline the importance
of urethral afferents and its role in LUT control. The urethra has long been considered as
a simple tube to guide urine outside the body. However, it becomes more and more
apparent that urethral function is more complex. Compared to the bladder, less attention
has been given to the functional and structural characteristics of the urethra and its
afferents, and more experimental studies are needed.
In this thesis we explored the sensory outflow from the urethra with the use of several
functional and structural techniques, in order to provide a greater insight into the overall
urethral function and the urethral afferents.
In comparison to bladder afferents, studies investigating urethral afferents are limited.
Although several studies have shown the importance of urethral afferent feedback in the
regulation of normal LUT function. In Chapter 4 we have investigated and described the
number of afferents and the response patterns of pelvic and pudendal afferents reactive
to two grades of UD in the proximal and distal urethra of the female rat. Of all pelvic and
pudendal single afferent units identified respectively 8.6% and 16.7% responded to UD. To
our knowledge no other group has described the percentage of pelvic or pudendal
afferents responsive to UD. Moreover, this was done for the first time in the rat.
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Whole afferent nerve ending discharges have been described in the past by Talaat in the
dog17. Afferent discharges were found in all three nerves supplying the urethra, where the
hypogastric nerve needed the highest pressures to evoke afferent discharges and the
pudendal nerve the lowest.

No gradient of different pressures were used in our

experiment but our results show a trend towards higher pudendal afferent responses to
greater distension. Therefore, those afferents are more responsive to lower pressures and
may show similarities with the pudendal afferent nerve response described by Talaat17.
In our experiment, other stimuli were not investigated. Though, urethral flow may be, next
to urethral distension, a physiological stimuli of the urethra during micturition. Several
studies have investigated whole pudendal afferent nerve responses or single pudendal
afferent responses to flow18-20. Interestingly, when data on pudendal afferent flow
measurements are compared with our data of pudendal afferents, a similar pattern of
afferent response can be distinguished18, 20. Similar to our results, in the rat, a large
transient initial response to the onset of flow was followed by a relaxation to steady state
activity and baseline activity when flow was terminated has been identified 18.
Furthermore, a neurophysiological study of voiding in rats concluded that the afferent
activity of the urethral nerve was more related to pressure than to flow 21. Noteworthy,
most studies investigate the afferent response of the pudendal nerve but not from the
pelvic or hypogastric nerve. Though, all three nerves innervate the urethra and additional
afferent measurements are needed to investigate these afferent nerve responses as well.
In our study, distension responsive afferents were found in the pelvic and pudendal nerve,
and response patterns were different in both nerves. Whether flow activates the same
pressure receptors in the urethra remains to be clarified, as it is still unclear what type of
sensory organs transduce stimuli in the urethra (see also further). Based on the reflexes
identified by Barrington, one can assume that urine passage may elicit potentials in
possible flow receptors and urethral distension may stimulate pressure receptors 1-3.
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Furthermore, regional differences may exist in the urethra. One can assume that the
proximal urethra, being close to the bladder, is more sensitive to urethral distension and
the distal urethra may be more sensitive to urethral flow and/or distension (see also
Fig.8.1) . In Chapter 4, we could distinguish three different response patterns of urethral
single unit afferents to urethral distension, where pelvic responsive afferents showed a fast
adapting (FA) and a slow adapting pattern (SA1), and pudendal responsive afferents
showed a slow adapting pattern (SA1 and SA2). Talaat17 has also identified a FA character
of pelvic afferents (whole afferent nerve measurements). No other studies have described
the adaptive response of urethral single unit afferents. Our results raise the possibility of
different pelvic and pudendal receptor types, and possibly different signalling functions.
One can hypothesize that the FA units (pelvic units) signal the beginning of micturition
whereas the SA units (pelvic and pudendal units) give information about the duration of
flow, suggesting regional differences along the urethra (see also further). Further, no
association was found between the type of nerve and location of the response to UD,
suggesting no clear distinction of pelvic and pudendal urethral innervation and possible
innervation overlap. It is necessary to keep in mind that the UD was non-physiological and
could activate receptors more proximal or distal than at the site of distension. Regional
differences along the urethra and possible innervation overlap underlines the complex
organization of the sensory output from the urethra. It also raises several questions and
additional experimental work has been performed.
In Chapter 5, attempts have been made to identify and characterize the complex structural
and functional elements of the female rat urethra involved in the control of urethral
closure and continence.

