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Abstract

Interstitial Cystitis/Bladder Pain Syndrome (IC/BPS) is a common chronic pelvic disorder with
sensory symptoms of urinary urgency, frequency, and pain, indicating a key role for hypersensitivity of
bladder-innervating sensory neurons. The inflammatory mast cell mediator histamine has long been
implicated in IC/BPS, yet the direct interactions between histamine and bladder afferents remain
unclear. Here we show, using a mouse ex vivo bladder afferent preparation, that intravesical histamine
enhanced the mechanosensitivity of sub-populations of afferents to bladder distension. Histamine also
recruited ‘silent afferents’, which were previously unresponsive to bladder distension. Furthermore, in
vivo intravesical histamine enhanced activation of dorsal horn neurons within the lumbosacral spinal
cord, indicating increased afferent signaling into the central nervous system. gRT-PCR revealed
significant expression of histamine receptor subtypes (Hrh1-Hrh3) in mouse lumbosacral dorsal root
ganglia (DRG), bladder detrusor smooth muscle, mucosa, and isolated urothelial cells. In DRG, Hrh1 was
the most abundantly expressed. Acute histamine exposure evoked calcium influx in select populations
of DRG neurons but did not elicit calcium transients in isolated primary urothelial cells. Histamine-
induced mechanical hypersensitivity ex vivo was abolished in the presence of the histamine H; receptor
(H1R) antagonist pyrilamine and was not present in preparations from mice lacking the TRPV1 receptor.
Together, these results indicate that histamine enhances the sensitivity of bladder afferents to
distension via interactions with Hi;R and TRPV1. This hypersensitivity translates to increased sensory
input and activation in the spinal cord, which may underlie the symptoms of bladder hypersensitivity

and pain experienced in IC/BPS.



Introduction

Interstitial Cystitis/Bladder Pain Syndrome (IC/BPS) is a common, chronic pelvic disorder that
negatively impacts approximately 5% of the Western population (67, 68). IC/BPS patients experience
hypersensitivity to bladder distension, inducing symptoms of urinary urgency, frequency, and bladder
allodynia (pain perception at lower distension volumes) compared to healthy subjects (7, 12, 36).
Although the etiology underlying IC/BPS remains unresolved, given the sensory nature of the symptoms
(33), changes in the sensitivity of the bladder-innervating sensory afferent nerves responsible for

regulating micturition likely play a key role.

Bladder afferents are located throughout the bladder wall, innervating the detrusor smooth
muscle and mucosa (80). As the bladder fills, mechanosensitive afferents transduce bladder stretch into
sensory signals that are relayed into the spinal cord, where they feed into autonomic circuits
responsible for maintaining continence (15, 23). Conscious discrimination of bladder fullness and the
urge to urinate occurs when afferent signaling reaches the ‘micturition threshold’, triggering a
combination of reflexive and cognitive events that ultimately result in the conscious decision to urinate
(15, 18, 23). In addition to responding to mechanical stimuli or distension, the peripheral terminals of
bladder afferents express an array of pro- and anti-nociceptive ion channels and receptors capable of
detecting mediators released in response to bladder damage and inflammation (33, 82). Inflammatory
mediators have consistently been shown to sensitize sensory afferents innervating the bladder, such
that bladder afferents become hypersensitive to distension (16, 19, 33, 61, 82). Befittingly,
inflammation of the bladder is implicated in the pathogenesis of IC/BPS (16, 25, 27, 33, 61).

Mast cells play an important role in the pathophysiology of a variety of inflammatory diseases.
Accordingly, they are located in mucosal and epithelial tissues throughout the body, including the
bladder (76, 86, 91). Upon activation, mast cells release a number of potent inflammatory mediators,
including but not limited to cytokines, proteases, and histamine (84, 87). Importantly, mast cells are
located in close proximity to nerve endings, and histamine has been shown to activate sensory afferents
innervating both the skin and gastrointestinal tract (47, 51, 55). Clinical and pre-clinical studies have
shown that mast cells may be a crucial component in the pathogenesis and symptomology of chronic
bladder pain. Mast cell numbers are increased in bladder tissue from IC/BPS patients compared to
healthy subjects (55, 76, 86, 91), and mast cell mediators, particularly tryptase, histamine, and
methylhistamine, are also significantly upregulated in bladder tissue and urine of IC/BPS patients
compared to controls (8, 20). Induction of IC/BPS like symptoms in mast cell deficient mice, including
inflammation and pain, is significantly attenuated in two separate pre-clinical models of cystitis (6, 74),
while a recent study using an experimental autoimmune cystitis model demonstrated that the

accumulation of mast cells in the bladder is required for IC/BPS-associated allodynia (2). Additionally,



histamine has been implicated in bladder neuroinflammation, as it is known to act as both a

neuromodulator and a pro-inflammatory agent (72).

Although a number of studies have explored the action of neuropeptides on histamine release
from mast cells (58, 78) and the role of histamine on detrusor smooth muscle and pain responses (72,
75, 81), a complete understanding of the direct interactions between histamine and bladder-
innervating sensory afferent neurons remains lacking. In this study, we addressed this issue by
investigating the effects of histamine on bladder afferent mechanosensitivity using ex vivo recordings,
retrogradely traced bladder-innervating dorsal root ganglia (DRG) neurons, and spinal cord signaling in
vivo. We also characterized the expression profiles of histamine receptor subtypes Hrh1-Hrh4 in
bladder muscle, mucosa, isolated urothelial cells, lumbosacral DRG, and individual retrogradely traced
bladder-innervating DRG neurons. These data provide the first comprehensive analysis of bladder
afferent sensitivity to histamine and provide evidence for a mechanism whereby increased histamine
release from mast cells during IC/BPS contributes to bladder afferent sensitization and the sensory

symptoms of urgency, frequency, and pelvic pain.



Methods

Ethics and animals

In this study, we used 12- to 18-week-old male and female C57BL/6J mice via an in-house
breeding colony at the South Australian Health and Medical Research Institute (SAHMRI). Some
experiments utilized a TRPV1 knockout (Trpv1”") mouse strain with a C57BL/6J genetic background, also
bred in-house at SAHMRI. All experiments were approved by and performed in accordance with the
SAHMRI Animal Ethics Committee approvals (SAM195 and SAM190). Mice at SAHMRI were originally
acquired from an in-house C57BL/6J breeding program (JAX strain #000664; originally purchased from
The Jackson Laboratory; breeding barn MP14; Bar Harbor, ME) and then bred within the specific and
opportunistic pathogen-free animal care facility at SAHMRI. Mice were group housed (5 mice per cage)
within individual ventilated cages filled with chip coarse dust-free aspen bedding (Cat#—ASPJMAEBCA;
PuraBed, Niederglatt, Switzerland). Cages were stored on individual ventilated cage racks within a
temperature-controlled environment of 22°C and a 12-hour light/12-hour dark cycle. Mice had free
access to LabDiet JL Rat and Mouse/Auto6F chow (Cat #5K52, St. Louis, MO) and autoclaved reverse

osmosis water. Sample sizes of each experiment are detailed in the corresponding figure legends.

Ex vivo bladder afferent nerve recording

Nerve recording was performed using a previously described ex vivo model (31-34). Mice were
humanely killed via CO; inhalation, and the entire lower abdomen was removed and submerged in a
modified organ bath under continual perfusion with gassed (95% O, and 5% CO,) Krebs-bicarbonate
solution (composition in mmol/L: 118.4 NaCl, 24.9 NaHCOs3, 1.9 CaCl,, 1.2 MgSQg, 4.7 KCl, 1.2 KH,PO,,
11.7 glucose) at 35°C. The bladder, urethra, and ureters were exposed by removing excess tissue.
Ureters were tied with 4-0 perma-hand silk (Ethicon, #LA53G). The bladder was catheterized (PE 50
tubing) through the urethra and connected to a syringe pump (NE-1000) to allow a controlled fill rate
of 30 uL/min with saline (NaCl, 0.9%). A second catheter was inserted through the dome of the bladder,
secured with silk, and connected to a pressure transducer (NL108T2; Digitimer) to enable intravesical
pressure recording during graded distension. Pelvic nerves, isolated from all other nerve fibers between
the pelvic ganglia and the spinal cord, were dissected into fine multiunit branches and a single branch
was placed within a sealed glass pipette containing a microelectrode (WPI) attached to a Neurolog
headstage (NL100AK; Digitimer). Nerve activity was amplified (NL104), filtered (NL 125/126, band pass
50-5,000 Hz, Neurolog; Digitimer), and digitized (CED 1401; Cambridge Electronic Design, Cambridge,
UK) to a PC for offline analysis using Spike2 software (Cambridge Electronic Design, Cambridge, UK).
The number of action potentials crossing a pre-set threshold at twice the background electrical noise,

was determined per second, to quantify the afferent response. Single-unit analysis was performed



offline by matching individual spike waveforms through linear interpolation using Spike2 version 5.18
software. A single unit was deemed to be responsive to histamine if a greater than 20% increase in

neuronal excitability was detected.

