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Abstract

Artemin is a member of the glial cell line-derived neurotrophic factor (GDNF) family that has

been strongly implicated in development and regeneration of autonomic nerves, and modulation of

nociception. Whereas other members of this family (GDNF and neurturin) primarily target

parasympathetic and non-peptidergic sensory neurons, the artemin receptor (GFRα3) is expressed

by sympathetic and peptidergic sensory neurons that are also the primary sites of action of nerve

growth factor, a powerful modulator of bladder nerves. Many bladder sensory neurons express

GFRα3 but it is not known if they represent a specific functional subclass. Therefore, our initial

aim was to map the distribution of GFRα3-immunoreactive (-IR) axons in the female rat bladder,

using cryostat sections and whole wall thickness preparations. We found that GFRα3-IR axons

innervated the detrusor, vasculature and urothelium, but only part of this innervation was sensory.

Many noradrenergic sympathetic axons innervating the vasculature were GFRα3-IR, but the

noradrenergic innervation of the detrusor was GFRα3-negative. We also identified a prominent

source of non-neuronal GFRα3-IR that is likely to be glial. Further characterisation of bladder

nerves revealed specific structural features of chemically distinct classes of axon terminals, and a

major autonomic source of axons labelled with neurofilament-200, which is commonly used to

identify myelinated sensory axons within organs. Intramural neurons were also characterised and

quantified. Together, these studies reveal a diverse range of potential targets by which artemin

could influence bladder function, nerve regeneration and pain, and provide a strong micro-

anatomical framework for understanding bladder physiology and pathophysiology.
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Members of the glial cell line-derived neurotrophic factor (GDNF) family of ligands (GFLs)

– GDNF, neurturin and artemin – have numerous functions in the peripheral nervous system

(Airaksinen and Saarma, 2002; Bespalov and Saarma, 2007; Ernsberger, 2008). During

development, these include regulating the proliferation of neuronal progenitors, neuronal

survival, axon guidance and connectivity. Many of these activities are retained in the adult

nervous system, where expression of the GFL receptors (GFRs) continues and can be

activated to promote axon regeneration. In addition, GFLs have powerful sensitising actions

on nociceptors where they have been strongly implicated in inflammatory and neuropathic

pain (Elitt et al., 2006; Malin et al., 2006; Tanaka et al., 2011).

An analysis of neuronal classes targeted by the GFLs in the adult peripheral nervous system

shows an interesting pattern. First considering the autonomic system, GDNF and neurturin

have been most commonly associated with parasympathetic cholinergic neurons

(Heuckeroth et al., 1999; Enamoto et al., 2000), in contrast to nerve growth factor (NGF)

that targets sympathetic noradrenergic neurons (Glebova and Ginty, 2005; Ernsberger,

2009). GDNF and neurturin also have similar targets in the sensory system. Here, their

receptors are expressed by non-peptidergic unmyelinated (C-fiber) neurons, whereas NGF

again provides a contrast, targeting peptidergic sensory neurons (Molliver et al., 1995;

Bennett et al., 1998; Bennett et al., 2000). These complementary patterns of expression have

encouraged the generalisation that GFLs and NGF affect distinct groups of neurons.

However, closer inspection of the third GFL member, artemin, shows that this is not the

case. Unlike the GDNF and neurturin receptors (GFRα1 and GFRα2), the receptor for

artemin, (GFRα3) is not generally expressed by parasympathetic autonomic neurons or non-

peptidergic unmyelinated sensory neurons. Instead, it is typically expressed by many of the

same neurons that respond to NGF, namely sympathetic neurons and peptidergic

unmyelinated sensory neurons. For example, GFRα3 is expressed by almost half of the

peptidergic neurons in dorsal root ganglia (DRG) (Bennett et al., 2006; Kalous et al., 2009;

Keast et al., 2010), and many sympathetic neurons (Baloh et al., 1998), where it has

numerous actions (Andres et al., 2001; Honma et al., 2002). Therefore, in many sympathetic

and peptidergic sensory neurons, there is great potential for convergence of signalling from

two quite different neurotrophic factor families.

We have recently found that the receptor for artemin, GFRα3, is expressed by almost 40%

of unmyelinated bladder-projecting sensory neurons, all of which are peptidergic and

express the transducer for nociceptive information, transient receptor potential vanilloid 1

(TRPV1) (Forrest et al., 2013). This raises the question of which tissues within the bladder

are potentially influenced by artemin. Moreover, to our knowledge, the expression of

GFRα3 in sympathetic axons in the bladder has not been examined. Therefore, our first aim

was to define the potential targets for artemin in the bladder using immunohistochemistry

for GFRα3 and co-staining with markers of sensory or autonomic neurons. This was

performed in cryosections and whole thickness preparations. The latter have not been used
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extensively to define the structure of bladder nerves, although they are very informative by

allowing structures to be viewed directly rather than inferred from sectional views and

facilitating comparisons of larger neuronal fields across different bladder regions (Gabella

and Davis, 1998). Therefore, we took this opportunity to describe in detail the distribution

and spatial features of major populations of axons in the bladder wall that have primarily or

exclusively been described in cryosection studies. As well as providing a reference point for

the GFRα3 expression patterns, this enabled us to characterise a small population of

intramural ganglion neurons. These neurons are relatively scarce in rats so are rarely found

in sections (Iuchi et al., 1994; Alian and Gabella, 1996; Zvarova and Vizzard, 2005).

Materials and Methods

Animals

All procedures were approved by the Animal Care and Ethics Committees of the University

of Sydney and Royal North Shore Hospital, as required by the Australian Code of Practice

for the Care and Use of Animals for Scientific Purposes (National Health and Medical

Research Council of Australia). Twenty-four adult female Sprague Dawley rats (6–10

weeks) were used for these experiments. These comprised ten for diaminobenzidine (DAB)-

processed bladder whole mount preparations, two for bladder whole mount preparations

processed for immunofluorescence, ninc for bladder cryosections, and three for retrograde

tracer injection studies. We performed the study on females in order to form a foundation for

future studies focused on cystitis, a condition that in the human population is more common

in females and where animal models have been more thoroughly characterised in females.

Animals were purchased from the Animal Resources Centre (Murdoch, WA, Australia), and

housed under a 12 h light-dark cycle with free access to food and water. Estrous cycle was

not monitored or controlled for in these experiments.

Tissue preparation and immunohistochemistry for cryosections

For tissues to be analysed in cryosections, rats were heavily anaesthetised with sodium

pentobarbitone (80 mg/kg i.p) and perfused transcardially with 0.9% saline containing

1.25% sodium nitrite and 0.036% heparin, followed by freshly made 4% paraformaldehyde

in 0.1 M phosphate buffer (PB, pH 7.4). The urinary bladder and, in some studies, the pelvic

ganglia were removed and post-fixed overnight in the same fixative at 4°C, then washed in

0.1M phosphate buffered saline (PBS, pH 7.2) and stored in PBS containing 0.1% sodium

azide until sectioning. Tissues were cryoprotected overnight in PBS containing 30% sucrose

and cut on a cryostat into 14 μm sections. Bladder sections were cut transversely through the

base, into “rings” of sections that included each layer of the bladder wall. Sections were

collected onto 0.1% gelatinised slides and distributed between slides so that sections stained

for the same substance were sampled at least 42 μm apart. Sections were air-dried, washed

in PBS and blocked for 1–2 hours in PBS containing 10% non-immune horse serum and

0.1% triton X-100.

Sections were incubated overnight in combinations of antisera, washed and incubated for 2–

3 hours in appropriate host-specific secondaries (Table 1). Each of the primary antibodies

has been characterised extensively in previous studies, as summarised in the section on
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antibody specificity below. To identify neurons that could potentially be influenced by

artemin, we used antibodies raised against its preferred receptor, GFRα3. Other antibodies

were chosen on the basis of their known properties and their ability to label particular

populations of sensory and autonomic neurons. These were: calcitonin gene-related peptide

(CGRP), peptidergic sensory neurons; neuropeptide Y (NPY), sympathetic noradrenergic

neurons and the majority of cholinergic bladder-projecting neurons (Mattiasson et al., 1985;

Keast and de Groat, 1989); neurofilament 200 kDa (NF200), myelinated sensory neurons

(Robertson et al., 1991; Lawson et al., 1993); neuronal nitric oxide synthase (NOS),

nitrergic subpopulation of cholinergic autonomic neurons and sensory neurons (Vizzard et

al., 1996; Callsen-Cencic and Mense, 1997; Keast, 2006); tyrosine hydroxylase (TH),

catecholamine neurons. Markers of non-neuronal cells were also used: S100 and glial

fibrillary acidic protein (GFAP), glial cells; smooth muscle actin (SMA), smooth muscle;

vimentin (VIM), expressed by interstitial cells.

Antibodies were diluted with 0.1M hypertonic PBS (pH 7.2). All incubations were

performed in a humid chamber, in the dark at room temperature. Slides were cover-slipped

with carbonate-buffered glycerol (pH 8.6) or, for preparations to be viewed under the

confocal microscope, Vectashield mounting medium (Vector Laboratories, Burlingame,

CA). Some sections were counter-stained with 4′,6-diamidino-2-phenylindole (DAPI) prior

to cover-slipping.

