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Abstract

Structure and distribution of afferent nerve fibres in the rat bladder were studied by fluorescence microscopy after selective
staining with antibodies against neuropeptide CGRP. Afferent fibres are very abundant (by comparison with other viscera) and
interconnected in all bladder parts: muscle, urothelium, connective tissue, blood vessels, serosa. Their highest concentration is
beneath the urothelium in equatorial and caudal regions, where they form a plexus, while individually maintaining a tree-like
structure with innumerable branches running without preferential orientation. In cranial regions, mucosal afferent fibres become
rare or absent. Abundant fibres are found in the detrusor, within each muscle bundle, with long strings of varicosities parallel to
muscle cells. Afferent fibres, invariably varicose over hundreds of micrometres of their terminal parts and while still branching,
comprise chains of hundreds of varicosities. Varicosities are irregular in size, frequency and separation, without specialised
terminal structures around them, or within or around the fibre’s ending. The possibility that varicosities are transduction points for
sensory inputs is discussed, with the implication of a process taking place over considerable length in each branch of each fibre.
Interconnectedness of afferent nerves of various bladder tissues, distribution of varicosities over hundreds of micrometres along
axonal branches, absence of clear target structures for the fibres, apparent irregularity in the size and sequence of varicosities
suggest an innervation that is not rigidly wired with distinct sensory pathways. In fact, the structural evidence suggests extensive

afferent integration at the periphery, with wide distribution of source points and broad range of physical detectors.
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Introduction

The afferent innervation of the urinary bladder, which gives rise
to the local sensations and to other more restricted reflex pro-
cesses, is provided by nerve fibres that issue from dorsal root
ganglia (Applebaum et al. 1980; Vera and Nadelhaft 1990),
pass in the majority through the pelvic ganglion and along the
urinary branches of the pelvic nerve, where they are mixed with
efferent (motor) post-ganglionic fibres, and terminate in all
layers of the bladder wall (in the rat: Mattiasson et al. 1985;
Su et al. 1986; Yokokawa et al. 1986; Gabella and Davis 1998;
Shea et al. 2000, among others; reviewed in de Groat and
Yoshimura 2009; Birder 2014). A recent study on the bladder
of mice extended the observations with the use of computer-
assisted 3-D two-photon microscopy (Schueth et al. 2017).

In line with a dominant role of the urothelium in bladder
physiology (Birder and Andersson 2013) and because of the
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abundance of afferent nerves in the mucosa (in its tunica
propria, to be precise), there has been much interest in the
functional links between urothelium and adjacent nerves, in-
cluding the possibility of reciprocal interactions (Kanai and
Andersson 2010).

Possible interactions between urothelium and sub-
urothelial nerves are much discussed (Apodaca 2004), under
the concept of urothelial signalling (Birder and Andersson
2013) and many of the modern studies are focused on the role
of the mucosa in the afferent processes of the bladder
(Andersson and McCloskey 2014).

There is afferent innervation in the detrusor muscle too,
served by A/delta fibres with relatively high conduction veloc-
ity (Sengupta and Gebhart 1994; Kanai and Anderson 2010).

Several classes of bladder afferent fibres are identified
physiologically, for example at least four distinct types in the
guinea pig (Zagorodnyuk et al. 2007) and several types in the
rat (Shea et al. 2000).

Afferent fibres are involved in the mechano-sensitive pro-
cesses in the bladder, especially the detection of organ disten-
sion that produces a strong sensation of fullness and can acti-
vate voiding.
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In addition to those transmitting impulses from mechanical
stimuli there are fibres conveying pain and thermal and chem-
ical stimuli.

Even the sensation of fullness is regarded by many as a
form of chemo-reception, where ATP (Ferguson et al. 1997)
or acetylcholine (Yoshida et al. 2006) or nitric oxide and other
substances (Masunaga et al. 2006) are released from epithelial
cells of the urothelium when it is stretched, and may activate
the adjacent nerve terminals (Nakagomi et al. 2016).

In addition, mechano-sensitive channels may be present on
various cells but also on the sensory nerve terminals them-
selves (Araki et al. 2008).

