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Abstract—Previous studies in rat and mouse documented

that a subpopulation of dorsal root ganglion (DRG) neurons

innervating non-visceral tissues express tyrosine hydroxy-

lase (TH). Here we studied whether or not mouse DRG neu-

rons retrogradely traced with Fast Blue (FB) from

colorectum or urinary bladder also express immunohisto-

chemically detectable TH. The lumbar sympathetic chain

(LSC) and major pelvic ganglion (MPG) were included in

the analysis. Previously characterized antibodies against

TH, norepinephrine transporter type 1 (NET-1) and calcitonin

gene-related peptide (CGRP) were used. On average, �14%
of colorectal and �17% of urinary bladder DRG neurons

expressed TH and spanned virtually all neuronal sizes,

although more often in the medium-sized to small ranges.

Also, they were more abundant in lumbosacral than thoraco-

lumbar DRGs, and often coexpressed CGRP. We also

detected several TH-immunoreactive (IR) colorectal and

urinary bladder neurons in the LSC and the MPG, more fre-

quently in the former. No NET-1-IR neurons were detected in

DRGs, whereas the majority of FB-labeled, TH-IR neurons in

the LSC and MPG coexpressed this marker (as did most

other TH-IR neurons not labeled from the target organs).

TH-IR nerve fibers were detected in all layers of the colorec-

tum and the urinary bladder, with some also reaching the
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basal mucosal cells. Most TH-IR fibers in these organs

lacked CGRP. Taken together, we show: (1) that a previously

undescribed population of colorectal and urinary bladder

DRG neurons expresses TH, often CGRP but not NET-1,

suggesting the absence of a noradrenergic phenotype;

and (2) that TH-IR axons/terminals in the colon or urinary

bladder, naturally expected to derive from autonomic

sources, could also originate from sensory neurons.

� 2012 IBRO. Published by Elsevier Ltd. All rights reserved.

Key words: autonomic neurons, catecholamines, colorec-

tum, DRG, neuropeptides, urinary bladder.

INTRODUCTION

Visceral organs such as the colorectum and the urinary

bladder are innervated both by sensory and autonomic

neurons (see Robinson and Gebhart, 2008), classically

grouped as either ‘‘intrinsic’’ or ‘‘extrinsic’’. The former

are found along the full extent of the gut, including the

colorectum, and comprise enteric sensory and motor

neurons residing within the ganglionic layers of the gut

wall, creating an ‘‘intrinsic’’ neuronal network (Furness

et al., 2004). ‘‘Extrinsic’’ neurons in rodents (as well as

in humans) belong to a variety of neuronal systems: (1)

peripheral projections of thoracolumbar (TL) (from the

8th thoracic to the 1st lumbar) and lumbosacral (LS)

(from the 6th lumbar to the 2nd sacral) dorsal root

ganglia (DRG) neurons (see Robinson and Gebhart,

2008); (2) postganglionic projections of sympathetic

neurons in the lumbar sympathetic chain (LSC), or (3)

sympathetic and parasympathetic neurons present in

the ‘mixed’ major pelvic ganglion (MPG) (Furness, 2006;

Keast, 2006). Fibers from the afferent sensory and

efferent autonomic nervous systems travel together in

the pelvic (LS) and lumbar splanchnic/hypogastric (TL)

nerves. In recent studies, afferent fibers in these two

nerves have been characterized in mouse colorectum

(Brierley et al., 2004, 2005) and urinary bladder (Xu and

Gebhart, 2008) with respect to mechanosensitivity, and

differentiated into mucosal, muscular/mucosal,

muscular, mesenteric and serosal classes.

As shown both in rat (De Groat, 1987; Keast and De

Groat, 1992; Callsen-Cencic and Mense, 1997; Wang

et al., 1998; Keast and Stephensen, 2000; Christianson

et al., 2006; Olsson et al., 2006) and mouse (Robinson

et al., 2004; Christianson et al., 2006; Spencer et al.,

2008; Brumovsky et al., 2011), colorectal and urinary

bladder sensory neurons synthesize a variety of

neurotransmitters and associated molecules. These
d.
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include excitatory neurotransmitters such as glutamate

and aspartate (Keast and Stephensen, 2000), the

related vesicular glutamate transporters (VGLUTs)

(Olsson et al., 2006; Brumovsky et al., 2011),

neuropeptides such as the calcitonin gene-related

peptide (CGRP) (De Groat, 1987; Keast and De Groat,

1992; Callsen-Cencic and Mense, 1997; Wang et al.,

1998; Robinson et al., 2004; Hwang et al., 2005),

pituitary adenylate cyclase-activating peptide (Wang

et al., 1998), substance P and somatostatin (Wang

et al., 1998) or galanin (Callsen-Cencic and Mense,

1997; Wang et al., 1998). Among several receptors

involved in pain mechanisms, many colorectal and

urinary bladder DRG neurons also express the transient

receptor potential cation channel, subfamily V, member

1 (TRPV1) (Christianson et al., 2006; Spencer et al.,

2008; La et al., 2011), a nonselective cation channel

activated by pH, heat and capsaicin (Caterina et al., 1997).

Tyrosine hydroxylase (TH), the rate-limiting enzyme

for the catecholamine (CA) synthesis (Nagatsu et al.,

1964; Levitt et al., 1965), has been traditionally utilized

to detect catecholaminergic neurons, both in the central

and the peripheral nervous systems. In addition to TH,

the majority of sympathetic neurons in the autonomic

nervous system contain aromatic aminoacid

decarboxylase (AADC) and dopamine (DA)

b-hydroxylase (DbH) which are sequential in the

synthesis of DA to norepinephrine (NE), the principal

neurotransmitter of the sympathetic nervous system

(see von Euler, 1971). Some sensory neurons also

express TH, as demonstrated in rat nodose and petrosal

ganglia (Katz and Black, 1986; Ichikawa et al., 1991;

Kummer et al., 1993; Matsumoto et al., 2003) and non-

visceral DRG neurons (Price and Mudge, 1983; Jonakait

et al., 1984; Price, 1985; Vega et al., 1991; Herradon

et al., 2008; Kobayashi et al., 2010). The presence of

TH has also been confirmed in mouse embryonic

(Forgie et al., 2000; Ichikawa et al., 2005) and adult

lumbar DRG neurons innervating non-visceral structures

such as the glabrous (Brumovsky et al., 2006) and hairy

hindpaw skin (Brumovsky et al., 2006; Li et al., 2011).