Tissue preparation and immunohistochemistry for whole mounts

In a separate group of rats, the bladder was removed for whole mount preparation. Rats were

heavily anaesthetised with sodium pentobarbitone (80 mg/kg i.p.) and perfused

transcardially with 350 ml prewash (0.9% saline containing 1.25% sodium nitrite and

0.036% heparin). The bladder was removed and placed in a Petri dish containing prewash.

The bladder was bisected longitudinally on the dorsal side, i.e., between the ureters. The

bladder was then pinned out flat on a Sylgard-lined Petri dish with the urothelial surface

facing upwards and gently stretched to make a circle. The prewash was then replaced with

freshly made 4% paraformaldehyde in PB and post-fixed overnight at 4°C. The following

day, the pins were removed and bladders washed in PB. The border of the bladder where the

pins were inserted was trimmed and the bladders cut into three longitudinal strips (Fig. 1A)

before being processed for immunohistochemistry or stored at 4°C in PBS containing 0.05%

thimerosol (PBS/thimerosol). Thimerosol was substituted for sodium azide was used to

prevent bacterial growth in stored preparations as azide salts can interfere with the DAB

reaction that would later be used in processing these tissues.

For non-fluorescent labelling of a single antigen using DAB for visualisation, the protocol

followed that described previously (Llewellyn-Smith and Gnanamanickam, 2010). First,

bladder strips were washed in PB, then 50% ethanol followed by another wash in 50%

ethanol containing 3% H202. All washes were of a large volume (~50 ml) in specimen or

glass containers for at least 30 minutes. Strips were then blocked for 30 minutes in PB

containing 10% normal horse serum (NHS) before incubation with primary antisera for 5

days at room temperature. Incubations were performed on a shaker at room temperature.

Primary antibodies were made up in PB/thimerosol containing 10% non-immune horse
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serum, 0.5% triton X-100 and 0.5% thimerosol. Multiwell plates containing 1–2 ml of

antibody solution were used for each bladder strip to ensure the antibody had good access to

all surfaces of the preparation and to prevent folding.

After three washes in PB, bladder strips were incubated in appropriate biotin-conjugated

secondaries made in PB/thimerosol for 5 days at room temperature. Following three washes

in PB, bladder strips were incubated in avidin-biotin complex for 5 days at room

temperature (6 μl/ml, Vectastain Elite kit; Vector Laboratories, Burlingame CA). Bladder

strips were then washed twice in PB followed by an 0.1M acetate buffer pH 6.0 wash before

a 20 minute incubation in DAB solution (0.2% D-glucose, 0.04% ammonium chloride,

0.025% diaminobenzidine/100 ml 0.1M acetate buffer pH 6.0, 2% nickel sulfate). A black

reaction product was produced by adding glucose oxidase (0.002%) and the reaction stopped

by three quick washes with acetate buffer. Bladder strips were washed twice in PB before

being mounted onto 0.1% gelatinised slides and air-dried overnight. Strips were then washed

twice in H20 for 15 minutes before being dehydrated in ascending concentrations of ethanol

(two 15 minute incubations in 30%, 50%, 70%, 90%, 95% and 100% ethanol) and cleared in

histolene (two 15 minute incubations). Bladder strips were coverslipped with DPX water-

free mounting media (Crown Scientific, Mulgrave, VIC, Australia) and allowed to dry

overnight.

For multi-label immunofluorescence, tissue preparation was as described for the DAB

method except PBS was used instead of PB. Following incubation with primary antibody

and washes, bladder strips were incubated in appropriate secondary antibodies made up in

PBS/thimerosol containing 2% non-immune horse serum and 0.5% triton X-100 for 5 days.

Whole mounts were then washed in PBS and mounted onto 0.1% gelatinised slides,

coverslipped with Vectashield and sealed with nail polish.

Quantitation of neuronal somata

Immunolabelled somata in DAB-labelled bladder whole mount preparations were counted

manually under a 20x objective using a Zeiss Axio Imager M1 microscope (Zeiss Australia,

Sydney, Australia). The area of the bladder stained for each substance was calculated using

ImageJ/Fiji software (RRID:nif-0000-30467; downloaded from http://fiji.sc/Fiji) and the

total number of somata were averaged for each rat and expressed as the mean ± SEM/cm2.

To measure the size of these neuronal somata, images of neurons were captured under a 40x

objective and the diameter measured along the major axis using ImagePro Plus (Media

Cybernetics, Rockville, MD).

Retrograde tracer studies

To identify bladder-projecting autonomic neurons in the pelvic ganglion, the retrograde

tracer Fluorogold (FG; Fluorochrome, Englewood, CO; 4% in sterile saline; total <10 μl)

was injected into approximately 8 sites in the urinary bladder base using an insulin syringe

with a 30G needle, as described previously (Forrest and Keast, 2008). This was performed

under isoflurane anaesthesia (3% for induction, 1.5–2% for maintenance in O2). These

animals were perfused with fixative 7–14 days after surgery (see below) and pelvic ganglia

removed for further study in cryosections (14 μm).
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Pelvic ganglion sections were immunostained as described above and viewed under an

Olympus BX51 Fluorescence microscope. To assess immunoreactivity in bladder-projecting

neurons, FG-labelled neurons were classified as NF200-, TH- or NOS-positive and

expressed as a percentage of all FG neurons. Under a 40x objective, at least 250 FG neurons

were counted from four sections through each ganglion for each rat. To prevent double

counting we included only those neurons that were sectioned through the nucleus.

Quantification of axon terminals

Axon terminals in bladder whole mounts were counted on a Zeiss Axio Imager M1

microscope. An axon terminal was defined as the site where a single axon ended in the

suburothelial plexus or detrusor. This was determined for GFRα3 and CGRP in the

suburothelial plexus and in the detrusor for TH and CGRP, assessing the total number of

endings per 500 μm2. Bladder strips were subdivided into three: base, middle and dome

(Fig. 1). Under the 20x objective, a graticule was positioned at the top end of the lower third

segment, representing the bladder base. The graticule was used as the grid and moved across

the bladder base to make a row. The number of terminals in each area were counted across

the bladder in rows and averaged for each rat. Two rows were counted, missing the second

row to avoid potentially double counting terminals. The grey squares illustrate the areas of

interest (AOI) in which axon terminals were counted (Fig. 1B). The number of CGRP- and

GFRα3-IR terminals in the suburothelial plexus in each rat were converted to terminals per

mm2. The same method of counting was used for CGRP- and TH-IR axons in the detrusor.

Different types of structures were observed in the TH-IR group so these were categorised

into three groups: non-specialised terminals, specialised terminals and those originating

from blood vessels. Non-specialised terminals were defined as terminals that did not branch,

or branched once before ending; specialised terminals originated from a single axon that

issued multiple branches before terminating; and those originating off blood vessels were

from para-vascular axons that branched off the vascular tree and then terminated.

Image analysis and figure production

Images of DAB-stained sections were captured with a Zeiss AxioCam MRm camera using

Axiovision 4.2 software. Sections processed for immunofluorescence were imaged with an

RT Spot camera (Diagnostic Instruments, Sterling Heights, MI) and digitised using Image

Pro Plus. For figure production, no adjustments were made to grey-scale images except for

minor adjustments to brightness and contrast with the levels command in Adobe Photoshop

CS4 (San Jose, CA) to best represent the staining as viewed directly under the microscope.

Colorised merged images were produced by pasting grey-scale images into the appropriate

colour channel of a 24-bit RGB file created in Photoshop.

In some preparations, immunofluorescence was also visualised with a Leica LCS SP5 II

confocal microscope using LAS AF software (Version 2.3.6 build 5381), which was used to

acquire images and z-stacks. Excitation wavelengths of 405 nm, 488 nm and 561 nm were

used. DAPI (λex = 405 nm) was detected at 420–470 nm. AF488 (λex = 488 nm) was

detected at 500–570 nm. Cy3 (λex = 561 nm) was detected at 590–670. All images and z-

stacks were acquired using sequential scanning and captured at size 2048 × 2048 pixels with

a line average of two to reduce noise. A 1 μm step size was used for z-stacks of the

Forrest et al. Page 6

J Comp Neurol. Author manuscript; available in PMC 2015 December 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



vasculature and axon bundles, and 0.5 μm step size was used for z-stacks of somata and

axons to investigate co-expression. Z-stacks were re-constructed in Photoshop by using the

scripts option to load Tif files into an image stack. Images were then converted into smart

objects and displayed as the maximum projection. Z-stacks of axon bundles in the detrusor

ranged from a thickness of approximately 20–80 μm and comprised 20–80 images (1 μm

step size) that were collapsed to form a 2D maximum projection of the z-stack. Z-stacks of

the vasculature ranged from a thickness of approximately 30–50 μm and comprised 30–50

collapsed images (1 μm step size); those in the suburothelial plexus were approximately 15

μm thick comprising ~30 collapsed images (0.5 μm step size).

Antibody characterisation

Immunohistochemistry was performed using the primary and secondary antibodies listed in

Tables 1 and 2, respectively.

Two antibodies specific for CGRP were used. The goat CGRP polyclonal antibody

(RRID:AB_2290729; Batch No. 906) reacts with the whole molecule (1–37) and the 23–37

fragment (C-terminus) but does not cross-react (<0.10%) with calcitonin, somatostatin or

amylin 8–37 (dot blot; manufacturer’s datasheet). Specific reactivity is eliminated by prior

incubation of this antiserum with 10 μM rat CGRP (manufacturer’s datasheet) and

fluorescence immunostaining of terminals in rat brain is eliminated in an absorption test

using 5 μM rat CGRP (Dobolyi et al., 2005). We found a similar pattern of

immunoreactivity in DRG and spinal cord as previously described (Chao et al., 2008;

Ivanusic, 2009; Kalous et al., 2009).