Limited number of studies have described in detail the

morphology and anatomy of the female rat urethra22-25. Latter studies mainly focused on
the anatomy and location of the smooth muscle and the external striated muscle sphincter.
Though, the identification of complexities of the urethra is needed to fully understand the
integrated urethral function. This characterization of the structural elements, afferent and
efferent, located in the urethra has been correlated with functional data obtained. We
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have identified the region of the bladder neck and the proximal urethra of the female rat
to be highly folded. This is likely to occur when the bladder is empty. This may imply that,
when the bladder fills, the proximal urethra can “defold” to accommodate the increasing
bladder volume during bladder storage. The majority of the internal smooth muscle
sphincter was located distally to the folded area, suggesting that this identified
specialization may “defold” while maintaining urethral closure.

Moreover, the

subepithelial layer in this region has a dense innervation of cgrp-IR nerve fibres (putative
afferent)(see also Chapter 6). This has also been described by Gabella et al 26. Therefore,
the opening of the folds may activate the underlying afferent fibres. The afferent fibres
could send afferent input on the later phases of filling to the central nervous system. As
described in Chapter 4, distension responsive FA afferents (pelvic units) are hypothesized
to signal the beginning of micturition, possibly having their location in the proximal urethra.
The highly folded proximal urethral epithelium may have part in this signalling system,
though further investigation is needed (see also Fig.8.1). It is not known if these FA
afferents have their origin in the subepithelium of the proximal urethra, though it is
noteworthy that the cgrp-IR innervation of the smooth muscle in this area is sparse,
suggesting only a limited sensory outflow of the urethral smooth muscle.
In the mid urethra, a distinctive and consistent feature of the urethra was the presence of
a distinct bulge of smooth muscle located at the dorsal urethral wall. A region of
longitudinal smooth muscle has been previously noted23. The presence of this bulge
suggests that it might occlude the lumen restricting urine flow and possibly contribute to
continence. In this region, the nerve fibres had a longitudinal orientation, suggesting the
generation of the bulge during contraction while relaxation of the smooth muscle could
facilitate luminal opening. The smooth muscle in this region has a distinct TH-IR, vacht-IR
and cgrp-IR innervation.

This suggests that at least two efferent control systems

(adrenergic and cholinergic) may be present, together with a sensory function of this
region. The presence of different immunohistochemical fibres in the urethra is not
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restricted to the urethral muscle but is also present in the urethral epithelium and lamina
propria (see Chapter 6).
Similar to the proximal and mid urethra, the distal urethra may also have a regional
specialization contributing to overall urethral function, referring to the presence of a
distinct vascular plexus lying immediately below the epithelium and lamina propria. The
vessels are thin walled, likely to represent a venous plexus or cavernosal tissue. The
presence of urethral muscle in this region is minimal. Thus, closure of the urethral lumen
must be derived from an occlusion related to the filling of this vascular plexus. The
contribution of the vascular plexus in urethral continence has been confirmed by other
groups, suggesting that the urethral vascular plexus may contribute to one third of the
urethral resting tone27-30.

Again, different immunohistochemical fibres are present

innervating these vessels. Vacht-IR, nNos-IR and cgrp-IR nerves were identified in the wall
of the vascular structures. Complex regulation of vessel tone involving cholinergic and
nitrergic mechanisms may be present. The presence of cgrp-IR nerve fibres (putative
afferent) raises the possibility of transmitting information related to the degree or
presence of vasodilatation to the CNS.
It is critical to characterise what the functional contribution of each of these identified
elements could be to overall urethral function. During the urethral wall compliance
measurements, a region of low compliance of urethral wall was identified in the proximal
and mid urethra, correlating with the region of maximum internal smooth muscle sphincter
and external sphincter thickness. The identified bulge in the mid urethra may correlate
with the low urethral wall compliance (highest pressure in the catheter).

The

measurements also show an additional resistance element in the distal urethra. This region
coincides with the region of the vascular plexus.
Overall, similar to Chapter 4, this study suggests regional differences along the urethral
long axis, where the different regions may have a different functional contribution to the
overall urethral function. The highly folded urethral epithelium may, during continence,
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function as a seal while during late bladder filling this region may distend and lead to
sensations regarding imminent voiding. In humans, the bladder neck is seen to dilate
immediately prior to voiding31. Strong sensations of a desire to void are associated with
this opening of the bladder neck32. The same may be true in the rat. The bulge identified
in the mid urethra may also contribute to urethral continence during bladder filling while
during relaxation it may facilitate luminal opening. Further, dilatation of the vascular
plexus in the distal urethra can occlude the lumen during bladder storage, while
vasoconstriction would facilitate luminal opening. The sequence of events involving either
the opening or closing of the urethral elements during the filling or voiding cycle are not
known. Also, different elements may play different roles during filling when the stress on
the urethra to remain closed changes as bladder pressure increases. Thus, reflex activation
of the different control elements may involve a coordinated single reflex or involve
multiple and independent reflex mechanisms in the urethra.
In Chapter 5, it became clear that there is a complex distribution of putative sensory fibres
(cgrp-IR) throughout the urethra. Here, cgrp-IR fibres were found in the subepithelial of
the proximal urethra, in the smooth muscle sphincter and the vessels walls of the
cavernosal structures.
Moreover,