In the publications on visceral afferent fibres, the term
‘nerve terminals’ is commonly used, in spite of the absence
of a clear anatomical referent; the term is associated with that
of ‘target’, even ifit is only to indicate that those afferent fibres
do not show an obvious target. Indeed, studies by electron
microscopy (Dixon and Gilpin 1987), by immunocytochem-
istry (Wakabayashi et al. 1993) and by immunohistochemistry
(as quoted here) have not detected targets or special structures
at the anatomical end of these afferent fibres; in fact, the ana-
tomical end of a fibre is hardly ever recognised.

The afferent fibres (or, more strictly, the afferent axons) in
the bladder, as in all viscera, are difficult to distinguish ultra-
structurally from other types of fibre (Gosling and Dixon
1974). However, they can be identified with some confidence
by their specific content of certain neuropeptides such as sub-
stance P and CGRP (calcitonin gene-related peptide), which
are readily detected histochemically.

That line of investigation has produced many detailed ac-
counts of bladder afferent innervation (Hokfelt et al. 1978;
Alm et al. 1978; Mattiasson et al. 1985; Yokokawa et al.
1985, 1986; Gabella and Davis 1998).

The specificity of CGRP for urinary afferent neurons is
well documented in the rat (Su et al. 1986) and confirmed
by ultrastructural (Gulbenkian et al. 1986; Papka and
McNeill 1992, 1993), autoradiographic (Burcher et al. 2000)
and physiological and pharmacological (Franco-Cereceda
et al. 1987; Maggi et al. 1987; Lundberg et al. 1992) studies.

There are crucial aspects of bladder innervation that are not
understood or documented, and an advance in that direction is
the purpose of this study, particularly for structural features
that bear strongly on bladder functions while raising difficult
questions on their morphogenesis.

Material and methods

Adult female rats (Sprague-Dawley) aged 7-10 weeks and
weighing 180-200 g were used.

All the procedures involving materials from animals com-
plied fully with the UK Home Office Regulations under a
Personal and a Project License to the Author.
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Rats, immediately after being killed with an overdose of
anaesthetic (pentobarbitone 100 mg/kg i.m.), were vascularly
perfused from the heart with Krebs solution for about 3 min
and the blood drained through the cut right atrium.

The bladder was dissected out, by cutting the ureters
and urethra near their point of entry; it was slit open with
a cut from the cranial to the caudal pole; and it was spread
out with the mucosa up and pinned down on a petri dish
with a base of Sylgard (Dow Corning, Wiesbaden,
Germany). By moving and repositioning the pins at the
edge of the preparation and making small peripheral cuts,
the bladder wall was stretched out into a flat lamina.
When a maximal distension was obtained (approximating
the size of the organ in situ when fully distended), the
mucosa was separated from the muscle as a thin lamina
by manual microdissection under a dissecting microscope
and was pinned down on a separate base of Sylgard. The
remaining of the wall, consisting mainly of musculature
(detrusor muscle), was cut into three to four smaller lam-
inae, also pinned down of slabs of Sylgard. All the lam-
inaec were then immersed in fixative (2% formaldehyde
and 0.2% picric acid in PBS, with 0.2% Triton X-100
and 5% donkey normal serum) for about an hour. Then,
while still pinned on Sylgard, the laminae were incubated
with a polyclonal primary antibody anti-CGRP raised in
rabbit against synthetic rat alpha calcitonin gene-related
peptide (from Affiniti, Exeter, UK), at a dilution of
1:1000 for 18-24 h, at room temperature in a moist cham-
ber in the dark. At the end of the incubation, the lamina
was unpinned, washed in several changes of PBS,
mounted in Citifluor (Canterbury, Kent, UK) and exam-
ined in a fluorescence microscope. Experiments to control
the specificity of the staining were carried out by replac-
ing the primary antibody with PBS or with the primary
antibody pre-absorbed with the antigen.

For frozen sections, a cannula was inserted into the bladder
in situ, any urine was drained and then Krebs solution was
injected into the lumen to obtain a controlled distension.
Fixative was then injected by vascular perfusion and was also
slowly injected into the bladder to replace the Krebs solution.

The bladder, with the cannula in its lumen, was dissected
out and immersed in fixative for 2—4 h, then divided into
segments of a few millimetre size and stored in a 7% sucrose
solution with 0.1% Na azide. Cryostat section at 10 pm was
cut with a cryostat, collected on poly-L-lysine-coated slides
and processed for immune-staining and mounted as described
above.