The rabbit CGRP polyclonal antibody (RRID:AB_2068655; Batch No. LV1529807) reacts

with rat CGRP but does not cross-react (<0.01%) with substance P, vasoactive intestinal

peptide, neuropeptide Y (porcine), or with human calcitonin, somatostatin or amylin 8–37

(dot blot: manufacturer’s datasheet). Specific reactivity of this antibody in frozen sections of

rat can be eliminated completely by pre-incubation with 10 μM of rat CGRP (manufacturer’s

datasheet). This antibody produced a similar pattern of immunoreactivity as previously

described (Chao et al., 2008; Ivanusic, 2009; Kalous et al., 2009).

The glial fibrillary acidic protein (GFAP) polyclonal antibody (RRID:AB_10013382; Batch

No. 072(102)) cross-reacts with GFAP in cat, dog, mouse, rat, sheep, cow and humans

(manufacturer’s datasheet). According to the manufacturer’s datasheet, in indirect ELISA,

this antibody shows no reaction with human plasma and cow serum. This antibody has been

documented previously to specifically identify GFAP in glial cells (Cheng et al., 2010; Feig

and Haberly, 2011; Vessey et al., 2011).

The GFRα3 polyclonal, affinity purified antibody (RRID:AB_2110295; Batch No. VFU01)

in direct ELISA and Western blot detects mouse GFRα3. In direct ELISA, this antibody

shows approximately 10% cross-reactivity with recombinant human GFRα3 and less than

2% cross-reactivity with recombinant mouse GFRα2, recombinant mouse GFRα4 and

recombinant rat GFRα1 (manufacturer’s datasheet). This antibody produced a similar

pattern of immunoreactivity in DRGs as previously described using the same antibody (Elitt

et al., 2006; Malin et al., 2006) or another GFRα3 antibody that has also been demonstrated
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as specific using Western blotting and ELISA (Orozco et al., 2001). Further, the pattern of

staining in DRG that we have previously demonstrated with this antibody closely matches

the results of in situ hybridisation studies on DRG (Bennett et al., 2000; Bennett et al.,

2006).

The neurofilament 200 (NF200, clone N52) monoclonal antibody (RRID:AB_477257;

Batch No. 017K4802) was raised from a hybridoma produced by the fusion of mouse

myeloma cells and splenocytes from an immunised mouse. In Western blot this antibody

specifically localises the neurofilament of molecular weight 200 kDa in rat spinal cord using

an immunoblotting technique and does not cross-react with other intermediate filament

proteins. According to the manufacturer’s datasheet, this antibody shows broad species

cross-reactivity by recognising neurofilament in the central and peripheral nervous system in

human, monkey, pig, rabbit, hamster, rat and mouse. We found a similar pattern of

immunoreactivity using this antibody in DRG as previously described (Robertson et al.,

1991; Zylka et al., 2005; Scherrer et al., 2010).

The neuropeptide Y (NPY) polyclonal antibody (RRID:AB_572253; Batch No. 208001)

reacts with NPY in a range of species including rat, cat and human. All immunostaining

signal is abolished by preabsorbed by NPY but unaffected by pre-incubation with peptide

YY, avian pancreatic polypeptide, vasoactive intestinal peptide, somatostatin and

cholecystokinin (manufacturer’s datasheet). This antibody produces no staining in the

forebrain or brainstem of an NPY knockout mouse (Lee et al., 2013). This antibody

produced a similar pattern of staining in the bladder as previous publications (Mattiasson et

al., 1985; Iuchi et al., 1994).

The neuronal nitric oxide synthase (NOS) polyclonal antibody (RRID:AB_2313734; Batch

No. 441121A) reacts with ~160 kDa nNOS and does not cross-react with related eNOS or

iNOS proteins. This antibody reacts with a ~160 kDa band on Western blot of rat and mouse

tissue lysates (manufacturer’s datasheet). This antibody produced a similar pattern of

immunoreactivity in rat DRG and bladder as previously described (Vizzard et al., 1996;

Forrest et al., 2013).

The anti-S100 monoclonal antibody (RRID:AB_571112; Batch No. 18070419) reacts with

intact alpha and beta subunits of bovine, human and murine S100 protein as determined by

immunoprecipitation profiles and Western blotting detects a single expected banded in PC12

lysates (manufacturer’s datasheet). This antibody has previously been demonstrated to

specifically label glial cells (Chao et al., 2008).

The smooth muscle actin-α (SMA) monoclonal antibody (RRID:AB_262054) is derived

from the 1A4 hybridoma produced by the fusion of mouse myeloma cells and splenocytes

from mice immunised with the NH2 terminal synthetic decapeptide of α-smooth muscle

actin, coupled to keyhole limpet hemocyanin (manufacturer’s datasheet). This antibody is

specific to the α-actin single isoform as determined by immunoblotting on SDS PAGE,

ELISA and 2D-PAGE (Skalli et al., 1986) and cross-reacts with human, rabbit, rat, mouse,

bovine, frog, goat, guinea pig, dog, sheep, snake and chicken (manufacturer’s datasheet).
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This antibody produced a similar pattern of immunoreactivity as described previously

(Faggian et al., 1998; Goldshmit et al., 2006).

The tyrosine hydroxylase (TH) polyclonal antibody (RRID:AB_477627; Batch No.

NG1830749) cross-reacts with most mammalian and many non-mammalian species

including rat, mouse, ferret and Aplysia (manufacturer’s datasheet). In Western blot this

antibody specifically labels a single band at approximately 62 kDa (manufacturer’s

datasheet). In the bladder, this antibody produced a similar pattern of immunoreactivity as

reported previously (Wakabayashi et al., 1994; Llewellyn-Smith and Gnanamanickam,

2010).

The vimentin (Vim) monoclonal antibody (RRID:AB_477627; Batch No. 090M4817) cross

reacts with a variety of species including human, pig, chicken and rat; Western blotting

identifies a band at ~58 kDa, as appropriate (manufacturer’s datasheet). This antibody

produced a similar pattern of immunoreactivity as previously described (Davidson and

McCloskey, 2005; Grol et al., 2008).

Results

Distribution of GFRα3-IR in relation to peptidergic afferent distribution

We have previously demonstrated that approximately 30% of bladder-projecting afferent

neurons are GFRα3-immunoreactive (IR) and almost all of these were found in the

peptidergic CGRP-IR population, of which they comprised approximately half (Forrest et

al., 2013). Therefore, we predicted that CGRP-IR axons in the bladder would be more

prevalent than GFRα3-IR axons. The distribution of CGRP-IR axons throughout the bladder

was similar to a previous report of whole mount labelling (Gabella and Davis, 1998). There

were three main targets: the detrusor, suburothelial plexus and vasculature, each of which

will be described in more detail below.

Detrusor—CGRP-IR axons were prevalent in the detrusor and did not appear to differ in

density between each bladder region (Fig. 2A–C), where they were present in axon bundles

that traversed the bladder or as single, varicose axons (Fig. 2A–C, G, H). CGRP-IR

terminals occurred throughout the whole thickness of the detrusor, and were unspecialised

simple endings of single fibers or single fibers with one branch point (Fig. 2I, J).

Quantification of whole thickness preparations revealed 139 ± 12 CGRP-IR terminals/mm2

(n=4) in the detrusor of the bladder base. Many CGRP-IR axons also travelled in para-

vascular axons throughout the detrusor. These will be described in more detail below in the

section focused on vasculature. Neither neuronal nor non-neuronal CGRP-IR cells were

observed in the detrusor.

GFRα3-IR axons were also prevalent in the detrusor, and like CGRP-IR axons, were

distributed evenly throughout the bladder (Fig. 2D–F). These were present in bundles of

multiple axons that ran parallel to the muscle fibers or as single, varicose axons with

unspecialised endings (Fig. 2K–N). GFRα3-IR axons innervated the whole thickness of the

detrusor but were preferentially located on the serosal aspect. GFRα3-IR terminals were not

quantified as their labelling intensity was quite variable and regions of termination could not
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always be identified. In addition to GFRα3-IR axons, many small GFRα3-IR cells were

embedded in the detrusor of each bladder region (Fig. 2O–S). The majority of these were

elongated cells with processes. They were always closely associated with single axons or

bundles of axons and were present in higher density close to the serosal surface. These

GFRα3-IR structures were much smaller than neurons, did not demonstrate the presence of

a process sufficiently elongated to be considered a potential axon and were much too

prevalent to be regarded as neurons (given the scarcity of neurons in rat bladder (Iuchi et al.,

1994; Alian and Gabella, 1996; Zvarova and Vizzard, 2005)). Therefore we considered that

they were non-neuronal cells and for brevity have referred to them as such. Their further

characterisation is described below. Many GFRα3-IR axons were closely associated with

blood vessels and will be described in more detail below in a section focused on vasculature.

Co-expression studies were then performed to directly determine if GFRα3-IR was

expressed in peptidergic afferent axons in the detrusor (Fig. 3). While there was a significant

degree of co-expression, many axons were immunoreactive for only one or other of the

markers (Fig. 3A–F). Because all GFRα3-IR bladder sensory neurons express CGRP-IR

(Forrest et al., 2013), this indicates that some GFRα3-IRaxons in the detrusor are not

sensory. This is explored further below. GFRα3-IR non-neuronal cells with elongated

processes were not immunoreactive for CGRP, although many of these cells were closely

associated with CGRP-IR axons (Fig. 3G–J).