different

It is unlikely that all these fibres sense the same modality.
fibres

with

different

immunohistochemical

characteristics

(adrenergic/nitrergic/cholinergic) were described located in the urethral muscle or blood
vessels.

Similar, in the bladder, different nerves with different morphological and

immunochemical profiles are present33,

34.

Bladder afferents, identified primarily by

neuropeptide IR for cgrp or SP, are readily found in the muscle layers of the lateral wall in
the rat and guinea pig but are absent in the lamina propria and urothelium. While the
lamina propria and urothelium of the bladder base are densely innervated 26, 34. In the
female urethra, most studies focus on the autonomic and overall innervation of the
urethral smooth muscle and striated muscle22, 23, 25, 35. Similar to the bladder, regional
differences of innervation of the urethral wall may exist. Therefore, a detailed study of the
autonomic and sensory nerve distribution in the epithelium and lamina propria of the
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female urethra is needed. The precise micro-anatomical location and subtype classification
of these nerves in the epithelium and lamina propria of the female rat urethra has been
studied and described in Chapter 6.
As mentioned, the peptidergic innervation of the suburothelium of the lateral wall of the
rat is spare, whereas a large suburothelial nerve plexus is present in the bladder base26, 33.
Similar results were found in our study. Moreover, the innervation of the urethra has been
studied in more detail, showing a dense peptidergic innervation of the urethral epithelium
and lamina propria. The innervation of the urethral epithelium and lamina propria was
significantly higher in comparison with the peptidergic innervation of the bladder neck.
Other studies have also described the peptidergic innervation of the urethral mucosa,
although no quantitative comparison with the bladder was made 36-39. The majority (more
than 70%) (see also Chapter 1) of bladder and proximal urethral DRG neurons in the rats
appear to contain neuropeptides. It is noteworthy that in the distal urethra, lower
numbers of C-fibre afferents and peptidergic C-fibers are found40. For this reason, it might
be that only a subgroup of all urethral afferent fibres are detected. Therefore, a subgroup
of sensory nerves could have been missed. Though, these may be represented by the other
IR fibres detected in the epithelium and lamina propria (see further). Overall, these results
stress the importance of the sensory outflow of the urethral mucosa.
Regional differences were detected in the number of penetrating peptidergic fibres in the
urethral epithelium. The penetrating nerve fibres increased towards the distal urethra. A
recent study in mice also identified innervation difference in the epithelial layer of the
urethra36. No increase of penetrating vacht-IR nerve fibres was seen towards to distal
urethra. Based on their location within the epithelium, these vacht-IR nerve fibres might
also be sensory. The regional differences of innervation along the urethral epithelium may
be related to urethral function (see also Fig.8.1). In Chapter 4 and 5 we argued that sensory
fibres in the proximal urethra may be linked to distension. In contrast, fibres penetrating
the epithelium might be more sensitive to lateral movements of the epithelium such as
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might occur during urine flow. This has also been postulated in Chapter 4, where SA
afferents in the pudendal nerve innervating the distal urethra might be signalling the
duration of micturition resulting from distension (probably related to flow) (see also
Fig.8.1).
Next to a peptidergic innervation, a distinct cholinergic and nitrergic innervation is present
in the epithelium and lamina propria of the rat urethra. In comparison with the peptidergic
innervation, the overall mucosal cholinergic and nitrergic innervation was lower. The same
is true in the bladder33, 41, 42. Based on their location, the cholinergic and nitrergic nerve
fibres are likely to be sensory. Moreover, no efferent functions have been demonstrated
experimentally of nerve fibres associated with the urothelium and suburothelium of the
bladder or the epithelium and subepithelium of the urethra. Further, diameter analysis
showed a different distribution of vacht-IR fibres in the smooth muscle in comparison with
the vacht-IR fibres in the subepithelium. This may be due to the fact that vacht-IR nerve
fibres in the smooth muscle are likely to be motor, whereas those in the subepithelium are
likely to be sensory. A sensory role has been proposed for acetylcholinesterase-positive
nerves in the lamina propria of the bladder43. On the other hands, Nos-IR fibres in the
suburothelium of the bladder were not affected by the neurotoxin capsaicin41, suggesting
that these fibres belong to a different population of nerves than capsaicin sensitive cgrp
nerves. Though, based on their location in the subepithelium, with some of them
penetrating the epithelium it is possible that these nNos-IR represent afferent fibres. The
origin of nNos-IR nerve fibres in the LUT has not been fully established, although
colocalisation has been shown with cholinergic nerves44. Therefore, it is possible that the
vacht-IR and nNos-IR fibres identified in Chapter 6 resemble the same group of structural
nerves.
An interesting observation was the discovery of a previously undescribed nucleated cgrpIR cell type in the subepithelium of the bladder neck and proximal urethra, here referred
to as a “ribbon cell” due to its appearance. This cell type was only present in the
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subepithelium of the bladder neck and proximal urethra (see further). Overall, the
structural study conducted in Chapter 6 makes it clear that not only regional functional
specialisations may be present in the urethra (Chapter 5), but also regional differences are
present in the innervation of the subepithelium (ribbon cells) and the epithelium of the
urethra (high number penetrating fibres in the distal urethra) (see also Fig.8.1).
The ribbon cell identified in Chapter 6 has been the topic of Chapter 7. The function and
nature of the ribbon cell is unknown and needed further investigation. They were
identified based on their IR to the peptidergic marker cgrp. In Chapter 7, further attempts
were made to describe the morphological and immunohistochemical characteristics of
these ribbon cells, together with their relation to other structures. This type of cell has not,
to our knowledge, been described before. Several studies have investigated the cgrpinnervation of the rat bladder and urethra, though they were not noticed or described 26, 33,
35, 41.

