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Tuft cells trigger neurogenic inflammation in the
urethra
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In brief

Schmidt et al. show that urethral tuft cells
(UTCs), which are considered sentinel
cells, can trigger neurogenic
inflammation by releasing neuropeptides
from neighboring nerve fibers, which is
regarded as a local defense mechanism.
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SUMMARY

Cholinergic urethral tuft cells (UTCs) are regarded as sentinels of microbial products in the urogenital tract,
initiating reflex micturition as a protective mechanism. We here hypothesize that acetylcholine released by
stimulated UTC leads to neurogenic inflammation by triggering neuropeptide (substance P and calcitonin
gene-related peptide) release from nearby sensory nerve terminals. In the mouse urethra, we find that pepti-
dergic nerve fibers expressing a nicotinic acetylcholine receptor are in contact with UTC. Optogenetic acti-
vation of UTC and the UTC activator denatonium leads to the release of neuropeptides from explanted ure-
thrae through cholinergic nicotinic signaling. In vivo, intraurethral application of denatonium induces plasma
extravasation, a hallmark of neurogenic inflammation, which is sensitive to genetic interruption of the UTC
intracellular signaling cascade (Trpm5 /") and blockade of the substance P receptor: neurokinin-1 receptor.
Thus, UTCs not only trigger long-distance reflexes involving the bladder but also evoke neurogenic inflam-

mation, representing a local defense reaction.

INTRODUCTION

In the urethra, we previously identified a rare epithelial cell type
that produces acetylcholine (ACh) and expresses the canonical
taste transduction cascade known from oropharyngeal gusta-
tion, including various taste receptors (Tas1r and Tas2r families)
and the monovalent cation channel TRPM5 (transient receptor
potential cation channel subfamily M member 5). Hence, we
named this cell “urethral cholinergic chemosensory cell.”'?
These cells share several morphologic and functional features
with solitary rare cells in the mucosal epithelia of other organs,®™®
and a common denominator is their developmental dependency
on the transcription factor POU class 2 homeobox 3 (Pou2f3).°
Depending on organ and methods used for their identification,
a variety of terms, among them tuft cells referring to an apical
tuft of microvilli, has been used for this family.3 To avoid further
confusion, attendants of the first symposium devoted specif-
ically to this cell family, held in August 2023 in Giessen, Germany,

reached a consensus to call them tuft cells throughout all organ
systems. Accordingly, we here use the term urethral tuft
cells (UTCs).

Tuft cells of various proveniences serve as sentinels monitoring
the presence of danger-indicating microbial products and metab-
olites. Once activated, they initiate protective mechanisms
through the release of a variety of mediators, including ACh, inter-
leukin-25, cysteinyl-leukotrienes, and prostaglandins.” Defense
reactions triggered by tuft cells are highly organ-specific and cover
a broad spectrum from paracrine signaling to immune,*®""
epithelial,"*'® and smooth muscle cells'® to cholinergic excitation
of nearby sensory nerve fibers resulting in reflex control of organ
function.”'”'® These effector mechanisms are not mutually exclu-
sive and can be activated in parallel upon tuft cell stimulation in the
small intestine,' "' gall bladder,'® and airways.'*'*

In the urinary tract, however, our knowledge on tuft cell
effector pathways is rather limited. Intraurethral application of
the model bitter substance and tuft cell activator denatonium
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leads to reflex stimulation of the urinary bladder detrusor muscle,
resulting in higher micturition frequency and purging of the ure-
thra, which is considered as a cleaning and, hence, protective
mechanism. Locally, sensitivity of UTCs to denatonium is regu-
lated by autocrine cholinergic signaling,® but local defense re-
actions in the urethra have not been reported yet.

We here hypothesized that downstream pathways upon UTC
activation are not limited to nervous reflex control of the distant
bladder detrusor muscle but also involve local effector mecha-
nisms in the urethra itself. Specifically, we focused upon neuro-
genic inflammation, since we previously showed that UTCs are
able to communicate to sensory neurons by release of ACh,’
and cholinergic induction of neuropeptide release from certain
sensory C-fibers (peptidergic nerve fibers) resulting in neuro-
genic inflammation is part of the defense repertoire of airway
tuft cells.?’**

Neurogenic inflammation is a local effector function of noci-
ceptive sensory neurons releasing the neuropeptides substance
P (SP) and calcitonin gene-related peptide (CGRP) from their pe-
ripheral endings in response to a potentially damaging stimulus.
A prototypic stimulus exciting such nerve terminals is capsaicin,
an active component of hot chili peppers targeting the cation
channel TRPV1 (transient receptor potential cation channel sub-
family V member 1),>%?° but there are also several other triggers
known, among them ACh binding to nicotinic ACh receptors
(NAChRs).?%?® Neurogenic inflammation is a compound reaction
resulting from the combined action of SP and CGRP. SP is the
preferred ligand of the G-protein coupled neurokinin-1 receptor
(NK1R) that is expressed by endothelial cells of postcapillary ve-
nules. Its activation causes retraction of endothelial cells, leading
to the formation of intercellular gaps, through which plasma and
with it soluble components of the innate immune defense, leaves
the blood stream and leaks into the tissue.”® CGRP acting on the
G-protein-coupled CGRP receptor (CGRPR) is the most potent
vasodilator and increases local blood flow. Collectively, this re-
sults in acute swelling (plasma extravasation) and redness
(vasodilation).?”*®

On this background, we tested whether UTCs are associated
with such peptidergic nerve fibers and whether UTC stimulation
triggers SP and CGRP release with subsequent plasma extrava-
sation. Since selective activators of UTCs still have not been
identified, we used a previously characterized optogenetic
model,’®'® allowing for direct depolarization of tuft cells in ex-
planted urethrae to study UTC-driven neuropeptide release. De-
natonium, a non-selective activator of UTC-driven reflexes upon
intraurethral administration,’ was chosen as chemical stimulus
in vitro and in vivo, where UTCs are not accessible to stimulation
with blue light in the optogenetic approach. Since denatonium is
not tuft cell-specific but can also activate further cell types,® we
employed Trom5 gene-deficient and UTC-deficient (Pou2f3~/~)
mice to delineate effects dependent on the chemosensory trans-
duction cascade in UTCs from such unspecific reactions.

RESULTS
Peptidergic nerve fibers approach UTCs

A prerequisite of the hypothesized UTC-driven neurogenic
inflammation is communication between UTC and peptidergic
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sensory nerve fibers and, hence, close spatial relationship be-
tween them. To elucidate whether UTCs are approached by
such fibers, we immunolabeled optically cleared whole urethrae
from a UTC reporter mouse line (Chat-eGFP) with antibodies
against SP and CGRP. Confocal microscopy revealed a dense
innervation of the urethra by SP- and CGRP-positive nerve fi-
bers, confirming a previous report®® (Figure 1A), and eGFP
expression driven by the Chat promotor was seen both in
slender, elongated UTCs and in nerve fibers (Figures 1A and
1B). All classes of fibers traveled in large, longitudinal nerve
trunks in the outer, adventitial layer, from which circular bundles,
being particularly rich in eGFP- and CGRP-positive fibers,
branched toward the muscle layer. Thinner fiber strands in the
centrally located mucosa, being particularly rich in SP- and
CGRP-positive fibers, were again longitudinally orientated
(Figure 1A), showed varicose terminal axons, and gave off fibers
penetrating into the epithelium (Figure 1). As previously noted,*°
there was a substantial degree of colocalization of SP- and
CGRP immunoreactivities in mucosal sub- and intraepithelial fi-
bers. 42% of the axonal varicosities were double positive for SP
and CGRP, with a third of them also exhibiting eGFP expression;
48% were positive for SP but not for CGRP, again with additional
eGFP expression in about a third; and only 9% were CGRP™ only
(Figure S1A). Neurochemical phenotypes of lumbosacral dorsal
root ganglia (DRG) neurons matched these observations
(Figures S1B and S1C), consistent with a previous report on sub-
stantial overlap of Chat-eGFP expression and CGRP-immunore-
activity in mouse DRG neurons.”’