Suburothelial plexus—As previously described (Gabella and Davis, 1998), CGRP-IR

axons were present near and within the urothelium, and were more prevalent in the bladder

base than the middle and dome (Fig. 4A–C). These axons formed a dense network and are

referred to as the suburothelial plexus. GFRα3-IR axons were also prevalent in the

suburothelial plexus and most dense in the bladder base, progressively decreasing towards

the bladder dome (Fig. 4D–F). In addition to unspecialised endings, two types of CGRP-IR

closed axonal loops were observed in the suburothelial plexus. Here, a single axon branched

into two and appeared to re-join, forming a loop in the middle of an axon (Fig. 4G), or a

loop formed at the end of a termination (Fig. 4H, i). Both types of closed axonal loops were

also associated with GFRα3-IR axons in the suburothelial plexus (Fig. 4J, K). Like CGRP,

these loops were not present in the detrusor.

CGRP-IR axons in the suburothelial plexus were typically varicose and terminal endings

were easily visualised (Fig. 4M–O). GFRα3-IR varicose endings also were present in the

suburothelial plexus and more readily visible than those in the detrusor. They were not as

common as CGRP-IR endings (GFRα3: 31 ± 1/mm2 vs. CGRP: 70 ± 4/mm2). Like CGRP-

IR axons at this site, they terminated with a varicosity (Fig. 4P–R). Double-labeling

fluorescence demonstrated directly that almost all GFRα3-IR axons in the suburothelial

plexus were CGRP-positive, but that many CGRP-IR axons were GFRα3-negative (Fig.

3K–P).

Many GFRα3-IR non-neuronal cells were present throughout the suburothelial plexus.

These were small cells with processes that branched to closely appose GFRα3-IR axons

(Fig. 4J–L). They had a similar appearance to those in the detrusor. As in the detrusor, the
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small GFRα3-IR non-neuronal cells in the suburothelial plexus were not immunoreactive for

CGRP but were occasionally in close proximity to CGRP-IR axons.

Vasculature—Both CGRP- and GFRα3-IR axons were associated with the vasculature in

the lamina propria and traversing the detrusor (Fig. 5). The majority of CGRP-IR nerves

associated with the vasculature were small bundles of para-vascular axons. These were

found on primary, secondary and tertiary branches of the vascular tree (Fig. 5A–C). CGRP-

IR para-vascular axons were rarely found on quaternary vessels. The primary vessels also

contained some CGRP-IR peri-vascular axons (Fig. 5A, B) that branched to form a sparse

meshwork around the vessel. CGRP-IR peri-vascular axons were relatively sparse on all

other branches of the vascular tree (Fig. 5B, C).

Numerous GFRα3-IR axons were associated with the vascular tree and consisted of both

para- and peri-vascular axons (Fig. 5D–F). GFRα3-IR para-vascular axons travelled in small

bundles and in contrast to CGRP were found on all branches of the vascular tree. Peri-

vascular GFRα3-IR axons were associated with both primary and secondary vessels, were

less prevalent on proximal aspects of tertiary vessels and did not extend to distal tertiary or

quaternary vessels.

Double labeling clearly demonstrated that in the vasculature GFRα3-IR axons were more

prevalent than CGRP-IR axons, indicating that some GFRα3-IR axons associated with the

vasculature were not peptidergic afferent axons. This was confirmed by double labeling,

which showed many GFRα3-IR paravascular axons and the majority of GFRα3-IR

perivascular axons were CGRP-negative (Fig. 5G–O). Therefore, the axons that extend

furthest down the vascular tree and likely to directly innervate the vascular muscle are a

non-afferent population of GFRα3-IR axons. At all levels of the vascular tree, small

GFRα3-IR non-neuronal cells were closely associated with axons (not shown).

GFRα3-IR noradrenergic axons

Because the majority of peri-vascular GFRα3-IR axons were not immunoreactive for

CGRP, we considered that GFRα3-IR could be expressed in sympathetic vasoconstrictor

axons. These have been well documented (Gibbins, 1992) and can be visualised using TH.

The following section summarises the expression of GFRα3-IR relative to the two primary

populations of sympathetic axons in the bladder, vasoconstrictor axons and axons

innervating the detrusor of the bladder base.

Vasculature—TH-IR axons densely innervated the vascular tree of the detrusor and

lamina propria (Fig. 6A–C). They consisted of both para- and peri-vascular axons and

extended along most of the vascular tree but rarely to the most distal (quaternary) branches.

Both components of the noradrenergic innervation decreased in density with branching of

the vessels. Double-labeling showed that co-expression of TH- and CGRP-IR did not occur

in para- or peri-vascular axons (Fig. 6D–I). TH-IR para- and peri-vascular axons were more

prevalent than peptidergic afferent axons (Fig 6D–I), and TH-IR axons extended further

along the vascular tree (Fig. 6D–F). Double-labeling also showed that many of the para- and

perivascular GFRα3-IR axons were TH-IR but that not all TH-IR axons were GFRα3-IR

(Fig. 6J–O). In summary, GFRα3-IR axons associated with the bladder vasculature were of
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two types: peptidergic afferent and sympathetic noradrenergic. The latter extended further

along the vascular tree.

Detrusor—In addition to the vasculature, sympathetic axons also innervate the detrusor

(Wakabayashi et al., 1993; Wakabayashi et al., 1994; Warburton and Santer, 1994),

therefore we investigated if GFRα3-IR was expressed in this population of noradrenergic

axons. In contrast to the dense noradrenergic innervation of the vasculature, TH-IR axons

were sparse in the detrusor and primarily confined to the bladder base (Fig. 7A–F). The

majority of TH-IR axons in the detrusor were present in bundles consisting of multiple non-

varicose axons or single varicose axons (Fig. 7A–F). Quantification in full thickness

detrusor confirmed that these were much less prevalent than peptidergic afferent terminals

(40 ± 7 TH-IR axon terminals/mm2; n = 4). TH-IR terminals consisted of 3 structural types:

“non-specialised” (i.e. single fiber endings or a branch into two terminals) (Fig. 7D),

“specialised” (multiple branches) (Fig. 7E) and terminals that branched off from para-

vascular axons (Fig. 7F). Both non-specialised and specialised endings were present

throughout the whole thickness of the detrusor, whereas endings originating from para-

vascular axons were most common in the lamina propria where they emanated from distal

branches of vascular trees. TH-IR axons were not present in the suburothelial plexus and

TH-IR intramural neurons were rarely identified in the detrusor. Double labeling showed

that in the detrusor, although some TH-IR axons were in close proximity to GFRα3-IR

axons, their immunoreactivity rarely co-localised (Fig. 7G–L).

GFRα3-IR in non-neuronal cells

The presence of GFRα3-IR in non-neuronal cells was unexpected so we conducted an

additional group of co-labelling studies to identify their cell type. Myofibroblasts and

interstitial cells express vimentin (Vim) (Davidson and McCloskey, 2005; McCloskey,

2010). Vim-IR cells and their processes were prevalent in the detrusor, vasculature and

forming a dense band beneath the urothelium (Fig. 8A–D). Co-expression of GFRα3-IR

with Vim-IR was rare or absent in each of these tissues (Fig. 8E–P). Immunolabelling for

smooth muscle actin (SMA) showed a broad distribution (Fig. 8Q–T) but failed to show co-

expression with GFRα3 (Fig. 8U-BB).

Glial fibrillary acidic protein (GFAP) was used to identify glial cells associated with axons

in the bladder. GFAP-IR structures resembling glial cells or their processes were located in

most tissues (Fig. 9A–C) and were closely associated with individual axons and bundles of

axons. In the detrusor, these were more common towards the serosal aspect (especially

within the larger bundles of axons); they were also found with the vasculature and in the

lamina propria. Further inspection of the dense band of GFAP-IR beneath the urothelium did

not resemble glial cells, but was not characterised further. We found that there was only

partial co-expression between GFAP and GFRα3-IR (Fig. 9H–S), indicating that at least

some of the GFRα3-IR cells were glia. The majority of GFRα3-IR cells associated with

vasculature were GFAP-IR. Similar analyses were performed with S100, an alternative

marker of glial cells in the bladder. This showed a comparable pattern of staining within the

bladder tissues, but without the dense band of labelling under the urothelium seen with
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GFAP. As with GFAP, GFRα3-IR showed only partial co-expression with S100 (Fig. 9T–

W).

Other neuronal markers

We included in our study three other neuronal markers that are frequently associated with

peripheral neural function. First, we studied neurofilament-200 (NF200) that we predicted

would identify myelinated afferents (Robertson et al., 1991; Scherrer et al., 2010). Second,

we investigated neuropeptide Y (NPY), which is expressed by the majority of

parasympathetic axons in the rat bladder (Mattiasson et al., 1985; Keast and de Groat, 1989);

NPY is also expressed in sympathetic vasoconstrictor axons (see above). Third, we mapped

neuronal nitric oxide synthase (NOS), which is expressed by a subgroup of parasympathetic

bladder axons (Keast and de Groat, 1989; Ding et al., 1993; Alm et al., 1995a; Alm et al.,

1995b) and some of the sensory axons (Vizzard et al., 1996; Callsen-Cencic and Mense,

1997). As well as providing additional comparators for the GFRα3-IR labelling, this set of

studies also allowed us to visualise many of the neuronal cell bodies associated with the

bladder wall.