Afferent recording experimental protocols

At the start of each afferent recording experiment, control bladder distensions were performed
with intravesical infusion of saline (NaCl, 0.9%) at a rate of 30 pL/min to a maximum pressure of 30
mmHg at 10 min intervals to assess the viability of the preparation and reproducibility of the intravesical
pressure and neuronal responses to distension. The volume in the bladder was extrapolated from the
known fill rate (30 pL/min) and the time taken (s) to reach maximum pressure (30 mmHg). Compliance
was determined by plotting intravesical pressure against the calculated volume. We did not observe
spontaneous phasic contractions during bladder distension as has been reported by others(37). After a
stable baseline was maintained, the saline in the infusion pump was replaced by histamine (300 uM;
Sigma, #H7125-1G), with or without the histamine 1 receptor antagonist pyrilamine (100 uM, Sigma,
P5514-5G). The single nerve bundle isolated and inserted into the glass electrode during the dissection
process was contained within the recording electrode for the entire experiment, allowing multiunit
afferent nerve recordings to be performed and comparisons between afferent firing rates to be
compared in the same nerve fibers during intra-bladder incubation with saline and histamine (300 uM).
Spontaneous baseline firing between bladders distensions was also recorded before and after
intravesical histamine administration. Data were obtained immediately before and 5-15 minutes after

histamine was introduced into the bladder.

In vivo spinal dorsal horn activation

In vivo bladder infusion

In vivo bladder infusion in anaesthetized mice was performed as previously described (32). 12-
week old female mice were anaesthetized (isoflurane 2% - 4% in oxygen) and a catheter (PE 50 tubing)
was inserted into the bladder via the urethra. Correct catheter placement was determined by inserting
gently until meeting resistance (bladder dome) and receding slightly (2-3 mm) to avoid damaging the
bladder wall. Urine was removed using a suction syringe. Subsequently, a new catheter (PE 50 tubing)
was inserted, primed with either vehicle (saline; N = 5 mice) or histamine (100 uM; N = 5 mice), and
100 pL of solution was then infused gently, to fill but not fully distend the bladder, and allowed to
incubate for 5 minutes. Following removal of the compound, mice were administered an anesthetic
overdose (intraperitoneal injection, 0.125 mL/250 g Lethabarb®; Virbac Australia) followed by

transcardial perfuse fixation.



Transcardial perfuse fixation and tissue dissection

After anesthetic overdose, the thoracic cavity was opened and 0.5 mL heparinized saline (50 U
in 5 mL; Pfizer) was injected into the left ventricle followed by insertion of a 22-gauge needle attached
to tubing and a peristaltic perfusion pump. The right atrium was cut open allowing for drainage of
perfusate. Warm phosphate buffer (0.1 M; 21.7 mM NaH,PO, [Chem Supply, #5SA061-500G], 81 mM
Na;HPO, [VWR Chemicals, #102494C], pH 7.2) was then perfused, followed by ice-cold 4%
paraformaldehyde (PFA; Sigma-Aldrich, #158127) in 0.1 M phosphate buffer. After complete PFA
perfusion, the lumbosacral spinal cord (determined by the level of dorsal root ganglia (DRG) root
insertion points; the lowest rib was used as an anatomical marker of DRG level T13) was removed and
postfixed in 4% PFA in 0.1 M phosphate buffer at 4°C for 18 to 20 hours. After post-fixation, spinal cords
were cryoprotected in 30% sucrose/phosphate buffer (Sigma-Aldrich, #59378) for two days at 4°C,
followed by 48-hour incubation at 4°C in 50% optimal cutting temperature (OCT; VWR,
#C361603E)/30% sucrose/phosphate buffer solution before freezing in 100% OCT using liquid nitrogen-
cooled 2-methylbutane Sigma-Aldrich, #M32631). Frozen sections of the spinal cord were
cryosectioned (10 um thick) and placed onto gelatin-coated slides for immunofluorescence labelling
processing. Sections were performed serially and distributed over 6 slides, which were used for
immunofluorescence localization of phosphorylated-MAP-kinase ERK 1/2 (pERK). The number of pERK-
immunoreactive neurons were counted in L6-S1 spinal cord sections, with spinal segments determined

ex vivo by the shape of the dorsal horn (54).

Immunohistochemistry of phosphorylated-MAP-kinase ERK 1/2 within the spinal cord

The dorsal horn neurons activated by bladder infusion were identified by labelling for neuronal
activation marker, phosphorylated-MAP-kinase ERK 1/2 (pERK), using a method described previously
(9, 32-34, 38). The details for the primary and secondary antisera can be found in Table 1. pERK
activation was determined rather than c-Fos as ERK phosphorylation is far more rapid (minutes
compared to hours) (24). As the nature of the specific peripheral stimuli applied is short duration, the
rapid onset of pERK provides a better correlate. Further, spinal activation to a range of peripheral
stimuli is increasingly being identified via quantification of pERK activation (9, 32, 34, 39). After air
drying for 1 hour, sections were washed with 0.2% Triton X-100 (Sigma-Aldrich, #T78787) in 0.1-M
phosphate-buffered saline (PBS-T) to remove excess OCT. Non-specific binding of secondary antibody
was blocked with 5% normal chicken serum diluted in 0.2% PBS-T. Tissue sections were incubated with
PERK primary antisera diluted in PBS-T overnight (18 hours) at room temperature. Sections were then
washed in PBS-T and incubated for 1 hour at room temperature with secondary antibody conjugated

to AlexaFluor 594. Following secondary antibody incubation, sections were washed in PBS-T before



mounting in ProLong Diamond Antifade (Life Technologies, #P-36962) and coverslipping. Negative
controls were prepared as above with the primary antibody omitted. Slides were allowed to set for 24

hours before visualization.

Microscopy

Fluorescence was visualized with an epifluorescence microscope (Olympus BX51, Tokyo, Japan)
using 10x objective and 3-second exposure, with 590 nm excitation and 610/630 nm emission settings.
Images were analyzed using Imagel software (NIH). Other than making moderate adjustments for

contrast and brightness, the images were not manipulated in any way.

Spinal cord pERK neuronal counts and analysis

Neuronal counts were analyzed from previously saved digital photomicrographs, with only
neurons with intact nuclei counted. The number of pERK-immunoreactive (pERK-IR) neurons in a
quadrant of the L6-S1 dorsal horn was obtained from minimum 6 sections/animal viewed at 10x
magnification. The mean number of pERK-IR neurons (+ SEM) in the superficial dorsal horn (SDH; LI-I1),
the dorsal grey commissure (DGC), and the sacral parasympathetic nuclei (SPN) in sacral spinal
segments was compared between vehicle- and histamine-treated mice. These regions are known to

have roles in nociceptive signaling and autonomic reflexes (33, 88).

Retrograde tracing

A small aseptic abdominal incision was made in anaesthetized (2% — 4% isoflurane in oxygen)
mice. Cholera Toxin subunit B conjugated to AlexaFluor 488 (CTB-488, 0.5% diluted in 0.1 M phosphate
buffered saline [PBS] pH 7.4; ThermoFisher Scientific) was injected at three sites into the bladder wall
(3 plL/injection) using a 5L Hamilton syringe attached to a 30-gauge needle (32, 33). The needle was
inserted subserosally, parallel with the bladder muscle, to ensure that CTB was not injected into the
bladder lumen. The abdominal incision was sutured closed and analgesic (Buprenorphine (Temvet); 0.1
mg/kg; Troy Laboratories Pty Ltd, APVMA #67612) and antibiotic (Amoxicillin; 50 mg/kg; Amoxil,
AUSTR11137) given subcutaneously as mice regained consciousness. Mice were then housed
individually and allowed to recover. After 4 days, mice were humanely euthanized for subsequent
lumbosacral (LS; L5-S1) dorsal root ganglia (DRG) removal and the neurons isolated and cultured to

visualize CTB-labelled bladder innervating neurons amongst the DRG neurons.