They could have been missed as it was difficult to identify ribbon cells in transverse

sections of the urethra. Other factors may have been the magnification used, whole mount
preparation or transverse sections.
The ribbon cells showed IR to the neuronal marker βIII-tubulin and the sensory neuronal
markers cgrp and SP. Also IR was found to the pain receptor TRPV1. BIII-tubulin is regarded
as a neuron-specific marker. It plays an important role in neuronal cell proliferation and
differentiation45.

Further, cgrp is considered to be the most abundant peptide in

mammalian primary afferents and is widely present in sensory neurons of all sizes. Cgrp is
released from sensory nerves and is implicated to play a major role in pain pathways46. SP
is also known to coexist with cgrp in sensory neurons47. This suggests a potential sensory
neuronal function of the ribbon cells. They could be a form a specialized peripheral sensory
neurons, supporting a possible role for the ribbon cells in afferent signalling. The IR of the
ribbon cells to TRPV1 further strengthens the suggestions made above, as TRPV1 is known
for its function in nociceptive neurons.
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Further, the ribbon cells could only clearly be identified in longitudinal sections, where they
would be present over long distances, suggesting that they have a specific orientation
following the long axis of the urethra. This specific orientation may allow them to sense
distortion of the urethral lumen. Also, they appear to form a distinct interconnecting
network just below the basal layer of the urethral epithelium, which could allow them to
sense elements released by the epithelium. Interestingly, a close relationship was seen
between the ribbon cells and nNos (nitrergic) or vacht (cholinergic) nerve fibres. This may
indicate some sort of interaction between the ribbon cells and the nerve fibres. Further,
sections stained for αSMA showed a close relationship between the ribbon cells and
vascular structures. Therefore, one needs to keep in mind the possibility of the presence
of a specialized interactive communication network between the ribbon cells and the
vascular system.
It is unlikely for the ribbon cells to be specialized interstitial cells as they did not show any
IR to the mesenchymal marker vim, normally expressed by interstitial cells, fibroblasts, and
other cells of mesenchymal origin. Moreover, vim is not expressed by cells of neuronal
origin48.
Rare small clusters of subepithelial neurons or solitary neurons have been reported with
the intestinal mucosa of several animals and humans49-61. Morphologically, the ribbon cells
resembles the subepithelial neurons present in the rat gut53. These neurons were also
described as spindle-shaped and are also seen to extend into two processes. Similar to the
ribbon cells, close cell-cell contacts were described between two neighbouring
subepithelial enteric neurons56. Further, IR to peptidergic markers, such as SP, has been
shown in enteric mucosal neurons in the rat and guinea-pig55. The nature of the enteric
mucosal neurons is not yet fully understood and are conventionally considered to be
ectopic59. It is possible that the ribbon cells resemble the mucosal neurons described in
the gut.
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One also needs to keep in mind the possibility that these ribbon cells may be
neuroendocrine (NE). It may be possible that the ribbon cells represent a subtype of the
described “closed-type” NE cell in the urethral epithelium62-64. Although, NE cells generally
lie in the epithelium and are spread throughout the whole urethral epithelium. Also, no
NE cells are described showing IR to peptidergic markers. On the other hand, neuron-like
characteristics have been addressed to a subtype of NE cell present in the female urethral
mouse epithelium62.
Overall, the ribbon cells may function as potential sensory detectors and/or transmitters
in the urethral sensory mechanisms. Their specific location in the proximal urethra may
also be related to function. They may be involved in sensing stimuli of the proximal urethral
epithelium, such as mechanical stimuli (distension, pressure) or substances released by the
epithelium. Whether they are NE needs further investigation and to what stimuli they may
respond. In addition, methods and approaches need to be identified to study the possible
role that the ribbon cells may play in epithelia/nerve physiology in the urethra. Overall, it
is without dispute that these sensory neuronal cells exist in the bladder neck and proximal
urethra of the female rat. Whether the ribbon cells are present in other species and/or
humans needs further investigation. Moreover, more knowledge is needed on the role of
these ribbon cells in the activation and/or modulation of non-nociceptive and nociceptive
urethral afferent pathways under physiological and pathological conditions.
Concluding, latter studies made it clear that the urethra is not a simple structure with a
single function. Functional and innervation regional specializations exist in the urethra
(Fig.8.1). Current complexities were observed in the female rat urethra. Therefore, the
extrapolation of these observations to human deserves caution.