NF200—NF200-IR is found in medium-large diameter, myelinated sensory neurons

(Robertson et al., 1991; Scherrer et al., 2010). Although many bladder sensory neurons are

lightly myelinated and express NF200 (Hayashi et al., 2009; Russo et al., 2013), GFRα3-IR

is expressed by unmyelinated neurons (Forrest et al., 2013) so was predicted to be in a

separate population of bladder axons.

NF200-IR axons were prevalent in the detrusor, where larger bundles of positively stained

axons were more common in the base of the bladder (Fig. 10A–C). The majority of NF200-

IR axons travelled in large axon bundles; very few NF200-IR single axons were observed

(Fig. 10D–F). NF200-IR axons were typically non-varicose and their terminals were sparse

and difficult to visualise. Few NF200-IR axons were associated with the vasculature; these

consisted of para-vascular axons on primary and secondary branches of the vascular tree

(Fig. 10G–I). NF200-IR para-vascular axons rarely branched or were observed past the

secondary vessels. Double labeling showed that almost all large bundles of NF200-IR axons

had no immunoreactivity for GFRα3 (Fig. 10M–O), however co-expression was observed in

some single NF200-IR axons (Fig. 10P–R).

NF200-IR intramural neurons (diameter 15.2 ± 0.6 μm) were closely associated with single

axons or axon bundles in the detrusor (Fig. 10J–L). NF200-IR neurons were evenly

distributed throughout the bladder (22 ± 4 neurons/cm2, n= 4). Many had short processes

and were found individually or in small clusters containing 3–4 neurons. The presence of

these NF200-IR somata raised the possibility that NF200-IR may be expressed in autonomic

axons originating from pelvic ganglia (PG). To investigate this possibility, we examined the

distribution of NF200-IR in the PG, focusing on neurons retrogradely labelled from the

bladder (Fig. 11).

NF200-IR neurons and axons were prevalent in the PG (Fig. 11A, E, I, M). We found that

22.4 ± 0.8% of bladder-projecting PG neurons immunostain for NOS, <2% immunostain for

TH and 82.1 ± 1.9% immunostain for NF200 (Fig. 11E–P). Double labeling of the bladder-
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projecting neurons showed that 92.0 ± 3.4% of the NOS-IR bladder neurons immunostain

for NF200 (Fig. 11E–H). Although a very small percentage of FG neurons in the female rat

PG were immunoreactive for TH, they were all immunoreactive for NF200-IR. This is the

first time NF200-IR has been demonstrated in the PG and suggests that NF200 is expressed

by both afferent and autonomic post-ganglionic axons in the bladder, the majority of which

were cholinergic.

NPY—The detrusor was densely innervated by NPY-IR axons. These were present as

bundles and numerous single varicose axons that did not change significantly in density

between the base and dome (Fig. 12A–C). Apart from non-specialised endings, it was

difficult to identify other types of terminal structures due to the heavy density of axons.

NPY-IR somata (diameter 16.0 ± 0.6 μm) were present in the detrusor, evenly distributed

throughout the bladder (14 ± 7 neurons/cm2; n = 4). They were found alone or in clusters,

associated with axon bundles or attached to single axons (Fig. 12D–F).

NPY-IR axons were associated with the vasculature in the lamina propria and traversing the

detrusor. These consisted of both para- and peri-vascular axons that densely innervated all

branches of the vascular tree (Fig. 12G–I). Peri-vascular axons formed a dense meshwork on

primary and secondary vessels but were less dense on distal vessels. NPY-IR axons were

also associated with the suburothelial plexus. These were more prevalent in the bladder base

and became progressively less dense towards the bladder dome (Fig. 12J–L). All NPY-IR

axons in the suburothelial plexus were varicose, the majority branching from para-vascular

axon bundles (Fig. 12M–O).

NOS—NOS-IR axons were less common than NPY axons in the detrusor. Their density did

not vary in the detrusor of different bladder regions (Fig. 13A–C). All NOS-IR axons were

varicose and travelled as single axons or in axon bundles that traversed the bladder.

Specialised nerve endings (multiple branch points arising from a single axon) were common

in NOS-IR axons of the detrusor (Fig. 13D–F). NOS-IR axons were also associated with the

vasculature in the detrusor (Fig. 13G, H) and lamina propria (Fig. 13I). The majority of

these NOS-IR axons were para-vascular, with relatively few peri-vascular axons. Some

NOS-IR endings were observed in the suburothelial plexus, originating from para-vascular

axons branching off the vascular tree (Fig. 13I).

NOS-IR neurons (diameter 14.6 ± 0.9 μm) were present in the detrusor and were evenly

distributed throughout the bladder (8 ± 1 neurons/cm2; n = 5) (Fig. 13J–L). They were

closely associated with axon bundles or attached to single axons and found singly or clusters

of up to six somata. The length of their dendrites varied considerably between neurons and

some had no dendrites.

NOS-IR axons were also present beneath the urothelium, where they were more prevalent in

the bladder base than the middle and dome of the bladder (Fig. 13M–O). Almost all NOS-IR

axons in the suburothelial plexus were varicose. NOS-IR closed axonal loops originating

from the middle of axons were also present (Fig. 13P), although closed axonal loops at axon

terminals (as seen for CGRP) were not observed. NOS-IR terminals in the suburothelial

plexus either did not branch, or branched into only two before terminating (Fig. 13Q, R).
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Some of these originated from para-vascular axons. Moderate to weak labelling of urothelial

cells was also evident (Fig. 13M–R).

Discussion

This study identified numerous potential targets within the bladder wall for the neurotrophic

factor, artemin. These included a major subpopulation of peptidergic afferent axons within

the detrusor, vasculature and suburothelial plexus, many sympathetic vasoconstrictor axons

and a population of non-neuronal cells that include glia. Artemin is unlikely to directly

influence parasympathetic axons or sympathetic axons innervating the detrusor. Together,

this provides for a wide range of potential actions on sensory or autonomic function. By

utilising whole wall thickness preparations, the study also revealed new structural features of

subpopulations of sensory and autonomic nerves in the bladder. Finally, NF200 is

commonly used as a marker of myelinated afferents but we found it is also heavily

expressed by the majority of pelvic autonomic ganglion cells, including most bladder-

projecting neurons. Together, these new findings provide a strong micro-anatomical

framework for studies of bladder physiology and pathophysiology.

Potential targets and actions of artemin in the bladder

Artemin has diverse actions on peripheral nerves, including pro-generative effects and

modulating nociception (Elitt et al., 2006; Malin et al., 2006; Wang et al., 2011; Wang et al.,

2014). While there is still debate regarding its categorisation as ‘nociceptive’ or ‘anti-

nociceptive’, the strong potential for influence on bladder afferent neurons is indicated by

expression of its preferred receptor, GFRα3, in around 40% of the population; all of this

population express the nociceptive transducer, TRPV1 (Forrest et al., 2013). Moreover,

expression of GFRα3 by many sympathetic neurons innervating the bladder vasculature

provides another potential mechanism for artemin to influence bladder function. The current

drive to develop small molecule ligands of GFRs to influence neural regeneration or pain

(Gardell et al., 2003; Wang et al., 2008) may also benefit studies of bladder nerve repair

after pelvic surgery or development of visceral pain.

Understanding the function of endogenous artemin is a priority, but to our knowledge the

source of artemin in the bladder and other pelvic organs has not been investigated. In the

vasculature, smooth muscle cells express artemin and noradrenergic axons express GFRα3-

IR (Honma et al., 2002), but neither have been specifically investigated in the bladder. In

contrast, NGF, GDNF and neurturin are all known to be synthesised by the bladder and

other pelvic organs (Kawakami et al., 2003; Leon et al., 1994; Vizzard, 2000; Widenfalk et

al., 1997; Widenfalk et al., 2000). Schwann cells can also produce GDNF, providing

neurotrophic support for injured axons (Springer et al., 1994; Trupp et al., 1997; Zhang et

al., 2009). Both NGF and GDNF levels in the bladder are increased following bladder

inflammation and spinal cord injury (Vizzard, 2000), suggesting a potential mechanism of

increased excitability and altered neurochemical properties of bladder afferent neurons.

Artemin should also be investigated in these situations.

Signalling by artemin requires GFRα3 and the receptor tyrosine kinase, RET (rearranged

during transfection) (Airaksinen and Saarma, 2002), so our results need to take into account
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the presence and distribution of RET in the bladder. Almost all GFRα3-IR DRG neurons co-

express RET (Orozco et al., 2001), but we do not know if RET is transported peripherally

within GFRα3-IR bladder axons or expressed by the GFRα3-IR non-neuronal cells. An

immunohistochemical study by Yang and colleagues reported the presence of GFRα3- and

RET-IR axons in the rat bladder, however the signal was described as weak and the data was

not shown (Yang et al., 2006). These authors also reported occasional RET-IR intramural

neurons in the bladder. We did not investigate RET localisation in the bladder wall because

we were unable to develop immunolabelling of sufficient quality, however this would be an

important question to pursue with in situ hybridisation or reporter mice.