Cell culture of bladder-innervating DRG neurons
Four days after bladder retrograde tracing, mice were humanely euthanized via CO; inhalation

and lumbosacral (LS; L5-51) dorsal root ganglia (DRG) were removed. DRG were digested in Hanks’



balanced salt solution (HBSS; pH 7.4; Life Technologies, #14170161) containing 2.5 mg/mL collagenase
Il (GIBCO, ThermoFisher Scientific, #17101015) and 4.5 mg/mL dispase (GIBCO, ThermoFisher Scientific,
#17105041) at 37°C for 30 min. The collagenase-dispase solution was aspirated and replaced with HBSS
containing collagenase (4.5 mg/mL) only for 10 min at 37°C. Following subsequent washes in HBSS, DRG
were mechanically disrupted and cells dissociated in 600 uL complete DMEM (Dulbecco’s Modified
Eagle Media [DMEM; GIBCO, ThermoFisher Scientific, #11995065]; 10% Fetal Calf Serum [Invitrogen,
ThermoFisher Scientific, MA, USA]; 2 mM L-glutamine [GIBCO, ThermoFisher Scientific, #25030081],
100 uM MEM non-essential amino acids [GIBCO, ThermoFisher Scientific, #11140076], 100 mg/mL
penicillin/streptomycin [GIBCO, ThermoFisher Scientific, #15070063], and 96 ug/L nerve growth factor-
7S [Sigma, NO0513-0.1MG]) via trituration through fire-polished Pasteur pipettes of descending
diameter, and centrifuged for 1 min at 50 g (32, 34, 38, 64). Neurons were resuspended in 360 uL
complete DMEM and spot-plated (30 pL) onto 13 mm coverslips coated with laminin (20 ug/mL; Sigma-
Aldrich, #.2020) and poly-D-lysine (800 ug/mL; ThermoFisher Scientific). Coverslips were incubated at
37°Cin 5% CO, for 2-3 hours to allow neurons to adhere before flooding with 1.7 mL complete DMEM.
Cultured neurons were maintained in an incubator at 37°C in 5% CO; for 18-48 hours for calcium

imaging or for 2 hours for cell picking for single-cell RT-PCR.

Isolation of mouse urothelial cells

Primary urothelial cells were isolated and cultured from mice as performed previously (11, 28,
31). Following euthanasia by CO, inhalation, bladders were removed and dissected in sterile PBS with
a single cut from the urethral opening along one side to the dome, pinned and stretched out urothelial
side up, and incubated with DMEM containing 2.5 mg/mL dispase, 10% Fetal Calf Serum, and 1 uM/mL
HEPES (Sigma, #H3375, pH 7.0) for 3 hours at room temperature. Cells were collected by gentle scraping
of the urothelium with a blunt scalpel and dissociated in 0.025% trypsin EDTA (GIBCO, ThermoFisher
Scientific, #25200072) at 37°C in 5% CO, for 10 min with gentle intermittent trituration. The cell
suspension was added to DMEM containing 10% Fetal Calf Serum to deactivate the trypsin before
centrifugation (15 min, 1500 rpm, 4°C). Cells were then resuspended in keratinocyte serum-free media
(KSFM; Invitrogen, #17005042) before being plated onto collagen I-coated coverslips (diluted 1:20 in
H20; Sigma; #A10483-01). Coverslips were left for 4 hours in an incubator at 37°C in 5% CO; before
flooding with KSFM (2 mL/well). Cells were maintained at 37°C in 5% CO, for 24-48 hours and used for

calcium imaging.

Cytokeratin 7 immunohistochemistry

Immunohistochemical labelling for transitional epithelium was performed on isolated

urothelial cells using monoclonal antibody cytokeratin 7 (CK7). The details of the primary and secondary



antibodies used are in Table 2. Coverslips were washed with 0.1 M phosphate-buffered saline (PBS)
three times and fixed with ice-cold 4% PFA at 4°C for 45 minutes. Coverslips were washed with saponin
0.05% (Sigma-Aldrich; #47036) + 2% FBS in 0.1 M PBS (SF-PBS) to remove excess PFA and permeabilize
cell membranes. Nonspecific binding of secondary antibodies was blocked with 3% bovine serum
albumin (Sigma-Aldrich; #A9418) diluted in 0.05% SF-PBS for 1 hour. Coverslips were incubated with
primary antisera diluted in SF-PBS overnight (28 hours) at 4°C. Sections were then washed 3x in PBS
and incubated in the dark for 2 hours at room temperature with secondary antibody conjugated to
AlexaFluor 488. Cells were then washed in SF-PBS before mounting in Prolong Gold Antifade with DAPI
and coverslipping. Negative controls were prepared as above with the primary antibody omitted. Slides

were allowed to set for 24 hours before visualization.

Microscopy

Fluorescence was visualized with a confocal laser scanning microscope (Leica TCS SP8X; Leica
Microsystems, Wetzlar, Germany). Images (1024 x 1024 pixels) were obtained using a x63 lens
(software zoom x1.3) and sequential scanning (4- to 5-line average). Separation of fluorophores was
achieved using white line laser tuned to 495-nm excitation and 505- to 534-nm emission detection
settings for AF-488 and 405-nm excitation and 425- to 475-nm emission detection settings for DAPI.
Confocal settings were optimized to reduce background staining by adjusting the white light laser
intensity, emission window (as described above), and amplifier gain [726.7 offset: x0.07 (AF488); 10

offset: x0.1 (DAPI)]. These settings were saved and used for all imaging.

Calcium imaging of cultured urothelial cells and DRG neurons

Cultured DRG neurons and urothelial cells (18-48 hours) were loaded with 2 uM Fura-2-
acetoxymethyl ester (Fura-2; Invitrogen, ThermoFisher Scientific, #F1221) in 0.01% pluronic F-127
(Invitrogen, ThermoFisher Scientific, #23000MP) for 30 min at 37°C and washed with HEPES buffer (10
mM HEPES sodium salt [4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid sodium salt; Sigma,
#H7006-100G], 140 mM NaCl [Chem Supply, #SA046-3KG], 4 mM KCI [Chem Supply, #PA054-500G], 5
mM D-glucose anhydrous [Chem Supply, #GA018-500G], 2 mM CaCl, [Scharlau, #CA01951000], and 2
mM MgCl; [Sigma, #M8266-100G], pH 7.40) for 10 min before imaging at room temperature (23°C).
Fura-2 was excited at 340 and 380 nm, and emissions were measured at 510 nm using a Nikon TE300
Eclipse microscope equipped with a Sutter DG-4/0OF wavelength switcher, an Omega XF04 filter set for
Fura-2, a Photonic Science ISIS-3 intensified CCD camera, and Universal Interface Card MetaFluor
software. Retrogradely traced bladder DRG neurons were identified by the presence of the CTB-488
tracer, visible under excitation at 480 nm. 480 nm excitation was used as an initial bladder neuron

identifier only; images were not obtained at 480 nm throughout the experiment to prevent unnecessary
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photobleaching. Fluorescence images were obtained every 5 s leading up to and immediately following
drug application, and every 20 s for washout period, using a 20x objective. Data were recorded and
further analyzed using MetaFluor software. After an initial baseline reading to ensure cell fluorescence
was stable, indicating healthy cells, DRG neurons and urothelial cells were stimulated with histamine
(100 pM; Sigma, #H7125-1G), and changes in intracellular calcium (Ca®";) were monitored in real time.
lonomycin (2 uM) and KCI (40 mM) were applied as positive controls in urothelial and neuronal
experiments, respectively. Ca®* is expressed as the ratio between the fluorescence signals at 340- and
380-nm (Fura-2 (340/380)). Baseline Ca*; was determined by averaging 8-12 fluorescence ratio
readings immediately prior to stimulation. Peak response was calculated by subtracting the relevant
baseline score from the maximum fluorescence ratio reading following drug application (A340/380).

Baseline fluorescence was normalized to a ratio of 1 for example traces.

mRNA expression analysis in DRG, cultured urothelial cells and bladder mucosal and detrusor layers

Tissue collection

16- to 18-week-old mice were humanely euthanized via CO; inhalation and the bladder and
lumbosacral (L5-S1) dorsal root ganglia (DRG) removed. DRG were frozen in dry ice in pairs by spinal
level (L5, L6, S1) and stored at -80°C for RNA extraction and quantitative reverse-transcription
polymerase chain reaction (RT-gPCR). The bladder was opened, stretched out and pinned flat, urothelial
side up. For tissue RT-qPCR, the mucosal and detrusor layers were gently peeled apart, frozen in dry ice
and stored at -80°C for RNA extraction and RT-qPCR. For urothelial cell RT-qPCR, urothelial cells were
isolated as for cell culture above. Following resuspension of cells in keratinocyte serum-free media
(KSFM; Invitrogen, #17005042), cell count and viability were determined using the Countess Automated
Cell Counter (Invitrogen, ThermoFisher Scientific). Cells were pelleted, frozen in dry ice and stored at -

80°C for RNA extraction and RT-qPCR.