In the present study we investigated whether or not

mouse visceral sensory neurons, identified by

retrograde tracing with Fast Blue (FB) from the colon or

the urinary bladder, also express TH. Thus, by means

of immunohistochemistry, we explored the presence of

this enzyme in visceral DRG, LSC and MPG neurons.

We also examined colocalization of TH with CGRP in

these neurons, as well as with the NE transporter type 1

(NET-1), the latter involved in the re-uptake of NE into

presynaptic nerve terminals (Pacholczyk et al., 1991).

Finally, we studied the distribution of axons/terminals

containing TH in all layers of the colorectum and urinary

bladder, including the mucosal layer.
EXPERIMENTAL PROCEDURES

Animals

Male BALB/c mice (Taconic, Germantown, NJ, USA) were used

in all experiments. All research protocols followed the Uniform
Requirements for Manuscripts Submitted to Biomedical

Journals, were reviewed and approved by the Institutional

Animal Care and Use Committee (University of Pittsburgh), and

adhered to the United States Public Health Service policies

regarding the care and use of animals in research.

Retrograde tracing

The colon (n= 5) or the urinary bladder (n= 5) of 6-week-old

BALB/c male mice was injected with the fluorescent retrograde

neuronal tracer FB (2% in saline; EMS-Chemie, Gross

Umstadt, Germany). Under aseptic conditions, animals were

anesthetized with isoflurane (Hospira Inc., Lake Forest, IL,

USA). A laparotomy exposed the target organ, and three to five

injections (�5 ll total, using a Hamilton syringe with a

25-gauge needle) of FB were made at different sites into the

wall of the descending colon or the urinary bladder. Care was

taken not to allow the dye to spread to areas other than the

injection site, both by containing any spillage using a cotton tip,

and by rinsing the peritoneal cavity with abundant sterile saline

before suturing muscle and skin. After treating the skin incision

with dibucaine ointment (1%; Perrigo, Allegan, MI, USA) and

treating with buprenorphine (0.1 mg/kg; Bedford Labs, Bedford,

OH, USA) for postoperative analgesia, mice were allowed to

recover in a warm environment under close observation.

Immunohistochemistry

Twelve days after injection of FB, and including six naı̈ve BALB/c

mice, animals were deeply anesthetized with sodium

pentobarbital (60 mg/kg, i.p.; Ovation Pharmaceuticals,

Deerfield, IL, USA) and perfused via the ascending aorta with

20 ml of Tyrode’s buffer (37 �C), followed by 20 ml of a mixture

of 4% paraformaldehyde and 0.2% picric acid dissolved in

0.16 M phosphate buffer (pH 6.9; 37 �C) and 50 ml of the same

mixture at 4 �C, the latter for approximately 5–7 min. TL (T8-L1)

and LS (L6-S2) DRGs, the MPG, the LSC, the colorectum and

the urinary bladder were dissected out and post-fixed for

90 min at 4 �C in the same fixative and immersed in 10–20%

sucrose in phosphate-buffered saline (PBS) (pH 7.4) containing

0.01% sodium azide and 0.02% bacitracin (both from Sigma,

St. Louis, MO, USA) (4 �C) for 48 h. After embedding in Tissue-

Tek O.C.T. compound (Sakura, Torrence, CA, USA) and

freezing on dry ice, tissue was sectioned in a cryostat (Leica,

Heidelberg, Germany) at 12-lm (DRG, LSC) or 20-lm
thicknesses (MPG, colorectum, urinary bladder).

For single-staining of TH and NET-1, sections were washed

twice in PBS and incubated for 24 h at 4 �C with sheep anti-TH

(1:4000; cat. n�: AB1542, Chemicon, MA) or rabbit anti-NET-1

(1:2000; cat. n�: HPA004057, Sigma) antibodies, diluted in

0.01 M PBS containing 0.3% Triton X-100 and 0.5% bovine

serum albumin (BSA). To visualize immunoreactivity, sections

were processed using a commercial kit based on tyramide

signal amplification (Adams, 1992) (TSA Plus, NEN Life

Science Products, Inc., Boston, MA, USA). Briefly, the sections

were washed in TNT buffer (0.1 M Tris–HCl, pH 7.5; 0.15 M

NaCl; 0.05% Tween 20) for 10 min, incubated with TNB buffer

(kit; 0.1 M Tris–HCl, pH 7.5; 0.15 M NaCl; 0.5% Dupont

Blocking Reagent; NEN) for 30 min at room temperature (RT)

and incubated for 60 min with either a donkey anti-sheep or

anti-rabbit/horseradish peroxidase (HRP) conjugate (cat. n�:
711-035-152 and 713-035-003, respectively, Jackson Immuno-

Research, West Grove, PA, USA) diluted 1:200 in TNB buffer.

Sections were washed twice in TNT buffer and incubated in

biotinyl tyramide-fluoride thiocyanate (BT-FITC) conjugate (kit;

cat. n�: NEL741, NEN) diluted 1:700 in amplification diluent (kit;

NEN) for 30 min at RT.

For double-staining (TSA plus combined with indirect

immunofluorescence) of NET-1 plus TH or TH plus CGRP,

sections were first incubated with rabbit anti-NET-1, sheep or
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rabbit (1:4000; cat. n�: AB152, Millipore, Temecula, CA, USA)

anti-TH antibodies, followed by the TSA plus technique for their

visualization (as above), and then processed according to

Coons (1958). Thus, after two washes in PBS, incubation for

24 h at 4 �C with sheep anti-TH (1:400) or rabbit anti-CGRP

(1:8000; cat. n�: C8198, Sigma) antibodies, and two washes in

PBS, sections were incubated for 30 min at RT using either a

donkey anti-sheep or anti-rabbit/tetramethyl rhodamine

isothiocyanate (TRITC) conjugate (1:400; cat. n�: 713-025-003
and 711-025-152, respectively, Jackson Immuno-Research), for

visualization of TH or CGRP.