Results

The rat bladder mucosa (that is the tissue extending from the
lumenal surface to the border with the detrusor muscle,
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consisting of an epithelium, known as the urothelium, and a
layer of connective tissue, known as the tunica propria) is
richly supplied with afferent fibres (CGRP-immuno-positive),
as evidenced both in whole-mount preparations (Fig. 1) and in
frozen microtomic sections (Fig. 2).

In the laminar whole-mount preparations of the mucosa,
there is a gradient in the spatial density of afferent nerve fibres,
with a minimum (or an absence) in the cranial region of the
bladder and a maximum near the caudal region. The gradient
is also visible in transverse sections of the wall cut along the
cranio-caudal axis (Fig. 2a).

The spatial density of afferent innervation, thus, is highest
in the region of trigone and around the opening of the ureters
and urethra (Fig. 2b, ¢). A similar, very high density of afferent

innervation is found in the part of the ureters and urethra
nearest to the bladder (Fig. 2b).

In contrast, large areas of the cranial part of the bladder
mucosa have no nerves, except those around blood vessels
(Fig. 2d).

The mucosal nerve fibres run close to and predominantly
parallel to the urothelium and form a kind of thin-layered
plexus. In the full (distended) bladder, the plexus is quite flat;
it becomes corrugated in the contracted (emptied) bladder
when it follows the prominent folds formed by the entire
urothelium.

Where the innervation is densest, that is caudal to the equa-
tor plane of the bladder, the fibres are so numerous and
intermingled as to form a plexus (a sub-urothelial plexus) so

Fig. T Whole-mount preparation of a rat bladder mucosa, showing CGRP-immuno-fluorescent nerve fibres forming a flat plexus (a sub-urothelial
plexus) without a prevalent orientation of its component strands (photographic montage) Bar 100 pm
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<« Fig. 2 a Transverse section of the bladder wall on a cranial-caudal plane
with the lumen on the right. In the lower region, near the caudal pole of
the bladder, several nerves (white streaks) are seen, just beneath the
urothelium (light grey streak), being intersections of fibres of the sub-
urothelial plexus. In the topmost part of the section, a sub-urothelial
plexus is absent, while at the bottom, that plexus is very well
developed; an intermediate spatial density of fibres occurs in the middle
part of the section, indicating a caudal to cranial gradient in the density of
the plexus. Elsewhere in the bladder, wall gradients are not seen. Bar
200 um. b Section through the mucosa (left) and the ureter (right) at its
point of entry into the bladder. Abundant immune-fluorescent fibres are
gathered immediately beneath the urothelium and around the ureteric
epithelium. Bar 100 pm. ¢ Transverse section through the mucosa, with
the lumen at the top (part of a photographic montage). The fluorescent
fibres are gathered in a region immediately beneath the urothelium, but
some penetrate deeper into the connective tissue of the mucosa. Near the
bottom left corner is a blood vessel surrounded by several fluorescent
fibres. Bar 100 um. d Transverse section of the mucosa, with folded
urothelium and a few immuno-positive fibres immediately beneath it,
on the left-hand side. In contrast, on the right-hand side, the entire
mucosa is devoid of fibres. At the bottom are elements of the detrusor
muscle, with several nerve fibres, transversely sectioned. Bar 100 um. e
The mottled streak across this microscopic field is the urothelium and
varicose fibres penetrate in it and extend for some distance among the
epithelial cells. Bar 20 pm

dense that it is difficult to identify individual axons and to
follow them for any distance.

In contrast, in the areas of the mucosa where the innerva-
tion is less dense, it is possible, in whole-mount preparations,
to recognise and to follow individual nerve fibres along all or
most of their extent, including their branching and their termi-
nal segments. However, intricate the appearance, the sub-
urothelial plexus has a tree-like structure rather than the struc-
ture of a meshed network.

Characteristically, the fibres within the plexus run in all
directions without an apparent preferential orientation and
can even criss-cross each other.

From the sub-urothelial plexus, short branches emerge at
right angle that penetrate into the urothelium, and travel up to
close to the lumen (without actually ever reaching it); these
intra-epithelial fibres are best seen in the microtomic sections
(Fig. 2e). Although they are found in all preparations, they are
a rather component of the afferent innervation.