RNA extraction

RNA was extracted using the PurelLink RNA Micro kit (Invitrogen, Victoria, Australia, #12183-
016; DRG pairs and isolated urothelial cells) or the PureLink RNA Mini kit (Invitrogen, #12183018A;
bladder mucosa and detrusor) with DNAse treatment (Life Technologies, #12185-010) according to the
manufacturer's instructions. A NanoDrop Lite spectrophotometer (Thermofisher Scientific) determined
RNA gquantity and purity. RNA was reverse transcribed to cDNA using SuperScript VILO Master Mix

(Invitrogen, #11755250) as per the manufacturer's instructions. cDNA was stored at -20°C for gPCR.
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Quantitative reverse-transcription polymerase chain reaction (QRT-PCR)

QRT-PCR was performed using Tagman Gene Expression Master Mix (Applied Biosystems,
Victoria, Australia, #4369016) with commercially available hydrolysis probes (TagMan; Life
Technologies, see Table 3 for details) and RNAse-free water (AMBION, Victoria, Australia, #AM9916).
For each reaction, 10 plL of gPCR MasterMix, 1 uL of TagMan primer assay, 4 L of water, and 5 pL of
cDNA (1:2 dilution in RNA-free H,0) from each sample was tested in duplicate for each target. Actb (B-
actin) was used as an endogenous control for DRG pairs. Gapdh and Hprt were used as endogenous
controls for mucosal and detrusor tissue layers and isolated urothelial cells. Assays were run for 45
cycles on a 7500 Fast Real-Time PCR System (Applied Biosystems) machine, using 7500 Fast software,
v2.0.6. mRNA quantities are expressed as 2 relative to reference gene Actb (DRG pairs) or Gapdh x
Hprt (geometric mean; mucosa, detrusor and urothelial cells). Using Prism 8 software (GraphPad, San
Diego, CA), data were analyzed by 1-way analysis of variance (ANOVA) with Tukey’s multiple comparison

test.

Single-cell RT-PCR of individual bladder-innervating dorsal root ganglia neurons

Under continuous perfusion of sterile and RNA-/DNase-free PBS, retrogradely traced single
bladder dorsal root ganglia (DRG) neurons were identified using a fluorescence microscope and
collected into the end of a fine glass capillary using a micromanipulator (32). The glass capillary
containing the cell was then broken into a sterile Eppendorf tube containing 10 pL of lysis buffer with
DNAse (TagMan Gene Expression Cells-to-CT Kit; Invitrogen, #4399002). For each coverslip of cells, a
bath control was also taken and analyzed together with cells. After lysis and termination of DNAse
treatment, samples were immediately frozen on dry ice and stored at -80°C until cDNA synthesis was
performed. RNA was reverse transcribed to cDNA using SuperScript™ IV VILO™ Master Mix with
ezDNase™ Enzyme (Invitrogen, #11766500) as per the manufacturer's instructions. cDNA was stored at
-20°C for real time PCR. Tubulin-3 expression served as a neuronal marker and positive control.

Expression was considered positive if a complete curve was observed before 50 cycles.

Data Analysis and Statistics

Data are presented as mean = SEM or the % of neurons or afferents. N indicates the number
of animals, whilst n indicates the number of independent neurons or afferents. Statistical significance
was considered as P<0.05 and reported at a level of * P <0.05, ** P <0.01, *** P <0.001, **** P <0.0001.
In some cases, # is used to indicate significance of at least P < 0.05 for multiple comparisons. Data were

analyzed using Prism 8 (GraphPad, San Diego, CA, USA), using one- or two-way analysis of variance
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(ANOVA) with Tukey’s or Sidak’s post hoc analyses dependent on data distribution, or student’s t-tests,
for parametric data. Non-parametric data were analyzed using Kruskal-Wallis test with Dunn’s multiple
comparisons, Mann-Whitney analysis, or Wilcoxon matched-pairs signed rank test. Data were tested
for Gaussian distribution in order to determine the correct statistical tests. The specific tests used to

analyze each data set is indicated within the individual figure legends.

Results

Histamine enhances bladder afferent sensitivity to bladder distension

In order to determine whether the presence of histamine within the bladder influences the
activity of afferent sensory neurons innervating the bladder wall, we performed multiunit recordings of
bladder-innervating pelvic afferents in response to graded bladder distension using an ex vivo
preparation. Bladders were distended first with saline as a control, followed by histamine. As the
pressure within the bladder increased with distension, there was a corresponding increase in afferent
activity (Figure 1A and 1B). We did not observe any significant effects on mechanosensitivity with 10-

30uM histamine concentrations (Supp. Figure 1, URL: https://figshare.com/s/beaf7c9c8bf91b1d9ac4,

DOI: https://doi.org/10.6084/m9.figshare.10116524). In contrast, 300uM histamine significantly
enhanced the afferent firing rate at distension pressures of and above 12 mmHg compared to the saline
control distensions (Figure 1A and 1C). The pressure-to-volume relationship in the bladder during
distension was also analyzed to ensure that muscle compliance and contractility was not altered during
the protocol, thus affecting afferent firing. No difference in muscle compliance was observed between
saline and histamine protocols (Figure 1D). These data suggest that the significant changes observed in
bladder afferent mechanosensitivity with histamine instillation were due to a direct effect on afferents,

and not secondary to changes in the ability of the bladder to accommodate an increase in volume.

To further characterize the enhanced mechanosensitivity observed ex vivo in response to
histamine, the single afferent units that comprise the multiunit response were analyzed (Figure 2).
Overall, three distinct populations of afferent responses were observed. One, 45% of bladder afferents
responded to histamine with an increase in mechanosensitivity (Figure 2A, 2E(i) and 2F), reflecting the
overall outcome observed in whole nerve recordings. Two, 50% of mechanosensitive bladder afferents
were unresponsive to histamine, showing no difference in firing rates upon histamine application
(Figure 2B, 2E(ii) and 2F). Three, the remaining 5% of bladder afferents were shown to be a distinct
functional subclass, identified as ‘silent afferents’ such that they were non-responsive during bladder
distension with saline, but accrued mechanosensitivity in the presence of histamine (Figure 2C and 2F).
All responding afferents showed a significant increase (>20% above baseline) in afferent firing in

response to bladder distension with histamine (Figure 2E(i)). These results demonstrate that histamine
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is able to sensitize a subset of mechanosensitive afferents in the bladder and recruit a population of
‘silent afferents’ to become mechanosensitive, ultimately resulting in an enhanced mechanosensory

afferent response to bladder distension.

Bladder-infused histamine activates dorsal horn neurons in the lumbosacral spinal cord

Following the identification of increased sensitivity in the bladder afferents ex vivo, we aimed
to determine whether this hypersensitivity is relayed centrally, at the level of the spinal cord. We
performed in vivo bladder infusion of histamine or saline (control) and analyzed the number of dorsal
horn neurons with pERK-immunoreactivity (pERK-IR) as an indicator of spinal cord neuronal activation
(Figure 3). Following saline infusion, pERK-IR was observed in sections of lumbosacral spinal cord in the
dorsal grey commissure (DGC), the superficial dorsal horn (SDH), and the sacral parasympathetic
nucleus in sacral spinal segments (SPN; Figure 3A and 3B). Infusion of histamine into the bladder
resulted in significantly greater numbers of pERK-IR neurons relative to saline infusion (Figure 3A and
3B) in the DGC (Figure 3A(ii)) and the SDH (Figure 3A(iii)), with no significant difference in the SPN
(Figure3A(iv)). Catheter insertion alone did not evoke pERK-immunoreactivity (Figure 3B(ii)). These
results indicate that the histamine-evoked hypersensitivity of bladder afferent peripheral endings is

relayed into the spinal cord and enhances central signaling.