However, the

observations that the urethra has such complexities and regional differences raises
questions about the origins of urethra and bladder pathologies in the human such as SUI,
urethral instability, urethra weakness and overactive bladder. The vascular component of
the urethra may play a major role in the urethral closure mechanisms. In the female rat
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urethra, this vascular component was particularly present in the distal urethra, though a
distinct vascular plexus was also present in the proximal urethra. The same is true in the
human urethra.

The importance of the vascular component in the production of

intraurethral pressure has been described by others27-30, assigning the vascular component
to be responsible for one third in the production of intraurethral pressure. Our data,
showing a high resistance element of the vascular plexus in the distal urethra, suggest a
major role of this vascular plexus in urethral continence. Moreover, the ability of the
urethral wall to deform, mold and conform contributes to urethral continence65. The
observation of vasodilatation in the cat bladder during filling, involving local factors66, may
also be present in the urethra and further contribute to intraurethral pressure during
bladder filling. The identification of highly innervated vessels in the distal female rat
urethra, possible involving cholinergic, nitrergic and sensory mechanisms, may contribute
to a possibly complex regulation of vessel tone during continence or micturition. Reflex
cardiovascular responses may be present where the sensory innervation of the vascular
plexus may relate information on the degree or presence of vasodilation to the CNS as part
of the integrated reflex control of urethral closure. Moreover, other elements of resistance
were identified in the urethra. The identification and understanding of these elements of
resistance, their function and how they each integrate in the overall urethral function may
raise opportunities for specific interventions to modulate particular urethral continence
related mechanisms.
Additionally, in patients with urinary incontinence, urine entering the proximal urethra
during the storage phase could precipitate urgency, moreover these patients appear to
have the highest prevalence of detrusor overactivity67. Therefore, the complex and highly
innervated subepithelium of the proximal urethra, together with the presence of putative
sensory ribbon cells, may play a role in several augmenting urethrovesical reflexes and/or
the sensation of imminent voiding. The observation of regional structural specialisations
in penetrating nerve density must reflect a specific functional role, reflecting different
sensory mechanisms throughout the urethra. As described by Barrington 1-3, four out of
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seven identified reflexes involved in the generating and coordinating of micturition had
their origin in the urethra. The identified different sensory mechanisms throughout the
urethra are likely to play a (partial) role in the control reflexes of the LUT. To which
reflex(es) they all contribute and how all these sensory mechanisms communicate with
each other is unclear. The complexities identified demonstrate the need for more detailed
studies of integrated urethral afferent function and an appreciation of such diversity is
critical to understand fully the functions of the urethra. Furthermore, it is clear that the
role of the urethral sensory system is very important in function and pathology of the
urinary tract. Increasing the knowledge on the urethral afferent innervation will provide
more insight in the management of the LUT and its pathologies. Anyhow, current results
open the field and should stimulate to further investigations to clarify the role of urethral
afferents and the ribbon cells in the control mechanisms of the LUT.
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Figure 8.1: Hypothetical scheme of sensory regional differences and complexities in the female rat urethra, based on current results.
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The LUT serves two main functions, including the storage and the periodic elimination of
urine. During normal storage and micturition the bladder and urethra work together as
one functional unit. The coordinated activity of the LUT is regulated by a complex neural
control system, which incorporates different spinal and supraspinal reflex pathways.
Various studies, in both animals and humans, have shown that afferent input from the
urethra can modulate bladder function (augment or inhibit).