The first part of our study explored the potential for artemin to target peptidergic afferent

axons in different regions and tissues of the bladder. CGRP-IR axons were evenly

distributed throughout the detrusor but were far less prevalent than autonomic axons labelled

with NPY. As previously reported (Yokokawa et al., 1986; Gabella and Davis, 1998),

CGRP-IR axons had three main targets in the bladder: detrusor, suburothelial plexus and the

vasculature. We demonstrated that GFRα3-IR axons were prevalent and had similar targets

as CGRP-IR axons but were only expressed in a subgroup of these axons. This is consistent

with our recent retrograde labeling study, which showed that all of the GFRα3-IR bladder

sensory neurons expressed CGRP, but only about half of the CGRP-IR bladder sensory

neurons expressed GFRα3-IR (Forrest et al., 2013). This study also showed that >90% of

the GFRα3-IR and CGRP-IR bladder neurons expressed the nociceptive transducer, TRPV1.

Therefore, we would predict that sensory neurons in each of the bladder tissues innervated

by CGRP-IR axons have a nociceptive role. Further, experimental destruction of TRPV1-

expressing axons within the bladder (e.g., by capsaicin treatment) would be predicted to

have widespread actions on peptidergic (and some non-peptidergic) axons. We did not

include TRPV1 immunostaining in this study because we have been unable to obtain

consistent and convincing labelling of axons within the bladder wall.

We also showed that GFRα3-IR is expressed by many noradrenergic vasoconstrictor peri-

vascular axons in the bladder but not by noradrenergic nerves innervating the detrusor.

Artemin promotes the survival of sympathetic neurons (Baloh et al., 1998) and is required

for sympathetic axons to reach their target organs during development (Honma et al., 2002).

Sympathetic neurons that innervate the vasculature elsewhere have also been found to

express GFRα3 and RET (Damon et al., 2007). Our observation that GFRα3 is expressed by

both sensory and sympathetic axons innervating blood vessels raises the possibility that

vascular-derived artemin (Honma et al., 2002; McIlvried et al., 2010) is an important

guidance factor for both sympathetic and peptidergic sensory axons. We found no evidence

of GFRα3-IR expression in vascular smooth muscle cells although GFRα3 mRNA and

protein have been reported in smooth muscle cells of neonatal arteries (Damon et al., 2007).

It is possible that artemin is down-regulated in these cells postnatally once sympathetic

axons have already reached their target, that it does not occur in the bladder or that our

immunohistochemical technique was insufficient to detect this expression.

In addition to these two distinct neuronal expression sites (sensory and sympathetic), we

found evidence for a non-neuronal source of GFRα3 in the bladder. Our observations of

only partial co-expression with glial markers (S100, GFAP) suggests an additional source,
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however the size and shape of GFRα3-IR cells, and lack of vimentin expression, most

closely resembles a glial phenotype. Alternatively, it is possible that our glial markers did

not stain the entire population of glial cells. Irrespective, it is clear that many glial cells do

not express GFRα3, indicating the presence of two distinct glial populations. The actions of

artemin on peripheral glia have not been determined but may relate to regenerative

mechanisms.

Structural features of bladder innervation

By exploiting whole thickness bladder preparations, we were able to identify a number of

features of bladder innervation that have not been reported previously, and to provide

additional perspectives on earlier observations. However, a limitation of our study is that we

did not separately differentiate or analyse innervation of the trigone or the points at which

the ureters enter the bladder.

A number of structures were found near the points of axon termination, and these appeared

to differ between chemical classes of axons and tissues (detrusor vs. suburothelial plexus).

For example, complex endings were only observed for TH- and NOS-IR axons in the

detrusor, and closed axonal loops were only found in the suburothelial plexus. The

functional significance of these structural differences is not known but could potentially be

correlated in functional studies of bladder sensory function that incorporate both terminal

visualisation and physiological characterisation (Zagorodnyuk et al., 2009; Zagorodnyuk et

al., 2010). Whereas the majority of antibodies used in this study were specific markers of

either sensory or autonomic nerve populations, interpretation of NOS immunolabelling is

more complex because it has both a sensory and parasympathetic source (Vizzard et al.,

1996; Callsen-Cencic and Mense, 1997; Keast, 2006).

Axons immunolabelled for the structural protein, NF200, were included in the study in order

to map myelinated axons within the bladder wall, as NF200 is characteristic of these

neuronal cell bodies in DRG (Lawson et al., 1993; Forrest et al., 2013). However, a

limitation of this component of the study was that NF200 incompletely labelled the axon,

rarely allowing visualisation of its termination point. Of greater interest, we found that

NF200 axons had a second site of origin – autonomic neurons in the pelvic ganglion. This is

consistent with reports of NF200-IR in sympathetic and enteric ganglia (Trojanowski et al.,

1986; Chiocchetti et al., 2009). While the functional implication of this expression is not

known, it is critical to bear this source in mind when viewing NF200-IR axons within

experimental or pathological samples.

Intramural bladder neurons were originally regarded as absent in rats (Gabella, 1990) but

more recent studies have demonstrated that they are present (Iuchi et al., 1994; Alian and

Gabella, 1996; Zvarova and Vizzard, 2005), albeit sparse compared to other species (el-

Badawi and Schenk, 1966; Dixon et al., 1983; Gabella, 1990; Smet et al., 1996; Zhou and

Ling, 1998). By using whole thickness preparations, we were able to quantify and

characterise these neurons associated with the detrusor that were labelled by antibodies

against NF200, NOS and NPY. We did not perform co-expression studies to determine if

these represent three separate or overlapping populations. NF200-IR intramural neurons

have been reported in the cat, almost all of which were found to be intramural
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parasympathetic ganglion neurons and contained choline acetyltransferase (Ruan et al.,

2006). NF200-IR intramural neurons have also been reported in the guinea pig (Coelho et

al., 2012). In rats, intramural neurons are more prevalent early in life, but appear to decrease

during the postnatal period (Zvarova and Vizzard, 2005). We propose that they provide a

minor component of the motor innervation of the detrusor. Afferent axon terminals are also

reported to make contact with intramural ganglia (Smet et al., 1996; Zhou and Ling, 1998)

but CGRP and other markers of afferent neurons are not expressed by intramural neurons

(Zhou and Ling, 1998; Gillespie et al., 2006). Consistent with these studies, we did not

observe any CGRP-IR intramural neurons in our study.

Conclusions

Our study has demonstrated that artemin potentially has three main targets in the bladder:

the detrusor, suburothelial plexus and vasculature. GFRα3 immunohistochemistry labeled

very specific populations of axons and non-neuronal cells, targeting distinct groups of

peptidergic afferent axons, sympathetic noradrenergic vasoconstrictor axons and glia. We

have also provided evidence that NF200-IR is found in bladder-projecting autonomic

neurons, and identified distinctive structural features within axons of different chemical

classes.
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Figure 1.
Diagram of bladder whole mount preparation. A. The bladder was cut into three longitudinal

strips of approximately equal size. B. Areas of interest (AOI; shaded boxes) were assessed

for GFRα3- and CGRP-immunoreactive (IR) terminals in the suburothelial plexus and for

CGRP- and TH-IR terminals in the detrusor. Dimensions of each box were 500 × 500 μm.

CGRP, calcitonin gene-related peptide; GFRα3, glial cell line-derived neurotrophic factor

family receptor α3; TH, tyrosine hydroxylase.
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Figure 2.
Distribution of CGRP- and GFRα3-immunoreactivity (IR) in the detrusor of whole mounts

processed with diaminobenzidine. A–F show low magnification images to illustrate the

density of axons in different regions of the bladder. There was no obvious difference in axon

density between base, middle and dome of bladder for CGRP-IR (A–C) or GFRα3-IR (D–
F) axons. Higher magnification images of axons are shown in G–N. G, H: Thin bundles and

single CGRP-IR axons running parallel to muscle bundles; I, J: Single CGRP-IR axons

showed numerous varicosities and unspecialised points of termination. K–N: Single

GFRα3-IR axons had a similar varicose structure to those labelled for CGRP. O–S:

Numerous small GFRα3-IR cells were observed in the detrusor. Arrowheads show

varicosities (I, K–M) and terminals (J, N) and GFRα3-IR cells (O, R, S). Dashed boxes in

(O) are magnified in (P) and (Q). Scale bar in (A) represents 500 μm also applies to (B–F).

Other scale bars represent 100 μm (G, H, J), 50 μm (I, K–O), 20 μm (R) or 10 μm (P, Q, S).

CGRP, calcitonin gene-related peptide; GFRα3, glial cell line-derived neurotrophic factor

family receptor α3.
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Figure 3.
Co-expression of CGRP- and GFRα3-immunoreactivity (IR) in the detrusor and

suburothelial plexus. All panels except K–M (cryosection) are from whole mount

preparations. A–C: Confocal z-stack (34 μm thick, 1 μm step size) through the detrusor

showed that many CGRP-IR axon bundles contained GFRα3-IR axons, but some single

axons labeled for CGRP-IR were GFRα3-negative (arrowheads). D–F: Confocal image in

the detrusor illustrating partial co-expression (arrowheads) between CGRP- and GFRα3-IR

in axons. G–J: Confocal image in the detrusor showing two small, elongated GFRα3-IR

cells (arrowheads) with their processes. These appeared to be innervated by CGRP axons.