For double-staining (double indirect immunofluorescence) of

CGRP plus TH, some sections were first incubated with the rabbit

CGRP antiserum, followed by visualization using a donkey anti-

rabbit/FITC conjugate (1:200; cat. n�: 711-095-152, Jackson

Immuno-Research). Later, sections were incubated for 24 h at

4 �C with the sheep anti-TH antibody (1:400), followed by

incubation with a donkey anti-sheep/TRITC conjugate (1:400;

Jackson Immuno-Research) for 30 min at RT, for visualization.

The antibodies used throughout the study have been

validated, either in previous studies or as specified by the

manufacturer. For visualization of TH, we used two different

antibodies. The one raised in sheep, and used throughout most

of the present study, is a purified polyclonal antibody against

TH (Haycock and Waymire, 1982), specifically binds to TH and

it reacts with the �60 kDa TH protein in PC12 cells stimulated

with Okadaic acid (Chemicon). This antibody also cross-reacts

with all mammalian forms tested (including mouse and rat). The

rabbit TH antibody is also purified and shows, by western blot,

a single band at approximately 62 kDA corresponding to TH. It

also shows cross-reactivity with mouse and rat (Millipore).

Finally, when tested in the same slides, both sheep and rabbit

TH antibodies stained the same DRG neurons (present study;

data not shown). The CGRP antibody reacts with CGRP (rat)

conjugated to BSA in dot blot immunoassay, and its specific

staining is inhibited by pre-incubation with 10 lM CGRP (rat)

(Sigma). The antibody does not cross-react with substance P,

vasoactive intestinal peptide, neuropeptide Y, calcitonin or

somatostatin, conjugated to BSA (Sigma). Finally, the

specificity of the NET-1 antibody has been validated (via

western blot) in a recent article (Mulder et al., 2009).

Nonspecific staining by the secondary antibody was tested by

omission of the primary antibody in some sections. Also, single-

stained control sections were processed for comparison with

double-stained sections.
Microscopy and image processing

All sections were cover-slipped using 2.5% DABCO in glycerol

(Sigma) and examined on a Nikon Eclipse E600 fluorescence

microscope (Nikon, Tokyo, Japan) provided with appropriate

filters and a Retiga 2000 R Fast CCD camera (Q-Imaging,

Surrey, British Columbia, BC, Canada) using IPLab software

(Scanalytics Inc., Vancouver, BC, Canada). For colocalization

analysis, a Fluoview FV 1000 confocal laser scanning biological

microscope equipped with 10� (0.45 N.A.), 20� (0.75 N.A.)

and 60� oil (1.40 N.A.) objectives was used (Olympus, Tokyo,

Japan). The FITC labeling was excited using a 547–514 nm

argon multi-line laser. For the detection of TRITC and TMR, a

543 nm HeNe laser was used.

Resolution, brightness and contrast of the images were

optimized using the Adobe Photoshop CS3 software (Adobe

Systems Inc., San Jose, CA, USA). Because confocal imaging

of FB was not possible due to lack of appropriate filters,

whenever it was necessary (the MPG), images were composed

by merging separate optical (FB) and confocal (other markers

of interest) photomicrographs. Care was taken to match the

position of these images perfectly, based on the shape of the

contour of ganglia and neuron profiles (NPs), for production of

the merged micrographs.
Quantification and statistical analysis

Retrogradely traced colorectal and urinary bladder neurons,

identified by their content of FB, were quantified in T8-T13 and

L6-S2 DRGs. Every fifth DRG section was used to quantify

the number of FB-positive (+) NPs present in each section.

TH-immunoreactive (IR) colorectal or urinary bladder NPs were

also counted. In total, 5–8 sections per ganglion were used for

quantification. Percentages of TH-expressing colorectal or

urinary bladder neurons were obtained by counting, within the

total number of FB+ neurons, those expressing TH.

Throughout these immunohistochemical experiments,

background was low, allowing for the easy detection of a

positive signal.

We included in the quantification all possible FB+ NPs per

section, regardless of the presence of a visible nucleus. This

was done for two main reasons: (1) the discrete number of

FB+ colorectal neurons in TL and LS DRGs, which at least in

the rat, represent only �4% of all DRG neurons (see

Christianson et al., 2006; Brumovsky and Gebhart, 2010), and

(2) the number of sections per DRG to assess the

colocalization of TH with other markers such as CGRP or NET-

1 are few (�25–30 at 12 lm each), thus limiting application of

quantification methods such as neurostereology (Mayhew and

Gundersen, 1996). The current quantification approach could

have led to the overestimation of large diameter neurons, and

also to a reduction in opportunity for small neurons to be

counted (see Guillery, 2002). In such a scenario, and

considering that most TH-IR NPs were medium and small-

sized, it is possible that the percentages presented here are

underestimated. These methodological short comings,

however, do not violate the intention of the present study,

which is to provide an estimate of the expression of TH in

visceral sensory neurons and of the differential distribution

between colorectal vs. urinary bladder and LS vs. TL sensory

neurons. Establishing the exact number of visceral DRG

neurons in the mouse would require neurostereology.

For the assessment of neuronal size distribution, the area of

FB+/TH+ (colorectal or urinary bladder) and FB-negative/TH+

(TH-only) DRG NPs with identifiable nucleus was measured

using the public domain NIH program ImageJ 1.36B (developed

at the U.S. National Institutes of Health and available on the

Internet at http://rsb.info.nih.gov/nih-image/) and plotted into

histograms. A total of 670 NPs, including FB+/TH+ (colorectal

or urinary bladder) and TH-only NPs were measured (number

of mice = 4), and frequencies were plotted as percentage of

the total number of neurons in each group. The average size of

DRG NPs in both groups was also obtained in order to

establish potential statistically significant differences.