They are limited to the regions caudal to the equatorial
plane, that is they are only seen in the presence of a sub-
urothelial plexus.

Intra-epithelial fibres are not seen in the short segment of
the ureter and the urethra examined here.

From the plexus, some fibres, moving deeper into the
wall (or coming from deeper into the wall), become
perivascular or penetrate into the muscle, interconnecting
with the nerve elements of every part of the bladder.
There is no evidence of a distinct compartmentalisation
of afferent fibres within separate district, e.g. in the mu-
cosa, but rather an extensive connectivity of all the nerves
of the organ.

All the afferent fibres of the sub-urothelial plexus and of the
other regions of the bladder (including intra-epithelial,
intramuscular and perivascular fibres) are varicose, that is they
have a beaded appearance that corresponds to a linear se-
quence of much expanded and much restricted regions of the
fibre (Fig. 3).

The varicose pattern is readily recognised, but its details are
so variable even along any single fibre that they defy a rigor-
ous description.

It is common to find strings of more than one hundred
varicosities, while the short intra-epithelial branches comprise
up to about 20 varicosities.

There are roughly 30 varicosities every 100 pm; how-
ever, this value is quite variable, without a recognisable
pattern. In some axonal stretches, there are only about 20
varicosities per 100 um, while elsewhere almost twice as
many are found. This variability affects the size and spatial
density of varicosities and the length of the individual
intervaricose segments.

The size of varicosities cannot be measured in fluorescence
microscopy, but it varies markedly along a string, from a bare-
ly visible varicosity to some that must be over a micrometre in
diameter.

Large and small varicosities follow each other in the se-
quence without an apparent order. There is not an increase in
the size of the varicosities nearer the end of a fibre (the oppo-
site is sometimes the case), except occasionally in the short
intra-epithelial branches.

It is also not uncommon that the largest varicosities are
some distance away from the end of the fibre.

Within the plexus, the branching is usually dichotomic
(that is with branches of similar size), often at a right angle.
When it can be detected with confidence, the branching occurs
invariably at the level of a varicosity, and repeated branching
is seen along most axons (Fig. 3a).

A common, although most unexpected, occurrence is var-
icose fibres in the mucosa that clearly appear to branch, but
then, a short distance away, the two branches merge forming
again a single fibre (Fig. 4). Various configurations are ob-
served, such as a splitting of a fibre over a short or a long
distance (Fig. 4a), or a closed loop with which the fibre termi-
nates (Fig. 4b).

There are afferent fibres in all other areas of the bladder
wall, especially around blood vessels and within bundles of
the detrusor muscle (Fig. 5). The efferent innervation of the
muscle is modest by comparison with the high density of
efferent (motor) fibres, but still quite extensive; even the
smallest muscle bundles show at least one varicose fibre
(Fig. 5a), generally running parallel to the muscle cells (Fig.
5b, ¢).

All these fibres, muscular and perivascular, are varicose
and the pattern shows a great variability, almost as wide as
that of the fibres in the mucosa.
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Fig. 3 a Whole-mount preparation of the mucosa with a varicose fibre
that divides repeatedly, spreading in various directions. The varicose
pattern is distinct, throughout the extent visible in the micrograph. The
three branching sites shown are all at the level of a varicosity. The size and
the separation of the varicosities appear quite irregular. Bar 30 um. b A
long fibre and its irregular string of varicosities in the mucosa. Two blood
vessels (out of focus) cross vertically this microscopic field. Bar 30 um. ¢

@ Springer

A wavy varicose fibre in the mucosa seen over a distance of some 300 pm
up to its end (at the right). Over the terminal part of the fibre (roughly the
right half of its length), varicosities are irregular and do not show a
gradient related to the proximity to the termination. In the left half of
the fibre (which could be caller pre-terminal), the varicosities are
initially small and faint and then they increase progressively in a distal
direction. Bar 30 pm
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Fig. 4 a A varicose fibre in the lamina propria of themucosa does branch
(left of centre) and one of the two branches divides again, but then the two
secondary branches become rejoined into a single fibre (to the right)

Discussion

The occurrence of distinct structural features in the afferent
fibres of the bladder mucosa, as illustrated here, their com-
plexity and variability, and the difficulties of interpretation all
highlight how little we understand the basic mechanisms of
this sensory system.