Both SP*/CGRP* and SP*/CGRP~ fibers, with and without
eGFP expression, approached and made contact with UTCs,
as assessed by confocal microscopy (Figures 1B and 1C).
Higher magnification revealed nerve fibers in close proximity to
and in direct contact with tuft cells, wrapping around the cells
(Figures 1D and 1E; see also Videos S1 and S2). In the tracheal
epithelium, we recently showed that ACh released from tuft cells
does not only act upon immediately neighboring cells but also
evokes cholinergic effects some tenths of micrometers away.'*
Therefore, we here considered not only those nerve fibers with
direct contact as potential communication partners but also fi-
bers close by and quantified the nearest distance of UTC to pep-
tidergic terminals. Around two-thirds of all UTCs (n = 163; n = 3
urethrae) were closer than 20 um to the nearest peptidergic
nerve fiber (<10 pm: 28%, 10-20 pm: 41%; Figure S2) and,
thus, clearly within the tuft cell effector radius known from tuft
cells in the tracheal epithelium.'*

Optogenetic selective activation of UTCs triggers the
release of SP

The close spatial relationship between UTCs and peptidergic
sensory nerve fibers suggested functional interaction, and we
set out to determine whether UTCs can trigger neuropeptide
release from such terminals. As a model, we took freshly ex-
planted urethrae, subjected them to UTC stimulation, and
measured neuropeptide concentration in the supernatant. Iso-
lated UTCs respond to a variety of chemical stimuli,’**® but
this does not exclude additional effects on other mucosal cell
types. Therefore, we used both a chemogenetic and an optoge-
netic model for direct tuft cell stimulation. In the chemogenetic



Cell Reports

A
distal
SP
= Chat-eGFP
/f ;
c
D
E

model (Trom5-DREADD), the Trpm5 promotor induces the
expression of a Gg-coupled DREADD (designer receptor exclu-
sively activated by designer drugs) that can be activated by the
synthetic drug clozapine N-oxide (CNO).>* This strain has been
successfully used to evoke ATP release from tuft cells of the
mouse trachea by CNO.*® When applied to isolated urethrae
from a conventional wildtype mouse strain (C57BL/6J), CNO
was ineffective in our assay but evoked the release of SP into
the supernatant to a comparable extent both in Trom5-DREADD
and in DREADD control mice (Figure S3); therefore, this model
was not suitable for studying our system of interest. This is in
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Figure 1. SP and CGRP containing nerve fi-
bers approach UTC

(A) Overview and (B-D) selected magnifications of
a cleared urethra from a female Chat-eGFP mouse
labeled with antibodies against GFP, SP, and
CGRP imaged by confocal laser scanning micro-
scopy. UTC appears as elongated Chat-eGFP-
positive cells. Arrowheads: triple-positive fibers;
short arrows: single positive for SP; long arrows:
fibers single positive for CGRP; open arrowhead:
double positive for SP and CGRP; short open ar-
rows: double positive for SP and GFP.

(E) 3D Reconstruction of a boxed cell in (D) with
intimate contacts with an SP-single positive fiber;
anterior and posterior view. Scale bar (A) 500 pm,
(B and C) 20 um, (D) 10 pm, and (E) 5 pM. See also
Videos S1 and S2.

line with a previous report on tuft cells in
the small intestine, in which a DREADD-
based model also proved to be unsuit-
able to evoke paracrine effects driven
by ACh release from tuft cells.*®

In the optogenetic model, a fusion
protein of the blue light-gated cation
channel channelrhodopsin-2 (ChR2)
and yellow fluorescent protein (YFP) is
expressed under the control of the
Chat promotor (Chat-ChR2-YFP).*’
Upon illumination with blue light, ChR2
opens and sodium influx depolarizes
the cell.’” We previously showed that
ChR2-YFP is selectively expressed in
tuft cells in the trachea and gall bladder
in this mouse strain and that blue light
from an LED source triggers mediator
release from these tuft cells.”®'® In ure-
thrae of these mice, we observed native
YFP fluorescence in the vast majority
(88%) of UTCs, identified by immunolab-
eling for DCLK1 (Figure 2A). DCLK1 is a
widely used marker of intestinal tuft
cells,*®*? and immunolabeling of ure-
thral sections from two independent
tuft cell reporter mouse strains (Chat-
eGFP, Trom5-eGFP) confirmed its suit-
ability also for the identification of UTC
in both sexes (Figure S4). Importantly, sensory peptidergic fi-
bers in the urethral mucosa did not express Chat-ChR2-YFP
(Figure S5), excluding direct activation of nerve fibers by blue
light in this mouse model.

Explanted Chat-ChR2-YFP (ChR2*) and corresponding wild-
type (ChR2") urethrae were stimulated with blue light (456 nm,
10 min, 8 Hz, 25 ms pulse), and supernatants taken before and
10 min after stimulation were analyzed by ELISA for SP content.
LED stimulation evoked an increase in SP in the supernatant of
Chat-ChR2-YFP but not of wild-type urethrae (Figures 2B and
S6A), lending support to our hypothesis that UTC stimulation
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Figure 2. Activation of UTC triggers neuro-
peptide release

(A) Colocalization of native YFP fluorescence and
DCLK1-immunoreactivity (UTC marker) in the
urethral epithelium from Chat-ChR2-YFP mice;
representative fluorescence images and fre-
quencies of phenotypes. Scale bar 20 pm. See
also Figures S4 and S5.
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urethrae of Chat-ChR2-YFP-positive (ChR2*) and
-negative (ChR2") mice. See also Figure S6A.
(C-E) Chemical stimulation: SP content was
determined after the application of denatonium
(5 mM) or capsaicin (1 mM) to explanted urethrae
from C57BL/6J and Trpm5~/~ (C and D) and
Pou2f3~'~ and corresponding wild-type mice
(E) mice. See also Figure S11.
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can trigger neuropeptide release from sensory nerve terminals,
the initial step in neurogenic inflammation.