This underlines the

importance of urethral afferents and their role in LUT control. Though, the urethra has
long been considered as a simple tube to guide urine outside the body. However, it
becomes more and more apparent that urethral function is complex. Compared to the
bladder, less attention has been given to the functional and structural characteristics of the
urethra and its afferents, and more experimental studies are needed. With respect to this,
studies have been undertaken to explore on the sensory outflow from the urethra with the
use of several functional and structural techniques, in order to provide a greater insight
into the overall urethral function and the urethral afferents.
Most studies looking at the urethral afferent characteristics are limited based on the fact
that only whole nerve potentials were measured. Therefore, a first study was performed
to elaborate on the functional characteristics of single urethral afferents. The number of
urethral afferents and their response patterns to UD are described, this was done in the
proximal and distal urethra. In both the pelvic and pudendal nerve single afferent units
were identified responsive to UD. Three different response patterns were identified,
where pelvic responsive afferents showed a fast adapting (FA) and a slow adapting pattern
(SA1), and pudendal responsive afferents showed slow adapting patterns (SA1 and SA2).
Further, no association was found between the type of nerve and location of the response
to UD, suggesting no clear distinction of pelvic and pudendal urethral innervation and
possible innervation overlap. This raises the possibility of different pelvic and pudendal
receptor types with different signaling functions. Moreover, these results suggest the
presence of regional differences along the urethra.
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The identification of complexities of the urethra is needed to fully understand the
integrated urethral function. Therefore, in further studies, we explored these identified
sensory regional complexities with the use of structural studies. A reevaluation and
characterization of the structural urethral elements, afferent and efferent, was performed
in a second study. These data has been correlated with functional urethral wall compliance
data. Rat urethral tissue was incubated with antibodies to cgrp, nNos, vacht and TH. A
highly folded epithelium and lamina propria characterizes the proximal urethra, likely to
distend during late bladder filling. The dense subepithelial innervation in the region
suggests a role of these afferents in the later phases of filling. Further, the presence of a
luminal protrusion of smooth muscle in the mid urethra suggests a role or contribution
during continence. Similar to the proximal and mid urethra, the distal urethral also has a
regional specialization contributing to overall urethral function, referring to the presence
of a distinct vascular plexus. Measurements of the urethral wall compliance endorse the
identified regional complexities. Variations in urethral wall compliance correlate with the
identified muscular and vascular elements, suggesting the operation of discrete systems,
hence effecting urethral closure during filling.
The regional differences in the sensory innervation of the urethra were further explored in
a third study, describing the autonomic and sensory nerve distribution in the epithelium
and lamina propria of the urethra of the female rat. Rat urethral tissue was incubated with
antibodies to cgrp, nNos, vacht and TH. Large numbers of peptidergic, nitrergic and
cholinergic nerve fibres were found close to the epithelium and subepithelium of the
bladder neck and throughout the urethra, revealing a highly complex and heterogeneous
network of putative afferent nerve fibres. Moreover, regional differences are present in
the number of penetrating peptidergic fibres in the urethral epithelium, increasing towards
the distal urethra. Further, a population of undescribed peptidergic cells associated with
the subepithelium of the the bladder neck and proximal urethra has been characterized,
though the function and nature of this cell is unknown.
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This identified peptidergic cell (ribbon cell) has been explored in a last structural study.
Their morphological and immunohistochemical characteristics are described, together
with their relation to other structures. Rat urethral tissue was incubated with antibodies
to cgrp, SP, TRPV1, vim, αSMA, βTub, nNos and vacht. The IR of the ribbon cells to the
peptidergic markers (cgrp and SP) and to the neuronal marker (βTub) suggest a potential
sensory neuronal function of the ribbon cells. Their specific location, the subepithelium of
the bladder neck and proximal urethra, further suggests a regional sensory specialisation.
They form a distinct interconnecting network and appear to have a specific orientation
following the long axis of the urethra, allowing them to possibly sense distortion of the
urethral lumen. Their close relationship with the epithelium, with nitrergic and cholinergic
nerve fibres and vascular structures could allow them to sense elements released by the
epithelium and/or form a specialized interactive communication network respectively.
In conclusion, studies have been conducted to explore on the sensory outflow from the
urethra with the use of several functional and structural techniques. Latter studies make
it clear that the urethra is not a simple structure with a single function. The sensory
urethral outflow is complex and regional sensory specialisations are present. Further, the
regional differences in structure and innervation along the urethra may be related to
urethral function. The presence of a potential sensory neuron (ribbon cell) in the proximal
urethra adds to this complexity. Overall, the need for more detailed studies of integrated
urethral afferent function is obvious and an appreciation of such diversity is critical to fully
understand the functions of the urethra.
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De twee belangrijke functies van de lagere urinewegen zijn de opslag en het periodiek
elimineren van urine. Tijdens de normale opslag van urine en het ledigen van blaas dienen
de blaas en de plasbuis, de urethra, samen te werken als één functionele unit. Deze
gecoördineerde activiteit van de lagere urinewegen wordt gecontroleerd door een
complex neuraal systeem, welke verschillende spinale en supraspinale reflexen omvat.
Verschillende studies, in zowel dieren als in mensen, hebben aangetoond dat afferente
input komende van de urethra de blaaswerking kan moduleren (zowel een versterkende
als inhiberende werking). Dit benadrukt het belang van urethrale afferenten en hun
mogelijke functie in de controle van de lagere urinewegen. Nochtans is de urethra voor
zeer lange tijd beschouwd geweest als een simpele buis die urine uit het lichaam leidt.
Toch wordt het meer en meer duidelijk dat de functie van de urethra complex is. Er is, in
tegenstelling tot de blaas, weinig aandacht besteed aan de functionele en structurele
eigenschappen van de urethra en zijn afferenten. Zo zijn er meer experimentele studies
nodig die deze eigenschappen bestuderen. Om deze reden werden verschillende studies
uitgevoerd om de sensorische functie van de urethra verder te bestuderen. Hiervoor
werden verschilende functionele en structurele technieken gebruikt. Met het doel om een
grotere kennis te vergaren over de algemene urethrale functie en de urethrale afferenten.
De meeste studies die urethrale afferente eigenschappen bestuderen zijn beperkt door het
feit dat zij enkel de potentialen van de volledige zenuw gaan meten. Om deze reden is een
eerste studie uitgevoerd om de kennis over de functionele eigenschappen van urethrale
afferente eenheden te verruimen.