DAPI (blue) labels nuclei of GFRα3-IR cells and surrounding muscle cells. K–M: Confocal

z-stack (15 μm thick, 0.5 μm step size) of a cryosection showing the majority of GFRα3-IR

axons in the suburothelial plexus were immunoreactive for CGRP but relatively few CGRP-

IR axons were immunoreactive for GFRα3. N–P: Confocal images in the suburothelial

plexus of a whole mount demonstrating that most GFRα3-IR terminals were
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immunoreactive for CGRP, but some CGRP-IR terminals were not immunoreactive for

GFRα3. In K–P, arrows indicate single-labeled CGRP-IR axons (K–M) and terminals (N–

P), whereas arrowheads indicate a double-labeled GFRα3- and CGRP-IR axon (k–m), and

terminal (n–p). Scale bar = 100 μm in (A) also applies to (B, C); 30 μm in (D) also applies to

(E, F); 20 μm in (G) also applies to (H–J). Scale bar = 100 μm in (K) also applies to (L–M);

30 μm in (N) also applies to (O, P). CGRP, calcitonin gene-related peptide; GFRα3, glial

cell line-derived neurotrophic factor family receptor α3.
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Figure 4.
Distribution of CGRP- and GFRα3-immunoreactivity (IR) in the suburothelial plexus of

whole mounts processed with diaminobenzidine (DAB). A–F: CGRP- (A–C) and GFRα3-

IR (D–F) axons in the suburothelial plexus became progressively less dense towards the

bladder dome (A, D: base; B, E: middle; C, F: dome). G–I: CGRP-IR axons formed closed

loops (arrowheads) originating in the middle of axons (G) or on axon terminals (H, I). J, K:
GFRα3-IR axons also formed closed loops (arrowheads) at the end of terminating axons (J)

or in the middle of axons (K). J–L: Numerous small GFRα3-IR cells (arrows) were

observed close to axons in the suburothelial plexus. M–R: CGRP-IR (M–O) and GFRα3-IR

(P–R) terminals (arrowheads) in the suburothelial plexus. Scale bar = 100 μm in (A) also

applies to (B–F); 50 μm in (G) also applies to (H–L); 50 μm in (M) also applies to (N–R).

CGRP, calcitonin gene-related peptide; GFRα3, glial cell line-derived neurotrophic factor

family receptor α3.
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Figure 5.
CGRP- and GFRα3-immunoreactive (IR) axons associated with the bladder vasculature as

viewed in whole mounts. Panels A–F show diaminobenzidine (DAB)-processed tissue

viewed with conventional microscopy whereas G–O are confocal micrographs of

immunofluorescence. Numbered arrowheads indicate primary, secondary and tertiary

branches of the vascular tree. A–C: Many CGRP-IR para-vascular axons were found on the

primary, secondary (A, B) and tertiary (C) branches of the vascular tree; peri-vascular axons

were also found on the primary branch but were sparse on subsequent branches. D–F: Para-

and peri-vascular GFRα3-IR axons were associated with all branches of the vascular tree.

G–I: Many para-vascular CGRP- and GFRα3-IR axons were associated with the primary

and secondary branches of the vascular tree; GFRα3-IR peri-vascular axons were more

prevalent than CGRP-IR peri-vascular axons on these branches. J–I: CGRP- and GFRα3-IR

para-vascular axons were associated with secondary and tertiary vessel branches; many

GFRα3-IR peri-vascular axons were present in these branches. m–o: Neither CGRP- nor

GFRα3-IR para-vascular axons extended to the most distal aspects of the vascular tree.
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Images (G–O) are confocal z-stacks (thickness: G–I, 45 μm; J–L, 28 μm; M–O, 30 μm; all

with 1 μm step size). Scale bar = 200 μm in (A) also applies to (D); 100 μm in (B) also

applies to (C, E, F); 100 μm in (g) also applies to (H, I); 100 μm (J) also applies (K, L); 100

μm in (M) also applies to (N, O). CGRP, calcitonin gene-related peptide; GFRα3, glial cell

line-derived neurotrophic factor family receptor α3.
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Figure 6.
Comparison of different axon populations supplying blood vessels in bladder whole mounts.

Panels A–C show diaminobenzidine (DAB)-processed tissue viewed with conventional

microscopy whereas D–O are confocal micrographs of immunofluorescence. Numbered

arrowheads indicate primary, secondary and tertiary branches of the vascular tree. A–C:
TH-immunoreactive (IR) axons densely innervated all branches of the vascular tree that

traversed the bladder (A: base; B: middle; C: dome). D–F: Many TH-IR axons and

relatively few CGRP-IR axons were associated with distal portions of primary vessel

branches. G–I: Higher magnification of the primary to secondary branch point in d-f that

demonstrates relatively few CGRP-IR peri-vascular axons. J–L: Numerous TH- and

GFRα3-IR para- and peri-vascular axons densely innervated the primary and secondary

branches of the vascular tree. M–O: Many TH-IR para- and peri-vascular axons were

immunoreactive for GFRα3. Panels (D–O) are confocal z-stacks (thickness: D–F, 50 μm; g-

l, 30–32 μm; all with 1 μm step size). Scale bar = 500 μm in (A) also applies to (B, C); 200

μm in (D) also applies to (E, F); 50 μm in (G) also applies to (H–L); 40 μm in (M) also
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applies to (N–O). CGRP, calcitonin gene-related peptide; GFRα3, glial cell line-derived

neurotrophic factor family receptor α3; TH, tyrosine hydroxylase.
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Figure 7.
Non-vascular noradrenergic innervation of the detrusor, as viewed in whole mount

preparations. Panels A–F show diaminobenzidine (DAB)-processed tissue viewed with

conventional microscopy whereas G–L are confocal micrographs of immunofluorescence.

A–C: TH-immunoreactive (IR) axon bundles of varying thickness and axons associated with

a blood vessel (arrowhead, A). D–F: Three types of TH-IR axon terminals (arrowheads)

were found in the detrusor: non-specialised simple endings (D), specialised multi-branched

endings (E), and those that branched off the vascular tree, originating from para-vascular

axons (F). Arrows indicate a branch point from a single specialised TH-IR axon (E) and TH-

IR para-vascular axons on a distal portion of the vascular tree (F). G–I: TH- and GFRα3-IR

were rarely co-expressed in axons in the detrusor. J–L: Few TH-IR axons travelled within

the large diameter bundles of GFRα3-IR axons; these TH-IR axons did not co-express

GFRα3-IR. Images (G–O) are confocal z-stacks (thickness: G–I, 10 μm; J–L, 20 μm; all

with 1 μm step size). Scale bar = 100 μm in (A) also applies to (B, C); 100 μm in (D) also
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applies to (E, F); 10 μm in (G) also applies to (G, I); 50 μm in (J) also applies to (J, K, L).

GFRα3, glial cell line-derived neurotrophic factor family receptor α3; TH, tyrosine

hydroxylase.
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Figure 8.
Comparative distribution of vimentin- (Vim) and smooth muscle actin (SMA) with GFRα3-

immunoreactivity (IR) in the bladder. All panels are confocal micrographs of

immunofluorescence in bladder cryosections. DAPI labelling of nuclei was performed to

indicate general cellular distribution within each tissue and to show that none of the other

markers were found within the nucleus. The urothelial surface is orientated to the top in

panels A–D, and M–T. A–D: Bladder base immunostained for Vim, GFRα3, and the

merged image. E–H: Little co-expression occurred between Vim-IR and GFRα3-IR in cells

in the detrusor. I–L:. GFRα3-IR cells associated with the vasculature were not

immunoreactive for Vim. M–P: GFRα3- and Vim-IR were not co-expressed in the

suburothelial tissue. In e-p, closed arrows indicate single-labeled GFRα3-IR cells and open

arrows indicate single-labeled Vim-IR cells. Q–T: Bladder base comparing the distribution

of SMA-, GFRα3-IR and the merged image. U–X: No co-expression of SMA- with GFRα3-
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IR was observed in the detrusor. Y-BB: There was no coexpression of the SMA- and

GFRα3-IR associated with the vasculature; arrowheads indicate single-labeled GFRα3-IR

axons. Scale bar = 200 μm in (a) also applies to (B–D, Q–T); 10 μm in (E, I) also applies to

(F–H, J–L); 30 μm in (U) also applies to (V–Y); 20 μm in (Y) also applies to (BB). GFRα3,

glial cell line-derived neurotrophic factor family receptor α3.
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Figure 9.
Comparison of glial markers (GFAP- and S100-) with GFRα3-immunoreactive (IR)

distribution in the bladder. Panels show confocal images of immunofluorescence in bladder

sections (A–C, P–S) and wholemount preparations (D–O, T–W). DAPI labelling of nuclei

was performed to indicate general cellular distribution within each tissue and to show that

none of the other markers were found within the nucleus. A–C: Comparison of GFAP- and

GFRα3-IR distribution in the bladder at low magnification. D–G: Many, but not all GFAP-

IR cells in the detrusor were immunoreactive for GFRα3. H–K: Example of a double

labelled GFAP- and GFRα3-IR glial cell in the detrusor. L–O: The majority of GFRα3-IR

cells with elongated processes were not immunoreactive for GFAP. P–S: Many GFRα3-IR

cells associated with the vasculature were immunoreactive for GFAP. T–W: Many S100-IR

cells in the detrusor were immunoreactive for GFRα3. Arrowheads indicate single-labeled

GFAP-IR cell (D–G), single-labeled GFRα3-IR cell (L–O), and double-labeled cells (H–K,

P–S, T–W). The lumen of the blood vessel in panels P–S is indicated (V). Scale bar = 200

μm in (A) also applies (B, C); 20 μm in (D, H, L, T) also applies to (E–G, I–K, M–O, U–W);

10 μm in (P) also applies to (QS). GFAP, glial fibrillary acidic protein; GFRα3, glial cell

line-derived neurotrophic factor family receptor α3.
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Figure 10.
Distribution of NF200-immunoreactive (IR) axons in the bladder. Panels A–L show DAB-

processed whole mounts viewed with conventional microscopy whereas M–R are confocal

micrographs of immunofluorescence in cryosections. A–C: Many NF200-IR axons were

found in the detrusor and were distributed evenly throughout the bladder (a: base; b: middle;

c: dome). D–E: The majority of NF200-IR axons travelled in large diameter axon bundles.