Histamine receptor subtypes Hrh1, Hrh2 and Hrh3 are expressed in lumbosacral dorsal root ganglia
(L5-S1), with Hrh1 identified in ~24% of bladder innervating afferent neurons

To begin to explore the potential mechanism of action of histamine on bladder afferents, we
used QRT-PCR to investigate the mMRNA expression of the four histamine receptor subtypes, Hrh1-Hrh4,
relative to the housekeeper Actb (B-actin) in the lumbosacral (LS; L5-S1) DRG. mRNA for Hrh1-Hrh3, but
not Hrh4, which was found in spleen (positive control tissue, Supp. Fig 2

URL:https://figshare.com/s/150eb77ed470f6533c58, DOI:

https://doi.org/10.6084/m9.figshare.10247108 ), was expressed within the LS DRG (Figure 4A and 4B),
with small differences observed between the DRG pairs across L5, L6 and S1 (Figure 4A). As Hrh1 was
the highest expressed receptor within LS DRG and is known to play a significant role in irritant response
mechanisms, we performed single cell RT-PCR to determine Hrhl mRNA expression in individual
bladder innervating LS DRG neurons. We found that 23.6% of bladder-innervating afferent neurons
expressed mRNA for Hrh1 (Figure 4C). In comparison, mRNA expression of transient receptor potential

vanilloid 1 (Trpv1), which has been implicated in histamine activity in other visceral organs, was
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identified in 84.4% of bladder-innervating DRG neurons in an independent subset of bladder neurons

(Figure 4C).

Histamine evokes direct activation in a small subpopulation of bladder DRG neurons

Having identified that histamine has a significant effect on the afferent sensitivity of the bladder
both peripherally and at the level of the spinal cord, we aimed to determine whether this effect was as
a result of direct neuronal activation. Retrogradely traced bladder afferent cell bodies from LS DRG
were dissected, dissociated and cultured for live cell calcium imaging to measure intracellular calcium
transients in response to short (1 minute) incubations in histamine. Direct application of histamine
evoked calcium transients in a population of LS DRG neurons, including a small population of bladder-
innervating neurons (2 out of 63; Figure 5A and 5B). While these numbers do not equate to the
percentage of cells expressing histamine receptors, this data demonstrates that histamine can activate

bladder neurons directly.

The direct action of histamine on bladder afferents was also examined in the ex vivo bladder
afferent preparation by measuring direct firing, in response to histamine between bladder distensions.
Interestingly, whilst histamine evoked marked increases in afferent firing to bladder distension (Figure
1), in the same ex vivo preparations we did not observe action potential firing in response to histamine
compared to saline application (Figure 5C and 5D). Taken together, these results indicate that the
observed increase in peripheral and central afferent signaling in response to histamine ex vivo and in

vivo are not simply a result of direct, independent activation of the neurons.

Histamine does not evoke calcium transients in isolated primary urothelial cells

As the effects observed during our ex vivo and in vivo experiments resulted from histamine
infused into the bladder lumen and the urothelium has been shown to exert a sensory role within the
bladder by responding to and releasing a number of neuromodulators, we sought to determine
whether urothelial cells play a role in mediating histamine-induced sensitivity in the bladder. To do this,
we assessed the expression and function of histamine receptors in isolated primary urothelial cells via
QRT-PCR and live cell calcium imaging (Figure 6). We confirmed that the isolation process was
generating pure cultures of urothelial cells through positive immunolabelling of CK7 in isolated
urothelial cells (Figure 6A). Similar to what we observed in the LS DRG, primary urothelial cells
demonstrated expression of Hrh1-Hrh3 mRNA, with Hrh4 mRNA expression levels below reliable
detection limits (Figure 6B). Interestingly, relative expression of Hrh3 was significantly higher than that

of Hrh1 and Hrh2 in primary urothelial cells. Relative expression was also determined in the whole
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mucosa (including urothelium and underlying interstitial tissue with the detrusor smooth muscle
removed) and the whole detrusor smooth muscle separately (Figure 6C). Expression of each of the
histamine receptor subtypes relative to housekeepers Gapdh and Hprt was higher in the mucosa than
the isolated urothelial cells but of a similar ratio, with Hrh3 the highest expressed receptor. Expression
in the detrusor muscle was highest for Hrh2 and Hrh1, with significantly lower expression of Hrh3. As
with isolated urothelial cells, Hrh4 mRNA was below the detectable limits for both bladder mucosa and

detrusor (Figure 6C).

Given the relative abundance of histamine receptors in urothelial cells, we used live-cell
calcium imaging to determine whether isolated urothelial cells are directly activated in the presence of
histamine, as a potential mechanism contributing to the enhancement of bladder mechanosensitivity
we observed ex vivo and in vivo. Histamine application was unable to evoke calcium transients in any
urothelial cells across multiple independent experiments (Figure 6D and 6E). The administration of 2
UM ionomycin following wash-out of histamine as a control for urothelial cellular responsiveness
demonstrated that the cultured cells were healthy and able to respond with increases in intracellular
calcium. These results suggest that while histamine receptors are present in the bladder and specifically

in urothelial cells, histamine is unable to directly trigger calcium influx in an isolated urothelial culture.

Histamine H; receptor (H:R) mediates histamine-evoked enhanced mechanosensitivity to bladder
distension ex vivo

Given that Hrh1 was the most abundantly expressed histamine receptor subtype in LS DRG,
and the significant proportion of bladder-innervating afferent neurons expressing Hrhl mRNA, we
sought to determine what role this receptor subtype plays in mediating histamine activity in the
bladder. Application of pyrilamine, a H;R antagonist, blocked histamine-evoked mechanical
hypersensitivity in an ex vivo bladder afferent preparation (Figure 7A and 7B). Furthermore, pyrilamine
had no effect on baseline mechanosensitivity, indicating HiR is not an essential component of bladder
mechanosensitivity under normal conditions. Pyrilamine also had no effect on bladder muscle
compliance (Figure 7C), indicating that, as with the histamine-induced mechanosensitivity without
pyrilamine, the inhibition of this response is at the afferent level rather than a secondary effect from
altered bladder capacity. These results suggest that the enhanced mechanosensitivity observed in

response to histamine is mediated by H;R.
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TRPV1 expression is required for histamine-evoked hypersensitivity to bladder distension ex vivo
TRPV1 has previously been implicated in H;R-mediated histamine responses in other organs
(79, 90). As our results show a high proportion of bladder-innervating afferent neurons expressing
Trovl mRNA and a critical role for HiR in the histamine-induced mechanosensitization ex vivo, we aimed
to determine whether the effect of histamine was lost in preparations from Trpv1”’ mice (Figure 8).
Supporting previous studies, when we compared control (saline) bladder distensions between Trpv1”
and wildtype mice in the ex vivo bladder preparation we found a significant reduction in
mechanosensitivity in the Trovi” mice (Supp. Figure 3,
URL:https://figshare.com/s/7a767726ba71bdf13c70, DOI:
https://doi.org/10.6084/m9.figshare.9845549). Importantly, while the overall magnitude of the
response was blunted compared to the wildtype mice, the afferent response to distension in the Trpv1-
’~ mice demonstrated a graded increase in firing in response to increased intraluminal pressure in the
bladder, of an equivalent pattern to the wildtype preparation. In the Trpv1” mice, histamine failed to
elicit a change in overall bladder afferent mechanosensitivity compared to saline control responses
(Figure 8A). Consistent with healthy control mice, no changes in muscle compliance were observed
(Figure 8B). Interestingly, analysis of the single units in the Trpv1” preparations revealed that while the
overall histamine response was abolished, a small proportion (20%) of single units maintained
histamine sensitivity (Figure 8D and 8E). These histamine-sensitive afferents demonstrated a significant
increase in mechanosensitivity following histamine administration, as with histamine-sensitive
afferents in the wildtype mice. We also did not observe the recruitment of silent afferents in the
presence of histamine in the Trpvi”" experiments. Furthermore, histamine failed to evoke calcium
transients in dissociated bladder-innervating LS DRG from Trpvi”’ mice (Figure 8F), whilst the
percentage of non-traced LS DRG neurons responding to histamine in Trpv1”" mice (4.1%) was reduced
compared to wild type mice (9.4%; see Figure 5A and 8F). Taken together, these results suggest that
TRPV1 is important in mediating histamine-induced mechanosensitivity to bladder distension, however

a component of the histamine response is also TRPV1-independent.
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Discussion

The chronic sensory symptoms of urgency, frequency and pelvic pain experienced by IC/BPS
patients implicate altered bladder afferent activity as a key component in the pathophysiology of this
disorder. Despite this, the specific mechanisms underlying a switch from normosensitivity (healthy
state) to hypersensitivity in IC/BPS are still unclear, and thus effective treatments are currently lacking
(33). Previous studies have indicated that a relationship exists between the release of histamine from
mast cells and the sensitization of bladder afferent neurons in IC/BPS that contributes to the symptoms
of hypersensitivity, including pelvic pain (2, 6, 58, 72, 74, 75, 78, 81). In this study, for the first time, we
show that histamine is able to directly sensitize mechanosensitive bladder afferent neurons via
mechanisms regulated by the histamine H; receptor (H1R) and transient receptor potential vanilloid 1

(TRPV1).