Het aantal urethrale afferenten en hun

antwoordpatronen worden beschreven na urethrale distentie, zowel in de proximale als in
de distale urethra. In zowel de nervus pelvinus als pudendus worden urethrale afferente
eenheden geïdentificeerd die geexciteerd worden door urethrale distentie. In totaal
werden drie verschillende antwoordpatronen gevonden, waar de nervus pelvinus reactive
afferente eenheden een vlug adapterend (FA) en een traag adapterend (SA1)
antwoordpatroon toonden en de nervus pudendus reactive afferente eenheden één van
beide traag adapterende antwoordpatronen (SA1 en SA2) toonden. Verder werd er geen
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duidelijke associatie gevonden tussen het type zenuw en de plaats van antwoord
(proximale of distale urethra).

Deze resultaten suggereren dat er geen duidelijk

onderscheid is in de afferente urethrale bezenuwing van de nervus pelvinus en pudendus.
Verder is het ook mogelijk dat er verschillende pelvische en pudendische receptortypes zijn
met elk een verschilllende signaliserende functie. Bovendien suggereren deze resultaten
de aanwezigheid van regionale verschillen in de urethra.
De identificatie van deze complexiteiten in de urethra is nodig om de geïntegreerde
urethrale functie volledig te kunnen begrijpen. Om deze reden hebben we de sensorische
regionale complexiteiten verder bestudeerd aan de hand van structurele studies. Een
herevaluatie en de characterizatie van de structurele urethrale elementen, afferent en
efferent, is verricht in een tweede studie. De verworven data is daarna gecorreleerd met
de functionele urethrale wand compliantie data. Urethrale weefels van de rat werden
geïncubeerd met antilichamen gericht tegen cgrp, nNos, vacht en TH. De proximale
urethra was gekarakteriseerd door een hoog geplooid epitheel en lamina propria, welke
waarschijnlijk zal ontplooien tijdens een laat stadium van blaasvulling.