F: NF200-IR terminals were occasionally observed in the detrusor (arrowhead). G–I: Few

NF200-IR axons were associated with the vasculature; these were para-vascular

(arrowheads) and only observed on primary (G, H) and secondary (I) vascular branches. J–
L: NF200-IR neurons were observed in the detrusor; many had short processes and were

found individually (K, L) or in small clusters (J). M–O: Large diameter NF200-IR axon

bundles (arrowheads) on the serosal surface were not immunoreactive for GFRα3. P–R:
Some NF200-IR axons in the detrusor were immunoreactive for GFRα3 (arrowheads); it
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was difficult to determine if these comprised single or multiple axons. The serosal surface of

the bladder is orientated to the bottom in panels m–r. Scale bar = 200 μm in (A) also applies

to (B, C); 100 μm in (D) also applies to (E); 20 μm in (F); 200 μm in (G); 100 μm in (G);

200 μm in (I), 50 μm in (J) also applies to (K, L); 20 μm in (M) also applies to (N, O); 10 μm

in (P) also applies (Q, R). GFRα3, glial cell line-derived neurotrophic factor family receptor

α3; NF200, neurofilament, 200 kDa.
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Figure 11.
Distribution of NF200-immunoreactivity (IR) in cryosections of pelvic ganglia, viewed with

conventional fluorescence microscopy. Neurons containing retrograde tracer (FluoroGold;

FG) have been colorised blue. FG neurons showing immunoreactivity for NF200-IR appear

purple, and neurons containing FG with both immunolabels appear white. FG-negative

neurons labelled for both substances appear yellow. A–D: Distribution of NF200-, NOS-IR

and FG neurons in the pelvic ganglion. E–H: Co-expression of NF200- and NOS-IR in FG-

labeled neurons (examples of coexpression shown with arrowheads). I–L: Distribution of

NF200-, TH-IR and FG-labeled neurons in the pelvic ganglion, showing scarcity of TH-IR

neurons. M–P: Expression of NF200- in TH-negative, FG-labeled neurons; arrowhead

shows an NF200-IR FG neuron that does not show TH-IR; note that there are two neurons

that express both TH- and NF200-IR but are FG-negative. Scale bar = 200 μm in (A) also

applies to (B–D, I–L); 50 μm in (E) also applies to (F–H, M–P). NF200, neurofilament, 200

kDa; NOS, nitric oxide synthase; TH, tyrosine hydroxylase.
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Figure 12.
Distribution of neuropeptide Y (NPY)-immunoreactivity (IR) in the bladder, viewed using

diaminobenzidine (DAB) processing of whole mounts. A–C: There was a uniform

distribution of NPY-IR axons throughout the bladder (a: base; b: middle; c: dome). D–F:
NPY-IR neurons, commonly in clusters, were found in the detrusor. G–I: Numerous para-

and peri-vascular NPY-IR axons were associated with all branches of the vasculature tree.

J–L: NPY-IR axons were found in the suburothelial plexus and became progressively less

dense towards the bladder dome (J: base; K: middle; L: dome). M–O: The majority of NPY-

IR axons in the suburothelial plexus originated from para-vascular axons that branched from

the mucosal vascular tree. Numbered arrowheads in (G–I) indicate primary, secondary,

tertiary and quaternary vessel branches. Arrowheads in (M–O) indicate para-vascular axons

branching off the vascular tree. Box in (N) is magnified in (O). Scale bar = 200 μm in (A)

also applies to (B, C, G–I, M, N) and represents 100 μm in o; 50 μm in (D) also applies to

(D, F, J–L).
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Figure 13.
Distribution of nitric oxide synthase (NOS)-immunoreactivity (IR) in the bladder, viewed

using DAB processing of whole mounts. A–C: NOS-IR axons showed a uniform

distribution throughout the bladder (A: base; B: middle; C: dome). D–F: Many specialised

NOS-IR nerve endings (arrowheads) were observed throughout the bladder. G–I: NOS-IR

axons were associated with the vasculature (arrowheads) in the detrusor (G, H) and lamina

propria (I). J–L: NOS-IR neurons were distributed throughout the bladder and found

individually (K) or in small clusters (J, L). The length of their dendrites varied widely

between neurons (compare arrrowheads in K). M–O: NOS-IR axons were found in the

suburothelial plexus and became progressively less dense towards the bladder dome (M:

base; N: middle; O: dome). P: A NOS-IR closed axonal loop (arrowhead) in the

suburothelial plexus. Q, R: NOS-IR axon terminals were also observed in the suburothelial

plexus; weak to moderate labelling was also present in urothelial cells. Scale bar = 500 μm

in A (also applies to B, C); 100 μm in D (also applies to E, F); 50 μm in G (also applies to H,

I); 50 μm in J (also applies to K–L); 50 μm in M (also applies to N–R).
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Table 1

Primary Antibodies Used for Immunohistochemistry

Antigen Description of immunogen Supplier/catalogue number Dilution

Calcitonin gene-related peptide
(CGRP)

GG-conjugated synthetic peptide
corresponding to amino acids 23–37 of rat
Tyr-CGRP

Biogenesis (now AbD Serotec), goat
polyclonal, Cat# 1720-9007,
RRID:AB_2290729

1:2000

Calcitonin gene-related peptide
(CGRP)

KLH-conjugated rat synthetic peptide Millipore, rabbit polyclonal Cat# AB5920,
RRID:AB_2068655

1:5000

Glial fibrillary acidic protein
(GFAP)

GFAP isolated from cow spinal cord Dako Cat# Z0334, rabbit polyclonal,
RRID:AB_10013382

1:1000

Glial cell line-derived neurotrophic
factor family receptor α3 (GFRα3)

Recombinant protein corresponding to amino
acid sequence Glu34-Arg379 of mouse
GFRα3 (Accession # AAB70931)

R&D Systems, goat polyclonal, Cat#
AF2645, RRID:AB_2110295

1:300

Neurofilament 200 (NF200) Neurofilaments of molecular weight 200 kDa
in rat spinal cord extract

Sigma-Aldrich, mouse monoclonal, Cat#
N0142, RRID:AB_477257

1:4000

Neuropeptide Y (NPY) BTg-conjugated synthetic porcine NPY DiaSorin (now ImmunoStar), rabbit
polyclonal, Cat# 22940,
RRID:AB_572253

1:3000

Neuronal nitric oxide synthase
(nNOS)

Recombinant protein corresponding to 195
amino acids from the N-terminus of rat nNos

Zymed (now Invitrogen), rabbit
polyclonal, Cat# 61-7000,
RRID:AB_2313734

1:500

S100 Purified bovine S100 Millipore, mouse monoclonal, Cat#
MAB079-1, RRID:AB_571112

1:500

Smooth muscle actin-α (SMA) KLH-conjugated synthetic peptide
corresponding to 10 amino acids from the N-
terminus of SMA

Sigma-Aldrich, mouse monoclonal, Cat#
A5228
RRID:AB_262054

1:5000

Tyrosine hydroxylase (TH) Denatured tyrosine hydroxylase from rat
pheaochromocytoma

Millipore, rabbit polyclonal, Cat# AB152,
RRID:AB_390204

1:1000

Vimentin (Vim) Porcine Vim purified from eye lens Sigma-Aldrich, mouse monoclonal, Cat#
V6630, RRID:AB_477627

1:10,000

J Comp Neurol. Author manuscript; available in PMC 2015 December 01.



N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

Forrest et al. Page 44

Table 2

Secondary Antibodies used for Immunohistochemistry

Species Conjugated Supplier/catalogue number Dilution

Anti-goat Cy3 Jackson ImmunoResearch, donkey polyclonal, Cat# 705-165-147, RRID:AB_2307351 1:1000

Anti-mouse Alexa 488 Molecular Probes (now Invitrogen), donkey polyclonal, Cat# A21202, RRID:AB_10049285 1:1000

Anti-mouse Biotin-SP Vector Laboratories, donkey polyclonal, Cat# BA2000, RRID:AB_2313581 1:1000

Anti-rabbit Alexa 488 Invitrogen, donkey polyclonal, Cat# A21206, RRID:AB_10049650 1:2000

Anti-rabbit Biotin-SP Jackson Laboratories, donkey polyclonal, Cat#711-065-152, RRID:AB_2333077 1:1000

Anti-rabbit Cy3 Jackson Laboratories, donkey polyclonal, Cat# 711-165-152, RRID:AB_2307443 1:1500

Anti-sheep Biotin-SP Jackson Laboratories, donkey polyclonal, Cat#713-065-003, RRID:AB_2333076 1:1000

J Comp Neurol. Author manuscript; available in PMC 2015 December 01.