Denatonium triggers UTC- and TRPM5-dependent
release of neuropeptides

This optogenetic model, however, is not suitable for the assess-
ment of real neurogenic inflammation with plasma extravasation
in a living organism with functional circulation, because blue light
emitted from LED does not penetrate deep enough in the tissue
to excite ChR2 expressing UTC in situ. Therefore, we searched
for a chemical stimulus that mimics the effect seen in the optoge-
netic experiments ex vivo and may then be applied to an in vivo
setting. We chose the prototypic bitter compound denatonium.
Denatonium had been successfully used to activate UTCs
upon intraurethral instillation.” Exposing urethral explants to de-
natonium at the concentration used for intraurethral stimulation
in the in vivo experiments (25 mM)' resulted in a very high release
of SP from urethrae of both C57BL/6J and Trom5 /'~ mice
(Figure S7). We reasoned that denatonium might directly activate
free nerve fibers, which are exposed only in an in vitro setup but
cannot be reached by an intraurethral stimulation in vivo with the
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intact urothelium forming an effective
barrier. Thus, we tested denatonium at
three different concentrations (5, 10,
and 25 mM) directly on neurons from
lumbosacral DRG in calcium imaging.
These neurons were isolated from
Chrna3-eGFP  mice, reporting the
expression of the ligand-binding a3-sub-
unit of NnAChR (nAChRa3; gene name:
Chrna3). GFP-positive neurons from
these ganglia contribute significantly to the sensory innervation
of the lower urinary tract.”’ Nicotine application was used to
test for their functionality and viability. Among GFP-expressing
neurons, responders to denatonium were observed at all tested
concentrations (5 mM: 6/19 [33%]; 10 mM: 19/23 [83%]; 25 mM:
12/12 [100%]; Figure S8) and signs of toxicity —loss of GFP fluo-
rescence and of reactivity to subsequent nicotine application—
were seen at direct exposure of isolated neurons to 25 mM
(Figures S8 and S9).

These neuronal responses to denatonium pointed to the need
of using appropriate genetic models or pharmacological inter-
vention to delineate UTC-mediated effects from others when
using denatonium as a stimulus. Here, we first used mice defi-
cient for the cation channel TRPM5 (Trom5~/7), which is essen-
tial for chemosensory signal transduction in tuft cells in gen-
eral.'®1522:2341 |5 the urethra, TRPMS5 is selectively expressed
by UTCs,"*® and we here tested whether it might be expressed
in lumbosacral DRG. However, neither RT-PCR nor immunofluo-
rescence with TRPM5 antibodies in Chrna3-eGFP mice and with
GFP antibodies in Trom5-eGFP mice revealed TRPM5 expres-
sion in DRG, despite successful positive controls (tongue and
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colon; Figure S10). We, therefore, concluded that responses of
DRG neurons to denatonium are TRPMS5 independent and that
TRPM5-dependent reactions are attributable to UTCs.

At 5 mM, denatonium evoked an increase in SP- and CGRP-
concentrations in the supernatants of urethrae from C57BL/6J
mice. Remarkably, the increase in SP was about 20 times higher
than that of CGRP (Figures 2C and 2D), which might be due to
the numerous occurrences of SP*/CGRP~ fibers in addition to
those with both peptides (Figure S1A), but SP content might
also be higher than that of CGRP when they are colocalized in
axons. Stimulated release of both peptides was significantly
lower—66% less for SP and 68% less for CGRP —when urethrae
were taken from Trom5~'~ mice (Figures 2C and 2D), demon-
strating dependency on the chemosensory transduction
cascade in UTCs. Still, denatonium evoked a residual smaller,
but significant release of both peptides from the urethrae of
Trom5~'~ mice (Figures 2C, 2D, S10A-B), indicating a contribu-
tion of unspecific, TRPM5-independent direct effects on sen-
sory fibers.

These findings were fully corroborated using UTC-deficient
mice as a second model. The transcription factor Pou2f3 is
essential for the development of tuft cells, and Pou2f3~'~ mice
are generally devoid of tuft cells, including UTCs.® Similar as in
Trpm5~/~ mice, denatonium (5 mM) evoked a significantly lower
release of SP from the urethrae of Pou2f3~'~ mice compared to
wild-type littermates (Figures 2E and S11C).

Capsaicin triggered a UTC-independent release of SP and
CGRP (Figures 2C-2E; Figure S11), consistent with its known
direct effect on TRPV1-positive peptidergic nerve fibers.

Collectively, these data showed that denatonium is a stimulus
inducing a UTC-dependent neuropeptide release from urethral
sensory fibers through a pathway involving TRPM5 signaling
in UTC.

Nicotinic receptors drive neuropeptide release induced
by UTCs

All hitherto known examples of tuft cell-to-neuron communica-
tion rely on cholinergic signaling with tuft cell-derived ACh acting
upon ACh receptors on sensory nerve fibers,"'®%%?% and in
cases in which a pharmacological discrimination between
muscarinic and nicotinic signaling has been achieved, this oper-
ates through nAChR.""'%?2 The dominant, although not the sole,
ligand-binding nNAChR subunit expressed by sensory neurons is
the a3 subunit (gene name: Chrna3),*>*® and we previously
showed that nerve fibers expressing this subunit establish con-
tact to UTCs." We now asked whether the peptidergic fibers
identified in the present study represent a separate entity or ex-
press Chrna3, which would make them responsive to UTC-
derived ACh.

We addressed this question in immunolabeled cleared whole
urethrae, utilizing a Chrna3 reporter mouse strain (Chrna3-
eGFP) and antibodies against one of the neuropeptides (SP
and CGRP) and against DCLK1 as a tuft cell marker. Three
neurochemical phenotypes of nerve fibers were found next to
DCLK1* UTC: 1) peptidergic (SP* or CGRP™) fibers also express-
ing Chrna3-driven eGFP (further on designated nAChRa3*), 2)
peptidergic fibers without eGFP expression, and 3) nAChRa3™* fi-
bers without peptide-immunoreactivity (Figures 3A and 3B). The
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same phenotypes were observed when a TRPM5 antibody
was used as an UTC marker and immunolabeling was done on
tissue sections (Figure S12). Double-positive axonal varicosities
(SP* or CGRP*/nAChRa3*) made up 12-16% of the labeled
population, purely peptidergic (SP* or CGRP™) fibers around
40%, and non-peptidergic nAChRa3* fibers about 45-50%
(Figure S12).

These data showed neurochemical heterogeneity of nerve fi-
bers approaching UTCs, including a phenotype that is suited
to release neuropeptides upon cholinergic activation of nAChR.
To address this possibility directly, we tested the effects of a
general nAChR antagonist (mecamylamine, 20 pM) on SP
release upon the stimulation of UTC in the explanted urethra
preparation. Consistent with our hypothesis, mecamylamine
completely inhibited SP release induced by LED illumination in
the optogenetic model (Figures 3C and S6B), and it significantly
reduced the increase when denatonium was used as a stimulus.
In contrast, a general muscarinic AChR antagonist (atropine,
2 uM) was ineffective in reducing SP release when denatonium
was used as a stimulus (Figures 4D and S6C).

Denatonium induces TRPM5-dependent neurogenic
plasma extravasation in the urethra

The data so far established that TRPM5-dependent activation of
UTC leads to nAChR-dependent neuropeptide release from sen-
sory nerve fibers in vitro in explanted urethrae. We next tested
whether this chain of events finally leads to neurogenic inflam-
mation in vivo by instillation of test substances (denatonium,
capsaicin, and PBS) into the urethra in anesthetized animals.
Given the dilution effect that occurs upon instillation, and the
especially tight barrier formed by the epithelium of the lower uri-
nary tract,**~*° higher concentrations than usually taken for ex-
periments on isolated cells were used (denatonium 25 mM,
capsaicin 10 mM). Intraurethral application of denatonium led
to significantly increased plasma extravasation recorded photo-
metrically in the urethrae of C57BL/6J mice, with only a tendency
toward increase (p = 0.051) in the bladder (Figures 4A and S13A).
This effect was critically dependent on TRPM5, as it was not
observed in Trom5~'~ mice (Figures 4A and S13A). Capsaicin,
a direct activator of peptidergic sensory nerve fibers through
its action upon TRPV1, evoked plasma extravasation exceeding
that induced by denatonium in the urethra and bladder of both
C57BL/6J and Trom5~'~ mice upon instillation into the urethra
(Figures 4A and S13A).