Data are presented as mean ± SEM. Statistical significance

among groups was tested using the one-way ANOVA test,

followed by the Tukey HSD post hoc test; P 6 0.05 was

considered significant.
RESULTS

TH expression in colorectal and urinary bladder DRG
neurons

In previous studies it was established that most neurons

projecting to the colorectum or the urinary bladder are

distributed into two main groups, the TL (T8-L1) and LS

(L6-S2) DRGs (Robinson et al., 2004; Christianson

et al., 2006). In the present study, retrograde tracing

from the colorectum or the urinary bladder revealed a

discrete number of FB+ NPs per DRG section, both

at TL and LS levels, and are easily differentiated from

FB-negative NPs (Fig. 1). Throughout this section, DRG

NPs will be described as ‘‘colorectal’’ or ‘‘urinary

http://rsb.info.nih.gov/nih-image/


Fig. 1. TH is expressed in colorectal and urinary bladder DRG neurons. Optical immunofluorescence photomicrographs of sections of L1 (A–C), L6

(D–F, J–L) or T10 (G–I) DRGs incubated with antiserum to TH. Retrogradely labeled colorectal (A–F) or urinary bladder (G–L) neurons containing

FB (A, D, G, J) are shown in red. (C, F, I, L) Show merged micrographs. (A–F) A number of colorectal NPs, as evidenced by the presence of FB,

express TH in L1 and L6 DRGs (doble arrowheads in A–F). FB+ colorectal NPs lacking the enzyme are also present (arrows in A, D), as well as

several TH-only NPs (arrowheads in B, E). (G–L) FB+/TH+ urinary bladder NPs are seen in T10 (double arrowheads in G–I) and L6 (double

arrrowheads in J–L) DRGs. Also here, FB+ urinary bladder (arrows in G, J) or TH-only (arrowheads in H, K) DRG NPs are detected. Scale

bar = 50 lm (F = A–E; L = G–K). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this

article.)
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bladder’’ when containing FB. These NPs will be further

subdivided into FB+/TH+ when expressing the

noradrenergic marker. One additional category will be

TH-only NPs, being those expressing TH and lacking FB.

TH was expressed in 14.4 ± 1.1% and 17.2 ± 0.9%

of mouse FB+ DRG NPs traced from the colorectum or

urinary bladder, respectively (Figs. 1 and 2). FB+/TH+

colorectal and urinary bladder NPs were mostly medium

and small-sized, ranging from 100 to over 1000 lm2

and showing a peak between 300 and 500 lm2 (Fig. 3).

In contrast, TH-only neurons were usually small, ranging

from less than 100 to a maximum of around 700 lm2

and with a peak between 200 and 400 lm2. Seldom

had these neurons larger areas than 600 lm2 (Fig. 3).

The average sizes of TH-only NPs was

296.93 ± 4.1 lm2 (combined data from DRGs traced

either from the colorectum or the urinary bladder,

n= 561), whereas for FB+/TH+ NPs these were
503.3 ± 31.8 lm2 (colorectum, n= 35) and

441.4 ± 16.7 lm2 (urinary bladder, n= 74).

Comparison among groups showed statistical

differences between TH-only vs. FB+/TH+ colorectal

or urinary bladder DRG NPs (P< 0.0001). Finally, FB+

colorectal or urinary bladder DRG NPs lacking TH were

often detected (Fig. 1).

When comparing the number of FB+/TH+ colorectal

or urinary bladder NPs in TL vs. LS DRGs, statistical

significance was also found (P< 0.0001). Thus, TH

was present in 6.7 ± 0.5% of colorectal TL versus

22.2 ± 1.0% of LS NPs (P< 0.001; Figs. 1A–F and 2).

Similarly, TH was detected in 5.4 ± 0.2% of TL versus

28.9 ± 0.6% of LS urinary bladder DRG NPs

(P< 0.001; Figs. 1G–L and 2). Finally, a significantly

higher percentage of FB+/TH+ LS urinary bladder

DRG NPs than colorectal NPs was observed (P< 0.05;

Fig. 2). No statistically significant differences in the
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Fig. 2. TH is expressed more abundantly in lumbosacral than in thoracolumbar visceral DRG neurons. Percentage of FB+ colorectal or urinary
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average size of TH-only or FB+/TH+ DRG NPs were

observed between TL and LS DRG NPs (data not

shown).
TH and CGRP coexpression in colorectal and urinary
bladder DRG neurons

More than half of the FB+/TH+ colorectal and urinary

bladder DRG neurons coexpressed CGRP (Figs. 4 and

5). Thus, 64.5 ± 8.6% of TL and 77.3 ± 7.4% of LS

colorectal DRG NPs coexpressed TH and CGRP

(Figs. 4A–H and 5). Likewise, 57.0 ± 4.9% of TL and

91 ± 3.2% of LS urinary bladder DRG NPs

coexpressed TH and CGRP (Figs. 4I–P and 5). A

number of CGRP- or TH-only NPs were present

throughout the ganglia (Fig. 4A–P). Occasional TH-only

NPs coexpressing CGRP were also detected (Fig.

4A–D, I–L).
TH expression in colorectal or urinary bladder LSC
and MPG neurons

Virtually all LSC neurons expressed TH, including those

retrogradely labeled with FB from the colorectum

(Fig. 6A–C) or the urinary bladder (Fig. 6D–F).

In the MPG many FB+ colorectal (Fig. 6G) and

urinary bladder NPs (Fig. 6J) were found. In the latter,

these neurons formed distinct clusters (Figs. 6J and

7Q). However, and in contrast to the LSC, only a few of

these neurons expressed TH (Fig. 6G–I, M–O). TH-only

NPs and TH-IR fibers were detected throughout the

ganglia (Fig. 6G–O).
NET-1 expression in colorectal or urinary bladder
DRG, LSC and MPG neurons – Coexpression with TH

FB+/TH+ colorectal (Fig. 7A–D) or urinary bladder DRG

NPs (Fig. 7E–H) virtually never colocalized with NET-1. In



Fig. 4. TH-expressing colorectal and urinary bladder DRG neurons colocalize with CGRP. Optical immunofluorescence photomicrographs of

sections of T11 (A–D), S1 (E–H), L1 (I–L) or S2 (M–P) DRGs after co-incubation with TH (B, F, J, N) and CGRP antisera (A, E, I, M). Retrogradely

labeled colorectal (A–H) or urinary bladder (I–P) neurons containing FB (A, E, I, M) are shown in red. (D, H, L, P) Show merged micrographs. (A–P)