Our results demonstrate that a population of primary afferent neurons innervating the bladder
exhibit enhanced mechanosensitivity in the presence of histamine. Furthermore, we identified a sub-
population of ‘silent afferents’ that became mechanosensitive only in the presence of histamine. These
neurons represent a distinct functional subclass previously reported to be responsible for signaling
‘high-threshold” or ‘nociceptive’ stimuli, responding only to noxious levels of distension, that can be
sensitized by chemical mediators (57, 69, 93). Together, these data suggest that if an increase in
histamine occurs in the bladder wall, it has the ability to sensitize bladder afferents to mechanical
distension, such that they fire more frequently in response to a range of bladder distension pressures,
potentially leading to exaggerated sensation. Our data is supported by previous studies showing a role
for histamine in the activation and sensitization of sensory afferents innervating both the skin and
gastrointestinal tract (44, 47, 51, 55, 77), as well as intracranial nociceptors (92). Lower concentrations
of histamine had no effect on bladder mechanosensitivity ex-vivo. The primary role of the urothelium
is to provide a barrier to the toxic solutes in the urine, however, we and others utilizing these techniques
have shown that by using relatively high concentrations of experimental compound we are able to
overcome this barrier to target the underlying mechanosensory afferent nerves (32, 71). Whilst this
provides the limitation that the exact concentrations at the afferent terminals is unknown, and prevents
meaningful washout of the agonist in question, it provides significant value in proof of concept studies
such as this. It is also important to consider that the concentrations of histamine that bladder nerve
terminals are exposed to in health and disease are unknown, but likely exceed those found in the urine.
Mast cells are the primary source of histamine (84, 87), and a number of previous studies have
identified increased activated mast cell counts in IC/BPS patients (55, 76, 85, 86, 91) as well as increased
urinary levels of histamine in these patients (8, 20). Mast cells have been identified in extremely close

proximity to nerve endings (1, 42, 55, 59, 83), allowing direct mast cell nerve interactions that likely
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involve high localized concentrations of histamine and which may promote the underlying

hypersensitivity associated with IC/BPS that contributes to urinary frequency and urgency.

Bladder-innervating primary afferents project into the lumbosacral spinal dorsal horn, where
subpopulations of neurons within the DGC, SDH, and the SPN have been previously identified within
the bladder sensory pathways (4, 5, 16, 23, 33, 60, 66). Such pathways are known to project up to the
brain as well as form local connections to spinal reflex arcs, feeding into networks which are important
for both micturition and nociception (23, 26, 33, 88). Using pERK-IR to examine dorsal horn neuronal
activation we confirmed that the exaggerated peripheral afferent signal stimulated by histamine evokes
enhanced neuronal activation within these dorsal horn spinal cord regions (23, 60, 66, 88). We have
previously demonstrated that during graded bladder distension from physiological to noxious bladder
distension pressures, similar regions of the spinal cord are activated, with nociceptive signaling
identified by an increase in the number of pERK-IR neurons within those same regions, rather than
activation of a distinct nociceptive pathway (33). Similarly, the presence of histamine in the bladder in

vivo increases activation in these same regions, rather than activating distinct irritant pathways.

Having established a direct involvement for histamine in mediating both peripheral and central
sensitivity to bladder distension, we sought to understand the specific mechanism of this interaction.
We show that histamine sensitizes bladder afferents via a HiR-dependent mechanism, as histamine-
evoked hypersensitivity to distension was completely abolished in the presence of the HiR antagonist
pyrilamine. This is an interesting finding as afferents innervating the colon are also activated by
histamine via a Hi;R-dependent mechanism (90). Similarly, histamine also activates cutaneous DRG
neurons, although this effect appears more promiscuous, by acting on HiR, H3R and H4R (53, 72). The
down-stream mechanisms of HiR have also been identified in these populations of DRG neurons.
Histamine sensitizes TRPV1 channels via HiR in irritable bowel syndrome (IBS), a chronic visceral
sensitivity disorder (90). In cutaneous DRG neurons, TRPV1 also mediates H;R-dependent histamine-
sensitization (79, 90), with coupling between histamine receptors and TRPV1 occurring via activation of

phospholipase C and phospholipase A2 (65).

Our QRT-PCR data show Hrh1 is the most abundant of the histamine receptors in LS DRG, and
we confirmed Hrh1 mRNA expression in ~24% of bladder-innervating LS DRG neurons with single cell
RT-PCR. We also identified that TRPV1 is an essential integrator of histamine-induced
mechanosensitivity in the bladder. No overall increase in mechanosensitivity was observed in the
presence of histamine in TrpvI”’ mice and nor were calcium transients to histamine observed in
dissociated Trpvi” mouse bladder DRG neurons. While the overall effect of histamine on

mechanosensitivity is absent in TrpvI” mice, a sub-population of bladder afferents are still histamine
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sensitive, albeit a reduced percentage compared to wild-type mice. As with many GPCRs, the activation
of histamine receptors results in several intracellular processes (35, 52, 65); evidently a subset of
histamine-sensitive bladder afferents respond in a TRPV1-independent manner. Along these lines,
histamine also sensitizes colonic neurons via TRPV1(90) and a related TRP channel, TRPV4 (10). In the
current study, we found that ~84% of bladder-innervating LS DRG neurons express TRPV1. This is
consistent with a number of previous studies from both rat and mouse bladder innervating DRG
showing between 48-90% express TRPV1 or show functional responses to the TRPV1 agonist capsaicin
(14, 22, 50). Although TRPV1 is generally considered a marker of polymodal nociceptors or C-fibers, we
and others have found Trpv1” mice exhibit alterations in afferent firing at physiological distension
pressures (13), building on a wealth of research suggesting traditional nomenclature and
characterizations of ‘C-fibers’ as nociceptors should not be relied upon as a proxy for functional

characterization of sensory neurons in the bladder (17, 22, 70).

The question remains as to whether the histamine-dependent sensitivity of bladder afferents
also involved non-neuronal mechanisms. This is important as the urothelium is known to express
various ion channels and receptors that enable it to mediate sensory signaling by responding to
chemical and mechanical stimuli (3, 56, 89). Given the demonstrated increase of histamine and
metabolites of histamine in the urine of IC/BPS patients (8, 20), we explored the potential role of
urothelial cells in mediating histamine-enhanced bladder afferent mechanosensitivity. Here we
confirmed the expression of histamine receptors Hrh1-Hrh3 in all layers of the mouse bladder but did
not detect Hrh4. These findings differ from previously reported results in mice but are comparable to
results from human tissue (62, 63, 74). Hrh4 is predominantly expressed in granulocytes and we
validated this probe against mRNA isolated from the spleen. Importantly, our mRNA expression data
demonstrated expression of Hrh1l, Hrh2 and Hrh3 for the first time in isolated urothelial cells,
highlighting the potential for urothelial cells in mediating histamine-induced modulation of
mechanosensitivity. Notably, in mucosa and primary urothelial cells Hrh3 displayed the highest
abundance of all histamine receptors, which differs to our data in DRG, where Hrh1 is most abundant.
Furthermore, in detrusor muscle mRNA Hrh2 and Hrh1 were significantly more abundant than Hrh3,
demonstrating clear differences with expression profiles in DRG, detrusor muscle, mucosa and primary
urothelial cells. Despite the relative expression of histamine receptor subtypes in isolated urothelial cell
culture, application of histamine did not induce calcium influx in these cells. Our primary mouse
urothelial cell culture was confirmed to be of urothelial origin, but the proportion of umbrella,
intermediate, and basal cells remains undetermined. Previous studies have indicated that whilst this
type of primary culture isolates a heterogeneous urothelial cell population (48), the majority of these

cells are of basal and intermediate origin and exhibit functional responses to a range of ion channel and
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GPCR agonists (21, 29, 30, 45, 48, 49). Whilst this does not preclude an effect of histamine on bladder
urothelial cells, as we saw no responses to histamine in any of the cells from this study, our data
indicates that intracellular calcium responses are not directly initiated by short duration exposure to
histamine. Further dissection of this mechanism following the development of techniques to isolate
individual populations of urothelial cells or in-vitro imaging of the mucosa would provide valuable
insight into these interactions. Two considerations remain unanswered here. The first, that Hrh3 as the
highest expressed receptor in urothelial cells may be contributing in its capacity to function as an
inhibitory receptor in healthy states. Second, while short term application allows us to explore the
direct activity of histamine on cells via receptors, IC/BPS is a chronic condition, with diagnoses often
occurring several months or even years after symptom onset (46). As such, the expression of histamine
receptors in the urothelial cells may be important in the long-term potentiation of symptoms, if not

acute activation.