To validate these findings by an independent technique, Evans
blue plasma extravasation was assessed by fluorescence micro-
scopy of urethral tissue sections. Histological evaluation of ure-
thrae stimulated with denatonium showed a significant increase
in fluorescence intensity in the urethral epithelium of C57BL/6J
mice, when compared to the control group. Again, this effect
was TRPM5 dependent and not seen in Trom5~'~ mice
(Figures 4B and 4C). Capsaicin evoked an increase in epithelial
fluorescence intensity independent of TRPM5 (Figures 4B and
4C), consistent with its known direct effect upon TRPV1-positive
peptidergic nerve terminals. Collectively, these data demon-
strated that denatonium induces plasma extravasation in the
urethra through a signaling pathway involving TRPM5, which is
selectively expressed in UTCs in this organ.
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UTC-mediated plasma extravasation is dependent on
nicotinic and NK1Rs

Our working model of neurogenic inflammation driven by UTCs
postulates cholinergic transmission from UTCs to nAChRs on
sensory nerve fibers and subsequent release of SP acting
upon NK1Rs on endothelial cells. Accordingly, the general
nAChR antagonist mecamylamine significantly reduced plasma
extravasation in the urethra evoked by denatonium, whereas
atropine did not (Figure 4A). Effects in the urinary bladder were
not seen (Figure S13A). Among the inhibitors of neuropeptide re-
ceptors, CP96345, a potent and selective NK1R antagonist,
significantly reduced Evans blue plasma extravasation in
response to denatonium, whereas a trend toward a reduction
caused by BIBN4096BS, a CGRPR antagonist, did not reach sig-
nificance (Figure 4A). Both inhibitors were also effective in
lowering plasma extravasation evoked by capsaicin, demon-
strating that they acted downstream to nerve fiber stimulation
(Figure S13B).

DISCUSSION

This study demonstrates a complex association of UTC with
several neurochemically distinct types of sensory nerve fibers
and establishes neurogenic inflammation as a local defense
mechanism triggered by the stimulation of UTCs, in addition to
the previously reported facilitation of bladder detrusor activity.'
Mechanistically, we here identified nicotinic cholinergic trans-
mission as the communication route from UTCs to sensory nerve
fibers, resulting in peptide release and neurogenic inflammation,
similar to what has been described for the airways.>'>° The
presence of a substantial number of nAChRa3-negative pepti-
dergic fibers in the vicinity of UTCs may suggest that further,
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Figure 3. Peptidergic nerve fibers ap-
proaching UTC are cholinoceptive

(A and B) Cleared female urethrae from Chrna3-
eGFP mice (n = 3) labeled with antibodies against
GFP, DCLK1 (UTC marker), and (A) SP or (B) CGRP.
Arrowheads: GFP/neuropeptide double-positive
fibers; short arrows: fibers single positive for SP or
CGRP. Long arrows: fibers single positive for GFP.
Scale bar 20 pm. See also Figure S12.

(C and D) Increases in SP content per mL super-
natant related to the weight of the explanted urethra
measured by ELISA. (C) Optogenetic model: SP
content was first determined after 10-min incuba-
tion of urethrae from Chat-ChR2-YFP* mice without
LED and then after a 10-min incubation period with
LED in the presence or absence of mecamylamine
(Mec; 20 pM); A-values are depicted. See also
Figure S6B. (D) Increases in SP content in urethral
supernatants in response to stimulation (10 min)
with denatonium (Den, 5 mM), denatonium plus
atropine (Den, 5 mM, + Atr, 2 uM), or denatonium
plus mecamylamine (Den, 5 mM + Mec, 20 pM) in
C57BL/6J mice. See also Figure S6C.

Whiskers show median and interquartile range; (C)
Mann-Whitney test. (D) Kruskal-Wallis test followed
by post hoc Dunn’s multiple comparison test. Data
were collected from 4 (C) or 3 (D) independent ex-
periments.

non-nicotinic pathways may operate in parallel, which would
offer an explanation for the observation that the general nicotinic
blocker mecamylamine significantly reduced, but by far not abol-
ished SP release induced by denatonium application onto the
explanted urethra. On the other hand, denatonium showed
some direct, unspecific effects on isolated sensory neurons,
and mecamylamine fully abrogated SP release upon selective
optogenetic activation of UTC, strongly arguing for an exclusive
role of cholinergic transmission and nAChR. This might also
involve nAChRa3-negative peptidergic fibers, since we previ-
ously showed that sensory neurons projecting to the mouse
lower urinary tract can express nAChR with other a-subunits
than a3, in particular a6 and «7.%°

The downstream mechanisms followed the known general
principles of neurogenic inflammation evoked by the activation
of peptidergic nociceptor fibers in many other or-
gans,???327:28:4748 inclyding the release of SP and CGRP with
plasma extravasation primarily driven by SP acting upon
NK1R. Specifically in the urethra, it can be triggered by mechan-
ical stimulation (catheterization),”® direct antidromic electrical
nerve stimulation, and application of capsaicin, an activator of
the TRPV1 channel being characteristic for nociceptors.*®>?
Thus, it is not a program uniquely driven by UTCs. Rather,
UTCs channel their response into a general innate defense pro-
gram and serve as a relay extending the spectrum of triggers to
stimuli to which peptidergic terminals are not sensitive on their
own. Despite the similarities between the responses to capsaicin
and to UTC stimulation, they are not necessarily conveyed by
one and the same population of nerve fibers. For example,
neurogenic inflammation in response to mechanical irritation of
the urethral mucosa (catheterization) is mediated to about equal
extent both by capsaicin-sensitive and -insensitive fibers.*® The
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phenotypic diversity of peptidergic fibers connected to UTCs
suggests that here also, more than one type of nerve fibers
may be involved, and their capsaicin sensitivity remains to be
clarified.

quartile range. Kruskal-Wallis test followed by
post hoc Dunn’s multiple comparison test for an-
alyses of multiple groups within one strain; Mann-
Whitney test for two-group comparison of the
denatonium response in two strains. Data were
collected from 27 independent experiments.

(B) Fluorescence microscopical demonstration of
the red fluorescence emitted by Evans blue when
excited with green light (525-560 nm) in 10-pm
thick urethral cross sections of female C57BL/6J
and Trpom5~'~ mice after the intraurethral appli-
cation of PBS, capsaicin (Cap, 10 mM), or dena-
tonium (Den, 25 mM) for 15 min. All images were
taken at identical magnification (20x objective
lens) and exposure time (30 ms). Insets show
higher magnification of boxed areas. Height of the
epithelial layer (E) indicated by brackets; white line
marks the basal membrane and thus the boundary
between the epithelial layer and the lamina prop-
ria. Scale bar 50 pm.

(C) Fluorescence intensity of epithelial layer eval-
uated using ImageJ and shown relative to PBS
control and per mm? urethral epithelium. Each
data point represents the mean fluorescence in-
tensity from at least 10 sections per animal taken
at least 100 pm apart. Whiskers show median and
interquartile range. Kruskal-Wallis test followed by
post hoc Dunn’s multiple comparison test for an-
alyses of multiple groups within one strain; Mann-
Whitney test for two-group comparison of the
denatonium response in two strains. Data were
collected from 12 independent experiments.