Several TH-IR NPs are detected (arrowheads in B, F, J, N). Most of the TH-only DRG NPs lack CGRP-Li, with the exception of occasional neurons

coexpressing both, the enzyme and the peptide (black double arrowhead in A–D; I–L). Additional non-traced CGRP-IR NPs are also detected (black

arrowheads in C, G, K, O). A number of FB+/TH+ colorectal (double arrows in E–H) or urinary bladder (double arrows in I–P) NPs are detected,

often coexpressing with CGRP. However, some FB+/TH+ colorectal (white double arrowhead in A–D) or urinary bladder (white double-arrowhead

in M–P) NPs lacking CGRP-Li are also present. Scale bars = 50 lm (D = A–C, M-P; H = E–G, I–L). (For interpretation of the references to color in

this figure legend, the reader is referred to the web version of this article.)
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fact, no NET-1-IR NPs were detected in TL (Fig. 7C) or LS

(Fig. 7G) DRGs. However, TH-only NPs and TH-IR fibers

(Fig. 7B, F) as well as NET-1-IR fibers (Fig. 7C, G) were

observed in TL or LS DRGs. A few TH-IR fibers

coexpressing NET-1 could be detected (Fig. 7A–D).

The great majority of the TH-IR NPs present in LSC

(Fig. 7I–L) and MPG (Fig. 7M–T), however, exhibited a

high degree of coexpression with NET-1. This also

included most FB+/TH+ colorectal (Fig. 7I–P) or

urinary bladder NPs (Fig. 7Q–T; urinary bladder LSC is

not shown for coexpression between TH and NET-1, as

the results replicated those obtained with LSCs from

colorectum-traced ganglia). However, occasional FB+/

TH+ LSC colorectal neurons (Fig. 7I–P) and a few

FB-negative NPs (Fig. 7J, N) showing TH-Li but lacking

NET-Li could be found in LSC (Fig. 7I–L) and MPG

(Fig. 7M–P). Finally, a number of FB-negative NPs

lacking both TH- or NET-1-like-immunoreactivities in the

LSC (Fig. 7J–L) were observed.
TH expression in fibers innervating the colorectum or
the urinary bladder – Coexpression with CGRP

In the colorectum, TH-Li spanned all layers of the organ

(Fig. 8A–D). Thus, TH-IR fibers were detected in the

muscular layers of the colorectum, associated,

whenever visible, with the myenteric plexus (Fig. 8A, C).

Abundant TH-Li was detected in the submucosal layer

(Fig. 8A–C), often arranged in thick bundles and also

surrounding blood vessels in the area (Fig. 8B). TH-IR

nerve fibers were also seen penetrating the colorectal

villi and reaching the basal epithelial cells of the

mucosal layer (Fig. 8A–D).

In the urinary bladder, TH-Li was observed in all layers

of the organ, although apparently being more abundant in

the lamina propria (submucosal layer) (Fig. 8E–H). Thus,

TH-IR fiber bundles penetrating the organ from the

muscular layer of the urinary bladder (Fig. 8E, F), as

well as individual fibers reaching basal urothelial

(mucosal) cells (Fig. 8E–G), were often found. In the

lamina propria, thick TH-IR bundles could be observed,

also surrounding the profiles of blood vessels present in

their vicinity (Fig. 8H).
Colocalization analysis of nerve fibers innervating the

colorectum or the urinary bladder revealed that TH and

CGRP were virtually never coexpressed (Fig. 9). In the

colorectum, a number of TH- (Fig. 9A, D, G) and

CGRP-IR (Fig. 9B, E, H) fibers were observed in all

layers of the organ. However, the analysis of fibers in

the mucosal layer (Fig. 9A–F) or the myenteric plexus

(Fig. 9G–I) showed two different populations of TH- and

CGRP-IR nerve fibers. Furthermore, the two nerve

populations often appeared to be closely juxtaposed

(Fig. 9D–F). In the urinary bladder, and as observed in

the colorectum, signs of colocalization between TH and

CGRP were virtually absent (Fig. 9J–R), and the same

close juxtaposition between the two types of nerve

fibers was apparent, often winding with each other

(Fig. 9M–R). In addition, analysis of sections processed

with sheep or rabbit TH, or NET-1 antibodies, and

co-stained with CGRP also failed to show colocalization

between the peptide and the noradrenergic markers in

nerve fibers innervating colorectum or the urinary

bladder (data not shown).

DISCUSSION

In this study on male mice, we document the presence of

previously undescribed populations of colorectal and

urinary bladder DRG neurons that express the

catecholaminergic marker TH. In the following sections,

we will further analyze the characteristics of TH-

expressing sensory neurons, focusing on those

targeting visceral organs, and discuss their potential

physiological significance.

Presence of TH in visceral DRG neurons

Expression of TH in non-visceral peripheral sensory

neurons was first reported in the 1980s. Price and

Mudge (1983) showed that some adult rat DRG neurons

express TH, an observation that was confirmed in

subsequent studies (Jonakait et al., 1984; Vega et al.,

1991; Herradon et al., 2008). More recently, the

presence of TH protein (Brumovsky et al., 2006; Li

et al., 2011) and transcript (Brumovsky et al., 2006) was

shown in adult mouse DRG neurons innervating



Fig. 6. The main source of autonomic TH fibers in the colorectum and the urinary bladder is the LSC. Optical (A–F, G, J, M) and confocal (H, K, N)

immunofluorescence photomicrographs of sections of the LSC (A–F) or MPG (G–O) after incubation with TH (B, E, H, K, N) antiserum. Retrogradely

labeled colorectal (A–C, G–I) or urinary bladder (D–F, J–O) neurons containing FB (A, D, G, J, M) are shown in red. (C, F, I, L, O) Show merged

micrographs. (A–F) A number of FB+/TH+ colorectal (A–C) or urinary bladder (D–F) NPs is detected in the LSC (double arrows). In addition,

numerous TH-only NPs are also present (arrowheads in B, E). (G–O) In most cases, FB+ colorectal (arrows in G) or urinary bladder (arrows in J,