The findings of the current study raise an interesting question as to role of histaminergic
mechanisms within the bladder. We can draw parallels from other systems, whereby histamine evokes
somatic itch via activation or sensitization of peripheral afferents innervating the skin, (40, 41, 43, 53,
72,73, 77). As the physiological response to cutaneous itch is scratching to remove harmful irritants,
the corresponding physiological response in the bladder would be achieved via micturition-induced
irritant expulsion. This would involve histamine sensitizing bladder afferents to mechanical stimuli and
triggering increases in the frequency of micturition, and thus experiencing sensations of urgency at
lower distension volumes via an increase in mechanosensitivity may be a fundamental protective

mechanism.

In conclusion, this study has demonstrated for the first time that histamine in the urinary
bladder causes enhanced mechanosensitivity to bladder distension as well as recruitment of silent
afferents, which translates to increased neuronal activation in the spinal cord dorsal horn. As such, in
conditions such as IC/BPS, where mast cells and urinary histamine concentrations are increased, we
propose that histamine contributes to the sensitization of mechanosensitive bladder afferent pathways

resulting in symptoms of urgency, frequency and suprapubic pain at physiological distension pressures.
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Tables

Table 1: Spinal cord immunohistochemistry primary and secondary antisera

Species RRID/AF Manufacturer, Dilution
raised in conjugate Catalogue No.
Primary antisera: Rabbit AB 2315112 Genesearch, 1:200
Phospho-p44/42 MAPK #4370L
(Erk1/2) (Thr202/Tyr204)
(D13.14.4E) XP(tm) Rabbit
mAb #4370
Secondary Antisera: Chicken AlexaFluor 594 Life Technologies, 1:200
anti-Rabbit IgG #A-21442
Table 2: Urothelial immunolabelling primary and secondary antisera details
Species raised in RRID/AF Manufacturer, dilution
conjugate Catalogue No.
Primary antisera: Mouse AB_10989596 ThermorFisher, 1:50
Cytokeratin 7 Monoclonal # MA5-11986
Antibody (OV-TL 12/30)
Secondary Antisera: Goat AlexaFluor 488 ThermoFisher, 1:1000
anti-Mouse 1gG1 #A-21121
Table 3 - Primers used for RT-qPCR receptor expression assays
Gene Alias Gene Target Assay ID
B-actin (reference gene) Actb Mm00607939 si
HPRT (reference gene) Hprt Mm00446968 m1
Gapdh (reference gene) Gapdh Mm99999915 g1
Tubulin-3 (neuronal marker) Tubb3 MmQ00727586_s1
Histamine Receptor subtype 1 Hrh1 MmQ00434002_s1
Histamine Receptor subtype 2 Hrh2 MmQ00434009_s1
Histamine Receptor subtype 3 Hrh3 Mm00446706_m1
Histamine Receptor subtype 4 Hrh4 Mm00467634_m1
Transient receptor potential vanilloid 1 Trpvl Mm01246300_m1
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Figure Legends

Figure 1: Histamine enhances bladder afferent mechanosensitivity to graded bladder distension ex
vivo

Graded distension of the bladder in an ex vivo nerve recording preparation was performed with saline
followed by 300 pM histamine. (A) Administration of 300 uM histamine resulted in an increased
afferent firing rate (impulses per second; imp/s) compared to saline at distension pressures at and
above 18 mmHg (N = 10; *** P <0.001). (B) An example experiment showing an increase in raw afferent
nerve activity in the presence of 300 uM histamine compared to saline in response to increased
intraluminal pressure. (C) The maximum afferent firing rate (imp/s) of bladder afferents per mouse was
significantly increased (** P < 0.01; A = 43.7 £ 10.05 imp/s) in the presence of 300 uM histamine. (D)
No change in muscle compliance (pressure-to-volume relationship) was observed between saline and
histamine protocols, suggesting that the observed effect is neuronal and not muscular. Data are
represented as mean + SEM (A, D) or maximum imp/s (C). P values above are based on two-way ANOVA
(A, D) with subsequent Sidak’s post hoc test significance at individual data points indicated on (A), or

paired t-test (C).
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Figure 2: Single unit analysis of ex vivo bladder afferent mechanosensitivity in the presence of
histamine

Bladder afferent nerve recordings following histamine administration in the ex vivo bladder afferent
preparation can be separated into three distinct populations. (A) Responding afferents show a
significant increase in afferent firing (impulses per second; imp/s) in the presence of 300 uM histamine
compared to saline (n = 36 out of 81; **** P <0.0001). (B) Non-responding afferents show no change
in mechanosensitivity between saline and histamine protocols (n = 41 out of 81; P > 0.05). (C) ‘Silent
afferents’ are mechanically insensitive in saline control distension but become sensitive to distension
in the presence of 300 uM histamine (n = 4 out of 81; **** P < 0.0001). (D) An example experiment
showing graded increase in intraluminal pressure up to 30 mmHg, resulting in raw afferent nerve
activity as above (A(ii), B(ii), C(ii)). (E) The peak afferent firing rate of individual bladder afferent units
(i) responding to 300 uM histamine (n = 40, **** P < 0.0001; A = 6.70 £ 0.58 imp/s), or (ii) not
responding to 300 uM histamine (n =41, ns P>0.05; A=-0.17 £0.27 imp/s). (F) Pie chart demonstrating
the percentage of afferent units from each population (45% responding afferents, 50% non-responding
afferents, 5% ‘silent afferents’). Data are represented as mean + SEM (A-C), maximum imp/s (E), or
percentage of afferents (F). P values above are based on two-way ANOVA (A - C) with subsequent
Sidak’s post hoc test significance at individual data points indicated on (A) and (C) (# represents

significance of at least P < 0.05), or Wilcoxon matched-pairs signed rank test (E).
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Figure 3: Histamine enhances bladder afferent signaling in the dorsal horn of the spinal cord in vivo
pERK immunoreactivity (pERK-IR) was measured to determine central signaling in the lumbosacral (LS;
L5-S1) spinal cord in response to peripheral administration of saline or 100 uM histamine into the
bladder. (A) pERK-IR was significantly increased in the LS dorsal horn (i) following 100 uM histamine
administration (N = 5) compared to saline administration (N = 5; **** P <(0.0001). pERK-IR was observed
in the dorsal grey commissure (DGC) (ii), superficial dorsal horn (SDH) (iii), and the sacral
parasympathetic nucleus (SPN) (iv), with significantly higher pERK-IR in the presence of 100 uM
histamine compared to saline in the DGC (**** P < 0.0001) and the SDH (**** P < 0.0001), while no
difference was observed in the SPN in sacral segments (ns, P > 0.05). (B) Representative pERK-labelled
LS spinal cord images at each spinal level, as determined by the shape of the dorsal horn as
demonstrated in (i) dorsal horn maps, from mice (ii) that received only catheter insertion, or were
treated with (iii) saline and (iv) 100 uM histamine. White arrows indicate pERK-IR neurons. CC = central
canal. Data are represented as the number of pERK-IR neurons per section of LS spinal cord, with a
minimum of 6 sections per mouse. P values above are based on Mann Whitney tests (A(i) - Aiii), or an
unpaired t-test (Aiv). Scale bar represents distance of 100um (B). L6 and S1 dorsal horn atlas images
(Bi) adapted from the Allen Spinal Cord Atlas available at http://mousespinal.brain-map.org (54). Image

credit: Allen Institute. 2008 Allen Institute for Brain Science.
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Figure 4: Neuronal mRNA expression of histamine receptor subtypes

(A) QRT-PCR was used to determine how mRNA expression of histamine receptor subtypes Hrh1, Hrh2,
Hrh3, Hrh4 relative to Actb differs between lumbosacral (LS; L5, L6, S1) dorsal root ganglia (DRG; N =
5). Each dot represents paired DRG from each level. Hrh1 mRNA expression was significantly more
abundant than Hrh2 (*** P < 0.001) and Hrh3 (**** P < 0.0001) at L5 and L6 (* P < 0.05, and **** p <
0.0001 respectively). Hrh2 and Hrh3 were also significantly differently expressed at L6 (** P < 0.01),
however no differences between Hrh1, Hrh2 and Hrh3 were observed in S1. Hrh4 mRNA expression
was not detected in all LS DRG (below detectable limit; bdl). (B) Global expression of histamine receptor
subtypes Hrh1, Hrh2, Hrh3 and Hrh4 relative to Actb in pooled lumbosacral (LS; L5, L6 and S1) dorsal
root ganglia (DRG; N = 5). Each sample contained one DRG pair (at L5, L6 or S1) and was run in duplicate
for each target and mean target Ct relative to mean Actb Ct determined (2°2%). Hrh1 was significantly
more abundant than Hrh2 (*** P <0.001) and Hrh3 (**** P <0.0001). Hrh4 mRNA expression was not
detected (below detectable limit; bdl). (C) The percentage of retrogradely labelled bladder-innervating
DRG neurons expressing Hrh1 and Trpvl was determined using single cell RT-PCR. Overall, 23.6% of
bladder-innervating DRG neurons were positive for Hrh1 mRNA expression (13 out of 55 neurons).
84.4% of an independent subset of retrogradely labelled bladder-innervating DRG neurons were
positive for Trovl mRNA expression (65 out of 77 neurons). Data are represented as mean + SEM (2
¢ on a linear scale (A-B), or percentage of neurons (C). P values above are based on one-way ANOVA

with Tukey’s multiple comparison test, comparing Hrh1, Hrh2 and Hrh3 (A-B).
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Figure 5: Direct effect of histamine on bladder afferents in vitro and ex vivo