Neurogenic inflammation extends

beyond initial, acute vascular effects

and includes the activation of resident im-

mune cells such as mast cells and recruit-

ment of leukocytes from the blood

stream, as it has also been shown after

tuft cell activation in the mouse nasal cav-

ity (also called solitary chemosensory

cells at this site) and trachea.?>?° In the urethra, such effects
on immune cells have been directly investigated neither by us
nor in previous studies on neurogenic inflammation,*®°%>? put
given the stereotypic character of this program, they are likely
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to occur in the urethra as well. Plasma extravasation, the early
hallmark on which we had set our focus, has at least two conse-
quences. First, circulating soluble factors of the immune system
can enter the tissue and may act as a first line of defense.”*>°
Second, the resulting edema causes local swelling, which may
also serve a defense function due to mechanical effects, as
has been shown in the vomeronasal duct opening into the
nose. There, neurogenic inflammation initiated by the activation
of tuft cells results in the obstruction of the vomeronasal duct,
thereby limiting access of potentially harmful substances to the
cavity of the vomeronasal organ.?’ In the urinary tract, ascent
of bacteria through the urethra is an important route of acquiring
infection,®*~°" and swelling resulting from UTC-induced neuro-
genic inflammation might hinder further progress toward the
bladder and deeper into the urinary tract.

In terms of protection against infection, such a denial-of-
ingress mechanism can be considered a meaningful synergism
to the previously identified expulsion mechanism represented
by reflex facilitation of detrusor activity and micturition.” At first
sight, initiation of a neurogenic inflammation in the urethra
together with enhanced reflex bladder contraction appears un-
expected, because intraurethral application of capsaicin, which
causes plasma extravasation in the urethra,®®°" is generally re-
ported to suppress rather than enhance reflex bladder contrac-
tions.>®°° However, the reflex response to intraurethral capsa-
icin is biphasic, with an initial increase in bladder contraction
frequency, which then diminishes and turns into inhibition in
the next 15-30 min. This delayed inhibition has been interpreted
as the consequence of the known marked desensitizing effect of
capsaicin on TRPV1-carrying sensory fibers, so that the initial in-
crease in detrusor activity remains as the reflex response of
acute stimulation®' matching what happens after UTC activa-
tion. It also has to be considered that, although both neural re-
sponses induced by UTCs, i.e., neurogenic inflammation and re-
flex facilitation, rely on nicotinic cholinergic communication from
UTCs to sensory nerve fibers, they could be mediated by distinct
sets of nerve fibers. Indeed, the marked neurochemical diversity
of sensory nerve fibers next to UTCs argues for the involvement
of more than one fiber type. Among them, the non-peptidergic
nAChRa3™ fibers are equipped to generate a nicotinic response
to ACh without concomitant SP release and plasma extravasa-
tion and, thus, are candidates for triggering bladder reflexes
independently. Given the multiplicity of neurochemical pheno-
types of sensory fibers approaching UTCs, it does not appear
to be unlikely that additional neural pathways linked to UTC stim-
ulation still await to be unraveled.

Limitations of the study

A clear limitation of this and earlier studies of UTCs is that we still
have not identified a selective activator. UTC are polymodal sen-
sors and respond to a broad spectrum of substances, such as
bitter compounds, sugars, ATP, glutamate, and high salt, but
all of them can also activate other cells in the urethra.'%:3
Thus, in vivo studies using broadly acting stimulants such as
the widely employed bitter tastant denatonium will result in
mixed reactions, consisting of UTC-dependent and UTC-inde-
pendent responses, which then need to be dissected by appro-
priate pharmacological interventions and genetic models.
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Blockade of cholinergic transmission, genetic deletion of
Trom5, and the use of mice lacking UTC (Pou2f3~/~) were ap-
proaches in that direction that we used in this study, but of
course, they also have their own limitations. At least for those ex-
periments, which can be conducted ex vivo with explanted ure-
thrae, we here could overcome this limitation by establishing an
optogenetic model for the study of UTCs, which unequivocally
demonstrated the link between activated UTCs and neuropep-
tide release from sensory nerve fibers through cholinergic nico-
tinic transmission. This approach also clearly unmasked the
extent of UTC-independent effects when using a non-selective
activator, as the nicotinic blocker mecamylamine entirely abro-
gated SP release in the optogenetic experiment, whereas more
than 50% remained when denatonium was used as a stimulus.
Still, although optogenetics solved the problems for the current
set of experiments on explanted urethras, this approach has
also limitations in that it 1) is barely applicable to the urethra
in vivo, and 2) triggers only such UTC reactions that are depen-
dent on sodium influx/depolarization. Thus, a selective UTC acti-
vator is still warranted for future studies.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

Rabbit anti-TRPM5; 1:8000 Kaske et al., 2007 N/A

Goat anti-CGRP; 1:8000 Biotrend Biotrend

Rabbit anti-CGRP; 1:20000

Rat-anti-substance P; 1:400

Sheep anti-DCAMKL1 1:400

Chicken-anti-GFP

(green fluorescent protein); 1:2000
Donkey IgG anti-chicken IgY

(H + L), FITC-conjugate; 1:800
Donkey-anti-sheep 1gG conjugated
to cyanine 3; 1:2000

Donkey anti-rabbit IgG,
Cy3-conjugate; 1:2000

Donkey IgG anti-rabbit IgG (H + L),
Cy5-conjugate; 1:400

Donkey anti-goat IgG,
Cy3-conjugate; 1:1600

Peninsula

Santa Cruz

R&D System

Novus

Dianova

Dianova

Merck Millipore

Dianova

Merck Millipore

Cat# BT17-2090-07, RRID:AB_2243858
Peninsula Laboratories

Cat# T-4032 RRID:AB_518147

Santa Cruz Biotechnology

Cat# sc-21715, RRID:AB_628299

R and D Systems Cat# AF7138,
RRID:AB_10973467

Novus Cat# NB100-1614
RRID:AB_10001164

Jackson ImmunoResearch Labs

Cat# 703-095-155, RRID:AB_2340356
Jackson ImmunoResearch Labs

Cat# 713-165-003, RRID:AB_2340727
(Millipore

Cat# AP182C, RRID:AB_92588)
Jackson ImmunoResearch Labs

Cat# 711-175-152, RRID:AB_2340607
Millipore

Cat# AP180C, RRID:AB_92570

Donkey-anti-goat IgG conjugated Dianova Jackson ImmunoResearch Labs
to cyanine 5; 1:1400 Cat# 705-175-147, RRID:AB_2340415
Donkey-anti-rat IgG Cy3; 1:1000 Dianova (Jackson ImmunoResearch Labs
Cat# 712-165-150, RRID:AB_2340666)
Chemicals, peptides, and recombinant proteins
Adenosine 5'-triphosphate di(tris) Sigma Aldrich A9062
salt hydrate (ATP) CAS-No:
102047-34-7
CP96345 Sigma Aldrich CP96345
CAS-No:
132746-60-2
BIBN4096BS Sigma Aldrich SML2426
CAS-No:
204697-65-4
Mecamylamine Sigma Aldrich M9020
CAS-No:
826-39-1
Metamizol (Vetalgin 500 mg/mL) MSD CAS-No:
5907-38-0
Isofluran Baxter CAS No.:
26675-46-7
Evans Blue Sigma Aldrich E2129
CAS No.:
314-13-6
Atropine Sigma Aldrich A0257
CAS No.:
5908-99-6
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Fura-2-AM Thermo Fisher F1221
CAS No.:
108964-32-5
Capsaicin Sigma Aldrich 211275
CAS-No:
404-86-4
Denatonium benzoate Sigma Aldrich D5765
CAS No.:
3734-33-6
4’ 5-diamidino-2-phenylindole (DAPI) Sigma Aldrich D9542
CAS No.:
28718-90-3
Clozapine N-oxide (CNO) Tocris 4936,
CAS No.:

34233-69-7 batch no.: 16B/295845

Critical commercial assays

SP ELISA Kit
CGRP ELISA Kit

ENZO Liefe Sciences

Wouxi Donglin
Sci & Tech Development

ADI-900-018
DL-CGRP-Mu

Experimental models: Organisms/strains

Mouse: C57BL/6JRj
Mouse: Tg(Trpm5-EGFP)#Sdmk (TRPM5-GFP)

Mouse: B6.Cg-Tg(RP23-268L19-EGFP)
2Mik/J (ChAT-eGFP)

Mouse: B6.Cg-Tg(Chat-COP4*H134R/EYFP,
Slc18a3)6Gfng/J (ChAT-ChR2-YFP)

Mouse: B6.129P2-Trpm5'™'P%en/ (TRPM5 )
Mouse: Chrna3-eGFP

Mouse: Pou2f3tm!APek (poy2f3—/-)

Mouse: Rosa26-NLSiRFP720-2A-Gq

(eR26-DREADD) knock-in mice (DREADD-control)

Mouse: TRPM5-IRES-Cre (TRPM5-IC) x
eR26-DREADD: TRPM5-IC/eR26-DREADD
mice (Trpm5-DREADD)

Janvier Labs
Clapp et al., 2006
The Jackson Laboratory

The Jackson Laboratory

The Jackson Laboratory
Frahm et al., 2011
Matsumoto et al., 2011
Sen Qiao et al., 2023

Sen Qiao et al., 2023

RRID:IMSR_RJ:C57BL-6JRJ
RRID:MGI:5617485

Stock No: 007902
RRID:IMSR_JAX:007902

Stock No: 005848; RRID:IMSR_JAX:005848

Stock No: 005848; RRID:IMSR_JAX:005848
RRID:MMRRC_000243-UNC
RRID:MGI:5140072

N/A

N/A

Oligonucleotides

Actb RT-PCR primer:
5-CCATCATGAAGTGTGACGTTGA-3/,
5-CATCGTACTCCTGCTTGCTGAT-3’

Trpm5 RT-PCR primer:
5-TATGGCTTGTGGCCTATGGT-3/,
5-ACCAGCAGGAGAATGACCAG-3

GFP RT-PCR primer:
5-AAGTTCATCTGCACCACCG-3/,
5-TCCTTGAAGAAGATGGTGCG-3
p-MG RT-PCR Primer:
5-ATTCACCCCCACTGAGACTG-3/,
5'-GCTATTTCTTTCTGCGTGCAT

Perniss et al. 2020

Perniss et al. 2020

This Paper

Keshavarz et al. 2018

N/A

N/A

N/A

N/A

Software and algorithms

GraphPrism 7

ElisaAnalysis.com software
ImageJ 1.49

GraphPad Software

Leading Technology Group
NIH

https://www.graphpad.com/scientificsoftware/
prism/GraphPad Prism (RRID:SCR_002798)

ElisaAnalysis.com
https://imagej.nih.gov/ij/lmaged (RRID:SCR_003070)
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Tecan Infinite 200 PRO Tecan Tecan (RRID:SCR_020543)
Multimode Microplate Reader
Biorender Biorender Biorender (RRID:SCR_018361)
ZEN 2010B SP1 Zeiss ZEISS ZEN Microscopy
Software (RRID:SCR_013672)
Prizmatix Pulser software Prizmatix https://www.prizmatix.com/software.htm
Arivis Vision4D software Arivis https://kb.arivis.com/RRID:SCR_018000
Other
Fetal Bovine Serum Thermo Fisher 26140079

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animals

Chat-eGFP (B6.Cg-Tg(RP23-268L19-EGFP)2Mik/J; Stock No. 007902; RRID:IMSR_JAX:007902), Chat-ChR2-YFP (B6.Cg-Tg(Chat-
COP4*H134R/EYFP,SIc18a3)6Gfng/J; Stock No. 014546; RRID:MGI:4950538) and Trom5~/~ (B6.129P2-Trpm5tm1Dgen/J; Stock
No: 005848; RRID:IMSR_JAX:005848) mice were obtained from Jackson Laboratory (Bar Habor, ME, USA). Trom5~'~ were back-
crossed (at least six generations) on to the C57BL/6J background. Trom5-eGFP (Tg(Trpm5-EGFP)#Sdmk) Pou2f3~/~ (Pou2f3im1Abek.
RRID:MGI:5140072) mice were provided by R. F. Margolskee.®” Mice with eGFP driven by the nAChRa3-promoter (Chrna3-eGFP (Tg
(Chrna3-EGFP)BZ135Gsat; RRID:MMRRC_000243-UNC) were provided by I. Ibanez-Tallon (MDC Molecular Medicine, Berlin, Ger-
many).®® C57BL/6J mice were obtained from Janvier Labs (Le Genest-Saint-Isle, France). Rosa26-NLSIRFP720-2A-Gq (eR26-
DREADD) knock-in mice (DREADD-control) and TRPM5-IRES-Cre (TRPM5-IC) x eR26-DREADD: TRPM5-IC/eR26-DREADD mice
(Trom5-DREADD) were bred at the Saarland University.®* This study was carried out in accordance with the recommendations of
the European Communities Council Directive of 24™ November 1986 (86/609/EEC). The protocol was approved by the local author-
ities (Regierungsprasidium Giessen; reference no. 516_M, 571_M, 572_M, 573_M, G 26/2016, G 12/2020; veterinary officer Marburg;
Ex-1-2020, AK-1-2023, Ex-15-2024; animal welfare committees of Saarland University; VM2025-34). In total, 264 C57BL/6J (233 fe-
males, 31 males), 96 Trom5~/~ (71 females, 25 males), 14 Chat-eGFP (7 females, 7 males), 4 Trom5-eGFP (2 females, 2 Males), 23
Chrna3-eGFP (15 females, 8 males), 38 Chat-ChR2-YFP (18 females, 20 males), 18 Pou2f3 (4 females, 14 males) and 32 DREADD (16
females, 16 males) mice were used mice were used. All animals were anesthetized using isoflurane inhalation and sacrificed by cer-
vical dislocation and subsequent exsanguination. Mice older than 10 weeks were used throughout.