Het sterk

geinnerveerde subepitheel in deze regio suggereert dan ook een mogelijke rol van deze
afferenten tijdens de latere stadia van blaasvulling. Verder suggereert de aanwezigheid
van een luminaal uitsteeksel van zacht spierweefsel in het midden van de urethra een
mogelijke rol of bijdrage tijdens continentie. Net als proximaal als in het midden van de
urethra, heeft de distale urethra ook een regionale specializatie die zal bijdragen tot de
algemene functie van de urethra, namelijk de aanwezigheid van een duidelijke vasculaire
plexus. Deze geidentificeerde regionale complexiteiten correleren ook met data van de
urethrale wand compliantie experimenten. De variaties in de urethrale wand compliantie
data komen dan ook overeen met de geïdentificeerde musculaire en vasculaire elementen,
wat aangeeft dat mogelijks verschillende discrete systemen van werking zijn, die elk
bijdragen tot urethrale dichting tijdens de vullingsfase.
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De regionale verschillen in de afferente innervatie van de urethra zijn verder bestudeerd
in een derde studie. Deze beschrijft de autonomische en sensorische bezenuwing van het
epitheel en de lamina propria van de urethra. Urethrale weefels van de rat werden
geincubeerd met antilichamen gericht tegen cgrp, nNos, vacht en TH. Grote aantallen
peptidergische, nitrerge en cholinerge zenuwvezels werden geïdentificeerd dichtbij het
epitheel en subepitheel van de blaasnek en van de urethra, wat een zeer complex en
heterogeen netwerk van mogelijke afferente zenuwvezels aan het licht brengt. Bovendien
werden regionale verschillen gevonden in het aantal penetrerende peptidergische
zenuwvezels in het urethraal epitheel, welke toenamen in de richting van de distale
urethra. Verder werd een populatie van tot nu toe onbeschreven peptidergische cellen
geïdentificeerd, welke geassocieerd waren met subepitheel van de blaasneck en proximale
urethra. Echter de functie en aard van deze cellen is onbekend.
Deze geïdentificeerde peptidergische cel (ribbon cel) is dan ook verder onderzocht in een
laatste structurele studie. Hun morfologische en immunohistochemische eigenschappen
worden beschreven, samen met hun verwantschap tot andere structuren. Urethrale
weefels van de rat werden geïncubeerd met antilichamen gericht tegen cgrp, SP, TRPV1,
vim, αSMA, βTub, nNos en vacht. De ribbon cellen toonden immunoreactiviteit voor de
peptidergische merkers cgrp en SP, en voor de neuronale merker βTub. Dit suggureert een
potentiele sensorische neuronale functie voor de ribbon cellen. Hun specifieke locatie
benadrukt bovendien een mogelijke regionale sensorische specializatie van deze cellen in
het subepitheel van de blaasnek en proximale urethra. Ze vormen ook een duidelijk
netwerk van connecterende cellen en lijken een specifieke orientatie te hebben die de
lengte as van de urethra volgt. Dit maakt het mogelijk van de ribbon cellen om bijvoorbeeld
vervorming van het urethrale lumen te voelen. Verder maakt hun dicht verwantschap met
het epitheel, met nitrerge en cholinerge zenuwvezels, en met vasculaire structuren het
mogelijk voor hen om bijvoorbeeld elementen vrijgegeven door het epiteel te detecteren
en kunnen ze mogelijks tot een specialiseerd interactief communicatie netwerk behoren.
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Concluderend kunnen we stellen dat de verschillende studies werden uitgevoerd om de
sensorische functie van de urethra verder te bestuderen, en dit met het gebruik van
verschillende functionele en structurele technieken. De uitgevoerde studies benadrukken
dat de urethra meer is dan enkel een simpele buis met één enkele functie. De sensorische
urethrale functie is complex en verschillende regionale sensorische specialisaties zijn
aanwezig. Verder kunnen deze regionale verschillen in structuur en bezenuwing van de
urethra gerelateerd zijn met hun mogelijke functie. De aanwezigheid van potentiele
sensorische neuronen (ribbon cellen) in de proximale urethra draagt bij aan deze
complexiteit. In het algemeen kunnen we stellen dat de nood aan meer gedetailleerde
studies die de geïntegreerde urethrale afferente functie bestuderen hoog is. Bovendien is
een waardering van zo een geïdentificeerde diversiteit in de urethra cruciaal om de
urethrale funtie volledig te begrijpen.
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