The limitations of the present work are those of immuno-
fluorescence microscopy, for example that only what is
immuno-fluorescent is seen, and that magnification and reso-
lution are quite modest. Nevertheless, the use of whole-mount
preparations reduces some of the optical and sampling prob-
lems of sections. The whole-mount method is applied on tis-
sues ex vivo, after mild fixation, without sectioning or

before the termination. Bar 20 wm. b This isolated fibre, varicose
through the entire visible length, seems to be forming a closed loop
issuing from a large varicosity of the parent fibre. Bar 20 um

embedding, without injection of tracers, and it offers a full
view of a tissue; there are, however, limitations (large blad-
ders, auto-fluorescence, penetration of the antibodies, more
compact connective tissue, for example). Whole mounts of
rat bladder mucosa were first used by Yokokawa et al.
(1985) and the present results are in full agreement with their
work.

The identification of CGRP-immuno-fluorescent fibres
with afferent fibres is reasonably safe (Su et al. 1986;
Yokokawa et al. 1986) and has been tested in several
previous studies on laboratory animals. Even in the hu-
man bladder, co-localisation studies have confirmed the
value of CGRP for identification of afferent fibres (Smet
et al. 1997).
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Fig. 5 a Frozen section of the bladder wall, mainly occupied by muscle
bundles that are roughly in transverse section (in oblique section at the
bottom of the micrograph) showing numerous nerve fibres running well
within each bundle. At the top right is part of the urothelium, and in this

There may be, however, CGRP-negative afferent fibres, in
particular in species other than the rat. This does not affect the
present conclusions but must allow for additional physiolog-
ical possibilities.

The distribution of the afferent fibres has functional impli-
cations. The gradual transition from a maximal, very high
density, near the caudal pole of the bladder, to a virtual ab-
sence at the cranial pole, implies that the mucosa is practically
insensitive over a large area about the cranial pole; from the

@ Springer

region near the cranial pole, there are no afferent fibres in the mucosa. Bar
20 um. b A large afferent fibre with prominent varicosities, parallel to a
muscle bundle, is shown in a whole-mount preparation. Bar 20 pm

equatorial region, there must be a progressive increase in sen-
sitivity with a maximum near the urethral opening.

The openings of the ureters and urethra into the bladder
must be providing a highest afferent input to the CNS, which
fits with their crucial position and suggests the presence in
those regions of factors particularly favourable to the growth
of afferent nerves.

The afferent fibres are concentrated in a kind of plexus
parallel to the urothelium, very variable in its layout in the
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distended or the contracted bladder. Fibres branch repeatedly,
maintaining their individuality until their ends, running in an
irregular fashion and without a preferred orientation, a distri-
bution that fits in the wall of a near-spherical organ, which
expands non-directionally.

Where the spatial density is not too high, points of termi-
nation of the afferent axons are recognised—and they show no
characteristic structure, adding to our uncertainty as where the
afferent transduction takes place.

All the fibres within the plexus and elsewhere are invari-
ably varicose, as shown in an earlier documentation of high
quality (Tamaki et al. 1992); two new features are presented
here.

First, the chains or strings of varicosities are very long,
hundreds of varicosities over hundreds of micrometres, and
are not affected by branching, with the branching always oc-
curring at a varicosity and not at an intervaricose segment.

Second, the varicose pattern, high characteristic as it is, is
also very variable or irregular within a single string and in
every fibre. There is no gradient, no changes near the very
end of the fibre and no apparent regularity in the repeat, the
size and the separation of varicosities. Classifications and
quantitative analysis are almost impossible under the criteria
we have available. It may be that there are different types of
fibre, although the variability is found also within a single
fibre.

From the structural variability of varicosities, the sugges-
tion arises that it is a pattern in a dynamic condition with a
continuous and rapid structural change, without a rigid well-
defined stable structure, which we simply observe statically in
one single instant. However, there are no data as yet as to how
dynamic these structures are, their turnover, continuous
growth, adaptive changes, repair.

Two scientific questions arise directly from the varicose
pattern of the fibres.

First: what are the physiological properties imparted to a
fibre by the varicose pattern?

Second: what are the morphogenetic processes, during de-
velopment, growth, renewal, and repair, that bring about the
varicose pattern?