M) NPs lacked TH-Li in the MPG. Likewise, several TH-only NPs could be detected (arrowheads in H, K, N). However, a few TH-IR colorectal

(double arrows in G-I) and occasional urinary bladder (double arrows in M-O) NPs are detected. TH-IR fibers were abundant in the MPG (black

arrows in H, N). Scale bars = 50 lm (I = A–H; L = J, K; O=M, N). (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)
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non-visceral tissue. TH expression has also been

extensively documented in visceral sensory neurons in

nodose, petrosal (Katz and Black, 1986; Ichikawa et al.,

1991; Matsumoto et al., 2003) and glossopharyngeal

(Fukuda et al., 2006) ganglia of adult rats. Our present

study is the first showing that a population of mouse

sensory DRG neurons projecting to the colorectum or

the urinary bladder expresses TH. We show that these

neurons are of different sizes, but usually medium to

small-sized, are often peptidergic, and apparently lack
an uptake mechanism. In contrast, we (Brumovsky

et al., 2006) and others (Li et al., 2011) have shown that

non-visceral TH-expressing DRG neurons are mostly

small and non-peptidergic, suggesting potential

differences in sensory processing between visceral and

non-visceral TH-expressing DRG neurons.

We also show that the proportion of TH-expressing

visceral DRG neurons is not equal when comparing

their numbers in LS relative to TL DRGs, presenting

with threefold (colorectum) and fivefold (urinary bladder)



Fig. 7. NET-1 and TH coexpression is observed in the LSC and MPG neurons, but not in DRG neurons. Optical (A–H, I–L, M, Q) and confocal (N,

O, R, S) immunofluorescence photomicrographs of sections of L1 (A–D) or L6 (E–H) DRGs, the LSC (I–L) or the MPG (M–T) after incubation with

TH (B, F, J, N, R) and NET-1 antisera (A, E, I, M, Q). Retrogradely labeled colorectal (A–D, I–P) or urinary bladder (E–H, Q–T) neurons containing

FB (A, E, I, M, Q) are shown in red. (D, H, L, P, T) Show merged micrographs. (A–H) Neither TH-only (white arrowheads in B, F) nor FB+/TH+

(double arrowheads in A–D, E–H) colorectal or urinary bladder NPs in L1 and L6 DRGs coexpressed with NET-1, the latter only present in fiber

profiles (black arrows in C, G). Occasional TH-/NET-1-IR fiber profiles were found (black arrowhead in A–D; magnified view in insets B through D).

Additional FB+ colorectal (arrows in A) or urinary bladder (arrows in E) NPs lacking TH are also present. (I–L) Virtually all FB+/TH+ colorectal

(double arrows in I–L), and the vast majority of TH-only LSC NPs (black double arrowheads in I–L) coexpressed with NET-1. Note, however, a rare

FB+/TH+ colorectal LSC NP lacking NET-1-Li (white double arrowhead in I–L). Additional TH-only LSC NPs lacking NET-1-Li were also detected

(arrowhead in J), as well as a few NPs lacking both markers (asterisks in J–L). A FB+/TH+ colorectal neuron lacking both TH and NET-1 is also

shown (arrow in I). (M–T) In the MPG, virtually all TH-IR NPs show NET-Li, including colorectal (double arrows in M–P), urinary bladder (double

arrows in Q–T) and TH-only NPs (black double arrowheads in M–T). Occasional NET-1-only colorectal NPs could be found (black arrowhead in M–

P). Also, several FB+ urinary bladder NPs lacking both TH and NET-1 were often detected (arrows in Q). Scale Bar = 100 lm (H= A–G); 50 lm
(L = I–K; P =M–O; T = Q–S); 25 lm (inset in B–D). (For interpretation of the references to color in this figure legend, the reader is referred to the

web version of this article.)
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Fig. 8. Patterns of distribution of TH-IR fibers in the colorectum and the urinary bladder. Confocal immunofluorescence photomicrographs of

colorectal (A–D) and urinary bladder (E–H) sections, after incubation with TH antiserum. (A–D) In longitudinal (A, B) as well as coronal (C, D)

sections of the colorectum, TH-IR fibers were detected in all layers. Thus, TH-IR fibers could be seen in the muscular layers, in association with the

myenteric plexus (arrows in A and C), or in the submucosal layer, either around blood vessels (double arrowheads in B) or in small nerve bundles

(double arrows in A, C). A number of TH-IR fibers could also be seen in the colorectal villi, occasionally reaching the basal mucosal cells

(arrowheads in A–D). (E–H) In the urinary bladder, thick TH-IR nerve bundles were found penetrating the organ (black arrowhead in E), traveling

within the muscular layer (arrows in F, H) or distributed through the lamina propria (white arrowheads in E–H). In the muscular layer, TH-IR nerve

profiles appeared sparsely distributed (arrows in F, H). A few of the lamina propria TH-IR fibers were detected in the vicinity of the urothelium (white

arrowheads in G). In addition, TH-IR fibers could be observed arranged in thick bundles around blood vessels (asterisk in H, shown at higher

magnification in inset) present in the lamina propria (double arrowheads in H). Note the presence of the major pelvic ganglion, strongly

immunoreactive for TH (black arrow in E). Scale bars = 100 lm (B= A, C, E, H); 50 lm (D, F, G, inset in G).
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higher percentages at LS levels. Differences in

neurochemical expression between TL and LS DRGs

innervating the mouse colorectum and urinary bladder

have been previously described. For example, in DRGs
innervating the colorectum, the protein expression of

TRPV1 (Brierley et al., 2005; Christianson et al., 2006)

and the P2X purinoceptor 3 (Brierley et al., 2005) was

higher in TL vs. LS DRGs. Similarly mRNA expression



Fig. 9. TH and CGRP appear to be present in different populations of nerve fibers innervating the colorectum or the urinary bladder. Confocal

immunofluorescence photomicrographs of parasagittal (A–I) and transverse (J–R) sections of the colorectum (A–I) or the urinary bladder (J–R),

after co-incubation with TH (A, D, G, J, M, P) and CGRP (B, E, H, K, N, Q) antisera. (C, F, I, L, O, R) Show merged figures. (A–I) In the colorectum,