Direct responses of bladder afferent neurons to histamine were determined using live cell calcium
imaging in vitro and afferent nerve recordings without bladder distension in the ex vivo model. (A) A
small population of isolated and cultured primary bladder afferent neurons from lumbosacral (LS)
dorsal root ganglia (DRG) responded to 100 uM histamine (3%,; 2 out of 63 neurons), compared to 9.4%
(44 out of 466 neurons) of untraced LS DRG neurons (*** P < 0.001; N = 10). (B) Example calcium
imaging experiment. Traced neurons are shown in green (1 out of 4 responding), untraced neurons are
shown in grey (10 out of 28 responding). Fura-2 fluorescence ratio (340/380) indicates relative
intracellular calcium, baseline fluorescence normalized to ratio of 1. 40 mM KCl was used as a positive
control for neuronal responsivity. (C) Afferent firing (impulses per 180 seconds (imp/180s) in response
to instillation of 300 UM histamine (5-15 minutes) in the bladder is not significantly different to baseline
control (saline) in the ex vivo model without distension (ns; P > 0.05). (D) An example experiment
showing very low levels of multiunit raw afferent nerve activity in the presence of saline (control) or
300 uM histamine before bladder distension (afferent firing in direct response to the compound)
measured in 5 impulses per second (5imp/s). Data are represented as mean percentage of neurons per
experiment + SEM (total 27 experiments) (A) or mean + SEM (C). P values above are based on a Mann

Whitney test (A) or a Wilcoxon matched-pairs signed rank test (C).
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Figure 6: Histamine does not evoke calcium transients in isolated primary urothelial cells

(A) Cytokeratin 7 (CK7) staining (green) was used to confirm cell type. Cell nuclei were identified by
DAPI staining (blue). (B) Histamine receptor subtypes Hrh1, Hrh2 and Hrh3 were all expressed in isolated
urothelial cells (N = 3), while Hrh4 expression was below the detectable limit (bdl). Expression of target
receptors is relative to the geomean of Gapdh and Hprt. All receptors were measured in duplicates.
Hrh3 showed significantly higher relative expression compared to Hrhl (**** P < 0.0001) and Hrh2
(**** P <0.0001). (C) mRNA expression profiles of histamine receptor subtypes Hrh1, Hrh2, Hrh3, Hrh4
relative to genes Gapdh and Hprt (Gapdh*Hprt) differ between mucosal and detrusor smooth muscle
layers of the bladder (N = 4). Each sample was run in duplicate for each target and mean target Ct
relative to geomean of mean housekeeper Ct values was determined (2“). Hrh3 expression was
significantly higher than Hrhl (**** P < 0.0001) and Hrh2 (****P < 0.0001) in the mucosa,
corresponding to the expression profiles observed in isolated urothelial cells in (B). Conversely, Hrh1
(** P<0.01) and Hrh2 (*** P < 0.001) were both significantly more abundant than Hrh3 in the detrusor
smooth muscle. Between the tissue types, Hrh2 expression was significantly higher in the detrusor
smooth muscle than in the mucosa (** P < 0.01, represented as ‘+’), while Hrh3 expression was
significantly higher in the mucosa than in the detrusor layer (*** P < 0.001, represented as ‘'). Hrh4
mMRNA expression was not detected (below detectable limit; bdl). (D) An example calcium imaging
experiment demonstrating that application of 100 uM histamine did not evoke calcium transients in
Fura-2 loaded urothelial cells. Application of 2 UM ionomycin was used as a positive control for calcium
influx (represented as an increase in Fura-2 340/380 fluorescence ratio) in calcium imaging
experiments. (E) Example images of urothelial cells from a calcium imaging experiment (i) prior to
experiment imaged via light filter, and imaged as 340/380 fluorescence ratio to determine changes in
intracellular calcium (ii) at the start of the experiment, (iii) following addition of 100 uM histamine, and
(iv) following addition of 2 uM ionomycin. An increase in 340/380 fluorescence ratio and hence
intracellular calcium is depicted by color change on a heat scale from blue (baseline intracellular
calcium) to yellow (high intracellular calcium) or red (very high intracellular calcium). Data are
represented as mean + SEM (22%) on a linear scale. P values above are based on one-way ANOVA with

Tukey’s multiple comparison test, comparing Hrh1, Hrh2 and Hrh3.
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Figure 7: Histamine H; receptor (H;R) antagonist pyrilamine blocks histamine-evoked increase in
bladder mechanosensitivity

Graded distension of the bladder in an ex vivo nerve recording preparation was performed with saline
and 300 uM histamine in the presence of Hrh1 antagonist pyrilamine (100 uM). (A) No changes were
observed in afferent firing rate (impulses per second; imp/s) following administration of 100 uM of
pyrilamine alone or 100 uM pyrilamine with 300 uM histamine compared to saline at any distension
pressure (0 — 30 mmHg; N = 6; ns P > 0.05). (B) An example experiment showing raw afferent nerve
activity in the presence of (i) saline, 100 uM pyrilamine, and 100 uM pyrilamine with 300 uM histamine
in succession, increasing in response to (ii) graded increase in intraluminal pressure. (C) No change in
muscle compliance (pressure-to-volume relationship) was observed between saline, pyrilamine, or
pyrilamine and histamine protocols, suggesting afferent responses were not affected by changes in
musculature. Data are represented as mean + SEM. P values above are based on two-way ANOVA with

subsequent Sidak’s post hoc test significance at individual data points (ns, P > 0.05).
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Figure 8: Histamine-evoked increase in bladder afferent mechanosensitivity ex vivo is severely
reduced in Trpv1’/- mice

Graded distension of the bladder in a Trpv1” ex vivo nerve recording preparation was performed with
saline followed by 300 uM histamine. (A) No change in overall afferent firing rate (impulses per second;
imp/s) was observed following administration of 300 uM histamine compared to saline at any
distension pressure (0 —30 mmHg; N = 5; P > 0.05). (B) No change in muscle compliance (pressure-to-
volume relationship) was observed between saline and histamine protocols, suggesting afferent
responses were not affected by changes in musculature. (C) An example experiment showing (i) an
equivalent increase in raw afferent nerve activity in the presence of 300 uM histamine compared to
saline in response to (ii) increased intraluminal pressure. (D) Single unit analysis showed that the
majority of Trpv1” afferents (n = 32 out of 40; ns P > 0.05; A = -0.33 + 0.34 imp/s) were histamine
insensitive (ii), with no change in overall afferent firing rate (imp/s) between saline and 300 uM
histamine protocols, while a small proportion of Trpv1” single afferent units (i) showed a significant
increase in overall afferent firing rate (imp/s) between saline and 300 uM histamine protocols (n = 8
out of 40 afferents; *** P < 0.001; A = 5.125 % 3.60 imp/s). (E) Pie chart depicting the proportion of
histamine responsive (20%) and histamine insensitive (80%) single unit afferents. (F) Isolated bladder-
innervating lumbosacral (LS; L5-S1) dorsal root ganglia (DRG) neurons from TrpvI” mice (N = 6) were
unresponsive to 100 uM histamine (0 out of 36 neurons). A small percentage of untraced LS DRG
neurons from Trpv1”™ mice responded to 100 uM histamine (10 out of 242 neurons, 4.1%). Data are
represented as mean = SEM (A, B, F), maximum imp/s (D), or mean percentage of neurons per
experiment = SEM (total 21 experiments) (E). P values above are based on two-way ANOVA (A, B) with
subsequent Sidak’s post hoc test significance at individual data points (ns, P > 0.05), or Wilcoxon

matched-pairs signed rank test or paired t-test (D).
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