It seems that nothing can be said for now about the mor-
phogenesis. Varicose fibres, afferent and efferent, are very
common at the peripheral sites of the autonomic nervous sys-
tem and the problem should be examined in a broader per-
spective. In the bladder, one may wonder what it is that keeps
the mucosa of its cranial regions nerve-free: an unfavourable
terrain for axonal growth? inhibiting factors? losing in the
competition with other areas?

As to the first question, considering the autonomic nerves
in general, the ultrastructural evidence in the literature strong-
ly suggests that the varicosities of autonomic efferent (motor)
fibres are points of transmitter release. They are packed with
axonal vesicles, they include areas uncovered by a glial

wrapping, and they lie within 40-60 nm from the surface of
smooth muscle cells. This is particularly evident in the bladder
detrusor and it leads to the conclusion that these are proper
neuro-muscular junctions (Gabella 1995; reviewed by Hirst
et al. 1996; Bennett 1996).

One is tempted to consider whether there is a similar
arrangement also in afferent (sensory) varicose autonom-
ic fibres, with active points (that is sites of sensory
transduction) distributed in a chain of sites along a ter-
minal axonal branch. Scores of afferent junctions would
then be spread over the terminal length of a single ax-
onal branch.

This interpretation is substantially at variance from the
standard paradigm of sensory input, but it would fit well
with the present structural evidence. It would also agree
with the presence of varicose CGRP-positive fibres in the
pelvic ganglion (terminals or in transit), which are very
close to ganglion neurons and sometimes form synaptic
junctions on them (Papka and McNeill 1992, 1993; Senba
and Tohyama 1988). Similar data exist on the intramural
ganglion neurons that are present in the bladder of some
species, such as man and guinea pig (Gillespie et al.
2006).

A novel observation (which had a passing mention in our
paper of 1998) is that some of these terminal afferent axons
divide but then the two branches merge again re-forming a
single axon.

The possibility of a misinterpretation is high, given the
limited resolution of fluorescence microscopy (axons may
cross each other giving a false appearance of fusion, or they
can run so close to each other to appear as a single axon, for
example).

Therefore, the interpretation must be cautious. However,
the occurrence of looping axons is so common and was ob-
served in preparations of more than ten animals, that it is likely
to be an authentic structure, and one of rather intriguing sig-
nificance. While the process of axonal branching is well
known, its opposite, a kind of de-branching, has not been
shown in previous studies.

Afferent fibres are also abundant in the musculature, with-
out obvious regional differences. Afferent fibres are present in
each muscle bundle and are aligned with the muscle cells. The
‘target’ here is the muscle cells, but the points of nerve-muscle
closeness are spread over a chain of many varicosities, that is
tens of micrometres.

The afferent innervation of the bladder cannot yet be put on
a quantitative basis, but in terms of amount and distribution of
fibres and varicosities, is very extensive, unmatched by that
found in the gut or airways.

The fibres originate from some 4000 ganglion neurons in
dorsal root ganglia, on each side of the body, roughly
matching the number of motor neurons to the bladder from
the pelvic ganglia of female rats (Gabella 1999).
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Repeated branching of the fibres takes place once they are
inside the bladder wall (Gabella 1999) and branching occurs
also in the terminal, varicose portions of each fibre.

Such a widespread distribution of fibres, their interconnec-
tedness and abundance of their varicosities indicate that affer-
ent impulses originate from every part of the bladder, while
responding to a wide variety of stimuli. Therefore, from the
peripheral afferent network, the CNS receives sufficient input
to construct a holistic representation of the bladder, in all its
sensory aspects (mechanical, physical, chemical, thermal, and
so on, including pain).

Structural characteristics—such as the interconnectedness
of the nerves of various tissues, the distribution of varicosities
over hundreds of micrometres along an axonal branch, the
absence of clear target points for the fibres and the apparent
irregularity in the sequence of varicosities—are all features
that do not match a physiological model based on rigidly
wired circuits and distinct sensory pathways.

What sort of map the CNS makes out of the impulses (often
referred to as ‘signals’) arriving from the bladder is impossible
to tell.

However, it may be that to some extent it is a map that
develops post-natally with ‘experience’ (rather than being en-
tirely a rigidly wired circuit) and one that includes more inte-
gration at the periphery and both a wide distribution of source
points and a broad range of physical detections.
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