TH- or CGRP-IR fibers were seen in close apposition (A–C). However, closer examination showed that the two markers were present in different

nerve populations. This was seen, both in the mucosal layer (inset in C, magnified in D–F), as well as at the level of the myenteric plexus in the

muscular layers (G–I). (J–R) In the urinary bladder, and as for the colorectum, TH- (arrowheads in M, P) and CGRP-IR fibers (arrows in N, Q) were

found closely juxtaposed with each other (J–L), and virtually always present in different fiber populations. Inset in L is shown at higher magnification

in M, L. Scale bars = 20 lm (C= A, B; F = D, E; I = G, H; L = J, K); 10 lm (R = P, Q; O =M, N).
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of the transient receptor potential cation channel, member

A1 was higher in TL vs. LS DRGs innervating the urinary

bladder (La et al., 2011). In contrast, the expression of the

outward rectifying potassium channel protein type-1

mRNA (La et al., 2011) and the VGLUT1 protein

(Brumovsky et al., 2011; Brumovsky et al., unpublished)

was found to be higher in LS vs. TL DRG neurons

innervating the colorectum or the urinary bladder.

Interestingly, at least some of these neurochemical

differences appear to have a positive correlation with

neuronal function (e.g., higher expression of TRPV1

equal stronger response to applied capsaicin) (Brierley

et al., 2005; La et al., 2011). If differences in the

expression of TH in visceral TL vs. LS DRG neurons

influence their physiology, it remains to be established.

Expression of TH in colorectal and urinary bladder
afferent nerve terminals

The immunohistochemical detection of TH in peripheral

nerves/tissues is commonly utilized to identify

sympathetic nerve fibers, and to differentiate them from

sensory nerve fibers, including those innervating

visceral organs. Thus, it is known that in the gut, the

major contributor of mesenteric and submucosal blood

vessel innervations is the sympathetic nervous system

(see Brookes et al., 2009; Lomax et al., 2010). In the

urinary bladder of the adult rat, few nerve fibers

expressing TH innervate the detrusor muscle (Keast

and De Groat, 1989) contrasting with the profuse

parasympathetic innervations of the muscle and

associated mucosa (Dickson et al., 2006; Biallosterski

et al., 2010). As in the rat, we here show a sparse

innervation of TH-IR nerve fibers in the detrusor muscle

of the adult mouse urinary bladder, in contrast to their

abundance in the adjacent lamina propria and mucosa.

Our present results also confirm that the LSC is the

origin of a large proportion of TH-IR fibers in the

colorectum and the urinary bladder, with smaller

contributions from the MPG. In the latter, however, most

of the several retrogradely traced neurons from the

urinary bladder lacked TH and NET-1, possibly

representing cholinergic input, as previously shown in

studies on rat (Keast et al., 1995) and guinea pig (Elfvin

et al., 1997).

However, in a recent study in mouse, Tan et al. (2010)

suggested that some TH-IR fibers apparently contacting

jejunal myenteric plexus neurons, and with a confirmed

extrinsic origin, could have a sensory origin. Our present

results in mouse support the hypothesis of

TH-expressing visceral sensory neurons as being the

origin of at least a fraction of nerve fibers innervating

the colorectum or the urinary bladder. However,

additional sources of TH-IR nerve fibers should be taken

into account. Thus, a small number of intrinsic neurons

in the gut of mouse and guinea pig (but not the rat, see

Phillips and Powley, 2007) express TH (Li et al., 2004;

Qu et al., 2008). Also, it has been suggested that the

vagus nerve in the rat reaches the distal colon (De

Groat et al., 1996; Gschossmann et al., 2002; Tong

et al., 2010), and since a number of vagal sensory

neurons express TH (Ichikawa et al., 1991; Kummer
et al., 1993; Matsumoto et al., 2003), they could

contribute a fraction of TH-IR afferent fibers in the

colorectum.
Most TH-IR colorectal and urinary bladder DRG
neurons are peptidergic

CGRP is a peptidergic marker typically expressed in

rodent visceral (Robinson and Gebhart, 2008) and non-

visceral sensory neurons (McMahon and Priestley,

2005), normally used to differentiate sensory vs.

autonomic fibers/neurons. In fact, the majority of

colorectal (Robinson and Gebhart, 2008) or urinary

bladder (De Groat, 2006) rodent DRG neurons are

peptidergic. Accordingly, we found considerable

colocalization of TH and CGRP in the soma of

colorectal or urinary bladder (more in the latter than in

the former) DRG neurons in the mouse. Additional

colorectal or urinary bladder DRG neurons, as well as

many other presumably non-visceral TH-IR sensory

neurons lacking CGRP were also found, in agreement

with studies in rat petrosal ganglia (Finley et al., 1992)

and mouse non-visceral DRGs (Brumovsky et al., 2006;

Li et al., 2011), where TH neurons are non-peptidergic.

However, and despite the clear colocalization of

peptidergic and catecholaminergic markers in the cell

body of several DRG neurons projecting to the

colorectum or urinary bladder, TH- and CGRP-IR nerve

fibers in both organs virtually always appeared as

independent structures, often intertwining very closely. A

similar neuroanatomical pattern has been reported for

CGRP- and choline acetyl transferase-IR nerve fibers in

the guinea pig bladder (Gillespie et al., 2006), CGRP-

and NET-1-IR nerve fibers in the pelvic wall of the rat

kidney (Kopp et al., 2007), and CGRP- and TH-IR nerve

fibers in the mouse jejunum (Tan et al., 2010). Is TH

then transported by the axons of DRG neurons?. Some

evidence in non-visceral neurons suggests that at least

central DRG axons do not, as shown by the virtual

absence of TH-Li fibers in dorsal roots and by the lack

of effect of dorsal rhizotomy on TH-IR fibers in the

dorsal horn (Brumovsky et al., 2006). In such a

scenario, it could be speculated that TH was only a

‘‘somatic’’ enzyme with functions at the DRG cell soma.