METHOD DETAILS

Immunofluorescence

Organs from Chrna3-eGFP (n = 15, Chat-eGFP (n = 14), Chat-ChR2-YFP (n = 8) and Trom5-eGFP mice (n = 4) used for immunoflu-
orescence were either freshly dissected and fixed by immersion in or perfused with Zamboni solution (2% paraformaldehyde/15%
saturated picric acid; Merck, Darmstadt, Germany, in 0.1 M phosphate buffer, pH 7.4). Specimens were washed in 0.1 M phosphate
buffer, incubated overnight in 18% sucrose (Carl Roth) in 0.1 M phosphate buffer, embedded in Tissue-Tek O.C.T. Compound (Sa-
kura Finetek USA, Inc., USA), frozen in liquid nitrogen and sectioned at 10 pm on a Microm HM560 cryostat (Thermo Fischer Scien-
tific). Cryosections were further processed by saturating unspecific protein binding sites for 1 h in 0.005 M phosphate buffer contain-
ing 10% horse serum (Sigma Aldrich), 0.5% Tween 20 (Sigma Aldrich), 0.1% bovine serum albumin (BSA; Sigma Aldrich). The
combinations of primary antibodies to be tested were diluted in 0.005 M phosphate buffer and applied overnight at 4°C. Then, sec-
tions were rinsed repeatedly in 0.1 M phosphate buffer, covered with appropriate fluorophore-conjugated secondary antibodies for
one hour at room temperature, rinsed, post-fixed with phosphate-buffered 4% paraformaldehyde and mounted in carbonate-buff-
ered glycerol (pH 8.6) containing 1 pg/mL 4’,5-diamidino-2-phenylindole (DAPI; Sigma Aldrich). Antibody characteristics are given in
the key resources table.

Specificity of secondary reagents was validated by omission of primary antibodies. Sections were evaluated by epifluorescence
microscopy (Axioplan 2 or Leica DMB, Leica, Wetzlar, Germany), with a confocal laser scanning microscope (LSM 710, Zeiss, Ober-
kochen, Germany and Stellaris 5, Leica). Overlay images were created using ImageJ (RRID:SCR_003070) or microscope software.
Each antibody combination was applied to at least 3 different samples.

For optically cleared whole-mount immunostainings of urethrae (n = 3 each strain; Chat-eGFP and Chrna3-eGFP), mice were trans-
cardially perfused with buffered 4% paraformaldehyde and post-fixed in the same fixative for two additional hours, and tissue
clearing was done as described previously.'® In brief urethrae were incubated overnight in 4% acrylamide at 4°C, polymerized for
3 h at 37°C, cleared with 8% sodium dodecy! sulfate for 48 h, and subsequently incubated overnight in 10% horse serum, 0.5%
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Tween 20, and 0.1% bovine serum in phosphate-buffered saline (1.06 mM KH,PO,4 155.2 mM NaCl, 2.9 mM Na,HPO,4-7H,0,
Thermo Fischer Scientific, Waltham, MA, USA)) to block nonspecific binding sites. Primary antibodies were diluted in 0.005 M phos-
phate buffer and applied for 48 h at room temperature followed by 48 h of incubation with the secondary antibodies. The samples
were mounted in HistoDenz (refractive index: 1.47) (Sigma-Aldrich) for evaluation by confocal laser scanning microscopy. Distance
between nerve fibers and UTC was measured manually using microscope software (ZEN, Zeiss). 3D rendering of confocal z-stacks
was done using a custom-made Al driven denoising and rendering algorithm in Arivis Vision4D software.

Assessment of neuropeptide release from explanted urethrae

The urethrae of 75 C57BL/6J mice (51 females, 24 males), 29 Trom5~ “mice (13 females, 16 males), 30 Chat-ChR2-YFP mice positive
(n=22, 10 females, 12 males) and negative (n = 8, 4 females, 4 males) for ChR2, 32 DREADD mice (16 females, 16 males) or 18 Pou2f3
(4 females, 14 males) were dissected, and cut longitudinally to expose the epithelium. In male animals, the urethra was divided into
two parts (penile and membranous part), and each of them was used as an independent sample for subsequent release experiments.
The two samples from one individual were allocated to different experimental groups, taking care of having an overall mix of penile
and membranous samples within one experimental condition. Samples were transferred to a 24-well cell culture plate containing
500 pL Dulbecco’s Modified Eagle Medium (DMEM, Thermo Fisher Scientific), washed with 500 puL Gibco PBS (PBS; pH 7.4; Thermo
Fischer Scientific) and incubated for 10 min in 210 pL PBS. Subsequently, supernatants were taken as unstimulated PBS control and
frozen in liquid nitrogen. Urethrae were then stimulated for an additional 10 min period in a 210 pL volume. Urethrae from Chat-ChR2-
YFP were putin PBS and stimulated with or without blue light (456 nm, 10 min, 8 Hz, and 25-ms pulse) duration using a UHP-T-DI-LED
source (Prizmatix), a transistor-transistor logic pulse train generator (S/N 7276, Prizmatix, Israel), and an LED controller (ultra high
power LED current controller, Prizmatix) controlled by Prizmatix Pulser software. Urethrae from C57BL/6J and Trpm5~/~ mice
were stimulated with denatonium (denatonium benzoate, 5 mM in PBS, Sigma Aldrich), denatonium (5 mM) and mecamylamine
(Mec, 20 pM, Sigma Aldrich; in PBS), denatonium (5 mM) and atropine (Atr, 10 puM, Sigma Aldrich; in PBS) or capsaicin (1 mM, Sigma
Aldrich; in PBS with 10% EtOH). DREADD mice were stimulated with Clozapine N-oxide (CNO 60 pM; Cat. no.: 4936, batch no.: 16B/
295845; Tocris, Bristol, UK)

In a prior experimental setup, the urethrae of 23 C57BL/6J (16 females, 7 males) and of 25 Trpm5 ' "mice (16 females, 9 males)
were exposed only once to either PBS or denatonium (25 mM in PBS) for 10 min or both consecutively (Figures S6A-S6C). Subse-
quently, supernatants were taken and frozen in liquid nitrogen. The weights of the tissue samples were determined using a precision
scale (Scaltec Instruments GmbH, Goettingen, Germany). SP or CGRP were assessed in supernatants by ELISA kits (SP: ADI-900-
018; Enzo Life Sciences, Farmingdale, NY, USA; CGRP: DL-CGRP-Mu; Wuxi Donglin Sci & Tech Development, Wuxi, China) accord-
ing to the manufacturer’s instructions using an ELISA plate reader (Tecan Infinite 200) and ElisaAnalysis.com software (Leading Tech-
nology Group, Melbourne, Australia). Neuropeptide concentrations in the supernatants were calculated from a standard curve using
4 parameter logistic regression and related to weight of stimulated tissue. Detection range for SP was 9.76-10000 pg/mL. Detection
range for CGRP was 15.625-1000 pg/mL.

Calcium imaging
For neuron isolation from Chrna3-eGFP mice (n = 5, 4 females, 1 male), lumbosacral dorsal root ganglia (DRG) were removed and
transferred to Hanks’ Balanced Salt Solution (HBSS, Thermo Fischer Scientific) with 2 mg/mL dispase (Roche, Basel, Switzerland)
and 2 mg/mL collagenase A (Sigma Aldrich). Ganglia were dissociated using glass pipettes varying in size, and incubated for 60 min
at 37°C. The dissociated neurons were washed with L-15 medium (Thermo Fischer Scientific) with added 10% fetal calf serum
(Thermo Fischer Scientific) and 1% penicillin-streptomycin (Sigma Aldrich), seeded on 8 mm glass cover slips in L-15 medium coated
with poly-L-lysine (Sigma Aldrich) and laminin (Thermo Fischer Scientific) overnight. Cells on cover slips were loaded for 30 min with
Fura-2 a.m. (8 pM, Thermo Fischer Scientific) and cover slips were put into a Delta T dish (Bioptechs Inc., Butler, PA, USA). During
experiments, cover slips were heated to 37°C and continuously rinsed with Lockes’s solution (in mM: 136 NaCl, 5.6 KClI, 1.2 MgCl,,
2.2 CaCly, 1.2 NaH,POy4, 14.3 NaHCO3; and 10 mM glucose, 37°C, pH 7.4) gassed for 30 min with CO, (Carl Roth). Changes in the
intracellular calcium concentration ([Ca2*]), determined by ratiometric measurement of individual GFP positive cells, were recorded
using a Leica DM5000 B microscope (Leica) with an X-Cite 200 DC fluorescence lamp (Excelitas Technologies, Waltham, MA, USA).
GFP positive cells were excited at wavelengths 360 and 380 nm and the ratio of the emissions (360/380) was recorded every sec-
ond. Recordings were made in 3 cycles. Each recording cycle started with a baseline recording of 60 s. After 60 s, 500 pL of either
Lockes’s solution, denatonium benzoate (5 mM, 10 mM, 25 mM, in Lockes’s solution), or nicotine (100 pM, in Lockes’s solution,
Sigma Aldrich) were added and another recording phase of 60 s followed. Between cycles, cells were superperfused with Lockes’s
solution for 2 min. Increases in [Ca®*]; of 10% above baseline levels were considered as positive response.’**** Baseline level was
defined as the mean of [Ca?*]; in the 30 s period immediately prior to stimulation. Only GFP positive cells reacting to nicotine and/or
denatonium benzoate were included. GFP-positive cells that responded neither to nicotine nor to denatonium were excluded. Each
denatonium benzoate concentration was tested on multiple cells (5 mM: 19 cells; 10 mM: 23 cells; 25 mM: 12 cells) in 5 independent
experiments.
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RT-PCR
RNA was extracted from tongue and lumbosacral DRG taken from Chrna3-eGFP mice (n = 3), using RNeasy Mini Kit (Qiagen, Hilden,
Germany). cDNA synthesis was performed as follows: 1 pL DNase | (Invitrogen) and 1 uL 10x DNase | reaction buffer (Invitrogen) were
added to 8 uL RNA and incubated in a thermal cycler at 25°C for 15 min. Digestion was stopped by adding 1 pL of Ethylenediami-
netetraacetic acid (EDTA, Invitrogen) and incubating at 65°C for 10 min. A master mix consisting of 1 pL 10 mM desoxy-nucleoside
triphosphate (dNTP) mix (Qiagen), 1 pL Superscript Ill reverse transcriptase (Invitrogen), 4 pL 10x reverse transcriptase buffer (Invi-
trogen), 2 uL 0.1 M Dithiothreitol (DTT, Invitrogen), 0.5 pL oligo (dT) (Invitrogen), and 0.5 pL random hexamers (Invitrogen) was added
to the samples and incubated in a thermal cycler for 50 min at 42°C and for 10 min at 70°C. Samples processed without reverse tran-
scriptase and PCR preparations without cDNA (H,O) served as negative controls. PCR was performed as follows: PCR preparation
contained 1 pL of cDNA, 0.5 pL of each intron spanning primer pair (20 pM), 2 uL of CoralLoad PCR buffer (Qiagen), 4 uL of Q-Solution
(Qiagen), 0.4 uL 10 mM dNTP mix, 0.1 pL HotStarTaq Plus DNA polymerase (Qiagen) and 12 pL RNase free water (Qiagen). Cycling
conditions were as follows: 9 min at 95°C, followed by 37 cycles of 30 s at 95°C, 30 s at 60°C, 30 s at 72°C. Samples were then kept at
72°C for 10 min. PCR products were separated by electrophoresis on a Tris-acetate-EDTA agarose gel (1.5% agarose, 12 pL/L ethi-
diumbromid, Invitogen). Visualization and gel documentation were performed with Intas gel documentation system (Intas Science
Imaging Instruments GmbH, Goettingen, Germany).

Primer sequences and amplicon sizes: Trom5 forward 5'-tatggcttgtggcctatggt-3’, Trom5 reverse 5'-accagcaggagaatgaccag-3’,
235 bp (Thermo Fisher Scientific), S-actin forward 5'-ccatcatgaagtgtgacgttga-3', s-actin reverse 5'-catcgtactcctgcttgctgat-3/,
249 bp (Thermo Fisher Scientific).

Plasma extravasation

In these experiments 166 female C57BL/6J mice and 42 female Trom5~'~ mice were used. After pre-experimental analgesia (meta-
mizole; 100 mg/kg p.o., MSD, Haar, Germany), mice were anesthetized by isoflurane (Baxter Deutschland GmbH, Unterschleis-
sheim, Germany) inhalation. Evans blue solution (20 mg/mL in 0.9% NaCl solution at body temperature; 5 mL/kg body weight, Sigma
Aldrich, St. Louis, MO, USA) was injected into the lateral tail vein. After 5 min, 50 pL of either control solution (PBS), or, as a stimulus,
capsaicin (10 mM in PBS with 10% ethanol), or denatonium benzoate (25 mM in PBS) were applied via a PE 10 polyethylene cath-
eter.%* Atropine (10 pM) and mecamylamine (20 pM) were dissolved in the respective stimulation solution. CP96345 (NK1R antago-
nist, 10 mg/kg, Sigma Aldrich) and BIBN4096BS (calcitonin gene-related peptide receptor antagonist, 1 mg/kg, Sigma Aldrich) were
injected intravenously in combination with Evans blue solution (20 mg/mL Evans blue; 10% dimethyl sulfoxide, Sigma Aldrich). After
15 min, mice were sacrificed, and urethra and bladder were harvested and processed for photometric measurement or histological
evaluation.

For histological evaluation, urethrae were embedded in Tissue-Tek O.C.T. Compound (Sakura Finetek Germany GmbH, Staufen,
Germany) and frozen in liquid nitrogen. Urethral cross sections of 10 pm thickness were mounted in carbonate-buffered glycerol at
pH 8.6 (Carl Roth, Karlsruhe, Germany). All images of sections include entire dissected tissue and were evaluated by epifluorescence
microscopy (Axioplan 2, Zeiss or Leica DM6, Leica). Evans blue emits a bright red fluorescence when excited with green light (exci-
tation filter 525-560 nm).® All images were taken at identical magnification (20x objective lens) and exposure time (30 ms). Area of
the urethral epithelium and fluorescence intensity (FI) per mm? urethral epithelium were determined using Imaged (https://imagej.nih.
goV/ij)®® was used to determine the area of the urethral epithelium and the fluorescence intensity (Fl) per mm? of urethral epithelium.
For this purpose, a region of interest containing only the urethral epithelium was drawn on each section, excluding the remaining tis-
sue and the lumen. FI (%) of epithelial layer was calculated relative to PBS control, therefore Fl of PBS control were set at 100%. Each
data point represents the mean fluorescence intensity of at least 10 randomly selected sections with a minimum 100 um gap be-
tween them.

For photometric measurement of Evans blue concentration in tissue samples, whole dissected urethrae were weighed and then
incubated in 500 pL formamide (Carl Roth) for 24 h at 55°C. Photometric analysis of supernatants was performed with a Tecan Infinite
200 plate reader (Tecan Trading AG, Ménnedorf, Germany) at 600 nm absorbance. Evans blue concentration was calculated relative
to PBS control.

QUANTIFICATION AND STATISTICAL ANALYSIS
Statistical analysis was performed as noted in Figure legends using Prism 8 (GraphPad Software Inc., La Jolla, CA, USA). Data signif-

icantly deviated from normal distribution and, therefore, were analyzed by non-parametric tests. P-values <0.05 were regarded as
statistically significant. All “n” values reflect biological replicates.
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