In fact, DA release from the somatodendritic structures

of neurons in the substantia nigra has been previously

demonstrated (Geffen et al., 1976; Sarre et al., 2004).
Expression of TH in visceral sensory neurons and CA
synthesis

The presence of TH-expressing visceral, as well as non-

visceral (see Brumovsky et al., 2006; Li et al., 2011)

DRG neurons is intriguing. Although a growing body of

evidence suggests that some cranial and DRG sensory

neurons are catecholaminergic and participate in

neurotransmission, it remains controversial whether DA

and/or NE, or even the DA precursor L-DOPA (Misu and

Goshima, 1993), is the actual neurotransmitter(s)

involved. Moreover, it has been suggested that TH in

guinea pig cranial and DRG neurons is not functional,

and therefore incapable of participating in the synthesis
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of DA (Kummer et al., 1990). In support, only weakly

stained AADC, TH-negative DRG neurons were

observed in the mouse (Brumovsky et al., 2006). In our

present study in mouse, we also show that colorectal

and urinary bladder DRG neurons in the mouse do not

synthesize NET-1. Moreover, in non-visceral DRG

neurons, DbH is reportedly absent in rat (Price, 1985;

Vega et al., 1991) and mouse (Brumovsky et al., 2006).

Altogether, the evidence suggests that neither DA nor

noradrenaline are synthesized or taken up by DRG

sensory neurons.

However, synthesis (Philippe et al., 1993; Weil-

Fugazza et al., 1993) and release (Hertzberg et al.,

1995; Iturriaga et al., 2003) of DA has been described in

chick (Philippe et al., 1993) and rat (Weil-Fugazza et al.,

1993) DRGs, and cat petrosal ganglion neurons

(Hertzberg et al., 1995; Iturriaga et al., 2003). In

support, coexpression of TH and AADC, paralleled by

lack of DbH and phenylethanolamine N-methyl-

transferase (PNMT), the latter enzyme responsible for

the synthesis of epinephrine from NE (Katz and Black,

1986) was shown in rat petrosal ganglion neurons

(Finley et al., 1992). Finally, in a recent work in adult

rats, a noradrenergic phenotype is proposed for DRG

neurons that respond to capsaicin (Dina et al., 2008).

Supporting an active role for TH in non-visceral DRG

neurons, modulation of its synthesis in different

conditions has been described. Thus, in rats after

chronic constriction injury, the TH transcript (and also

proenkephalin) is decreased (Herradon et al., 2008). A

similar tendency was observed for TH transcript and

protein in mice after sciatic nerve axotomy (Brumovsky

et al., 2006). Furthermore, in transgenic mice where TH-

expressing neurons and nerve fibers are identified by

their content of enhanced green fluorescent protein

(EGFP), the number of TH-expressing DRG NPs

decreased after spinal nerve ligation (Xie et al., 2011).

Potential significance of TH/catecholaminergic
sensory neurons in visceral sensation and pain

Information on the role of CAs in visceral pain is modest.

At the spinal cord level, binding to the DA receptor 2

(DA2R) results in the inhibition of spinal presynaptic

N-type calcium currents of chemosensory visceral

afferents and in the inhibition of neurotransmitter release

(Kline et al., 2009). Furthermore, the activation of DA1-

or DA2Rs depresses the activity of rat DRG neurons (Li

et al., 2005). The likely sources of DA in these cases

are supraspinal-descending dopaminergic projections

(Millan, 2002). The question remains, if other peripheral

sources such as sympathetic neurons (Rubi and

Maechler, 2010) or even the sensory neurons described

here and elsewhere (Brumovsky et al., 2006), could also

participate. In the periphery, increases in the number of

TH-IR nerve fibers innervating the urinary bladder have

been shown in patients presenting with classic and

non-ulcer interstitial cystitis (Peeker et al., 2000), and in

NGF-overexpressing mice an important increase of

TH-IR nerve fibers in the urinary bladder was observed

(Schnegelsberg et al., 2010). The running hypothesis in

these studies is that the increased catecholaminergic
input to the urinary bladder depends on sympathetic

neurons, and that it could be associated to the

development of pain signs and symptoms (Peeker et al.,

2000; Schnegelsberg et al., 2010). However, the

expression and potential role of TH in DRG neurons

under the conditions described above remain to be

analyzed.

Finally, recent studies highlight the importance of

TH-expressing sensory neurons. It has been shown that

the vesicular glutamate transporter type 2 (VGLUT2) is

essential for normal perception of acute pain and heat

hyperalgesia (Scherrer et al., 2010). In transgenic mice

with deletion of VGLUT2 selectively from neurons

expressing TH experience a decreased response to

radiant heat (Lagerström et al., 2010). Therefore, the

effect reported in TH-expressing sensory neurons with

deleted VGLUT2, which also express TRPV1, suggest

their relevancy to the physiology of thermal sensation

(Lagerström et al., 2010). Unfortunately, a visceral pain

phenotype was not assessed in these transgenic mice,

and thus remains to be established. More recently, Li

et al. (2011) showed that the population of

TH-expressing small diameter non-visceral sensory DRG

neurons identified in the mouse (Brumovsky et al., 2011)

is molecularly unique, produces C-low threshold

mechanoreceptors (LTMRs) and only innervates hairy

areas of the mouse skin. Moreover, the authors also

demonstrated that different types of LTMRs, including

those expressing TH, are functionally distinct

mechanosensory end organs, and that their central

projections are integrated within discrete dorsal horn

LTMR columns (Li et al., 2011). More research is

necessary to establish if similar molecular, morphological

and physiological peculiarities also apply to

TH-expressing DRG neurons innervating visceral organs.

CONCLUSION

We show that not only many colorectal or urinary bladder

neurons in the LSC and some in the MPG, but also a

number of DRG neurons retrogradely traced from these

organs express TH and may contribute an additional

source of TH-IR nerve fibers in the target organs. While

the functional significance of the expression of this

enzyme in visceral and non-visceral sensory neurons

awaits further clarification, increasing evidence suggests

that neurons expressing TH comprise a subpopulation

serving important roles on the peripheral processing of

sensation and pain.
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