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The T-type calcium channel CaV3.2 regulates
bladder afferent responses to mechanical stimuli
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Abstract
The bladder wall is innervated by a complex network of afferent nerves that detect bladder stretch during filling. Sensory signals,
generated in response to distension, are relayed to the spinal cord and brain to evoke physiological and painful sensations and
regulate urine storage and voiding. Hyperexcitability of these sensory pathways is a key component in the development of chronic
bladder hypersensitivity disorders including interstitial cystitis/bladder pain syndrome and overactive bladder syndrome. Despite
this, the full array of ion channels that regulate bladder afferent responses tomechanical stimuli have yet to be determined. Here, we
investigated the role of low-voltage-activated T-type calcium (CaV3) channels in regulating bladder afferent responses to distension.
Using single-cell reverse-transcription polymerase chain reaction and immunofluorescence, we revealed ubiquitous expression of
CaV3.2, but not CaV3.1 or CaV3.3, in individual bladder-innervating dorsal root ganglia neurons. Pharmacological inhibition of
CaV3.2 with TTA-A2 and ABT-639, selective blockers of T-type calcium channels, dose-dependently attenuated ex-vivo bladder
afferent responses to distension in the absence of changes to muscle compliance. Further evaluation revealed that CaV3.2 blockers
significantly inhibited both low- and high-threshold afferents, decreasing peak responses to distension, and delayed activation
thresholds, thereby attenuating bladder afferent responses to both physiological and noxious distension. Nocifensive visceromotor
responses to noxious bladder distension in vivo were also significantly reduced by inhibition of CaV3 with TTA-A2. Together, these
data provide evidence of a major role for CaV3.2 in regulating bladder afferent responses to bladder distension and nociceptive
signalling to the spinal cord.
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1. Introduction

Bladder sensation depends on the activation of sensory afferent
nerves embedded within the bladder wall.19 Sensory signals are
generated during bladder distension and transmitted to the dorsal
horn of the spinal cord, feeding into spinal reflex and cortical

pathways that modulate autonomic bladder function and con-
scious bladder sensation.22,35 Hyperexcitability of these sensory
afferent pathways is fundamental to the development of the urinary
urgency, frequency, and pain that defines chronic bladder
hypersensitivity disorders such as interstitial cystitis/bladder pain
syndrome (IC/BPS) and overactive bladder syndrome (OAB).20,28

The transduction of bladder stretch into a sensory signal
destined for the CNS relies on the coordinated activity of multiple
mechanosensitive and nonmechanosensitive ion chan-
nels.27,51,53,76 Mechanosensitive ion channels are necessary for
the initial transduction of mechanical distortion of the bladder wall
into electrochemical signals.1,53,76 However, the final sensory
signals that are sent to the CNS are shaped by the presence of
multiple voltage-gated ion channels that regulate the excitability of
sensory nerves.

Low-voltage-activated T-type calcium channels (CaV3) are well-
known regulators of neuronal excitability and neuronal communi-
cation.84 Three subtypes of CaV3 channels exist: CaV3.1, CaV3.2,
andCaV3.3.Overall, CaV3.2 is thepredominant channel expressed
in both the peripheral and the central endings of primary afferent
neurons,61,67,75,85 and its activity regulates the transmission of
painful stimuli in both physiological and pathological states.7

Pharmacological inhibition, genetic knock-out, or downregulation
of CaV3.2 reduces neuronal excitability ex vivo and attenuates pain
responses in animal models of inflammatory, neuropathic, and
visceral pain in vivo.6,13,14,23,24,62,67,78 Correspondingly, selective
activation of CaV3.2 induces neuronal hyperexcitability, and
upregulation of CaV3.2 in peripheral sensory structures is observed
in chronic pain states associated with afferent
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hypersensitivity.16,26,44,46,52,73 Accumulating evidence suggests
that alterations in sensation during modulation of CaV3.2 may
reflect a key role for CaV3.2 in amplifying mechanoreceptor signals
in the peripheral endings of primary afferent neurons.24,38,78

Increased CaV3.2 activity has also been implicated in bladder
pathophysiology, regulating bladder overactivity in chronic
bladder outlet obstruction and referred pelvic pain of the
abdomen during chemical induced cystitis.42,54,60 Despite this,
the mechanisms and anatomical structures that regulate CaV3.2
modulation of bladder function have yet to be explored. We
recently reported that combined inhibition of voltage-gated
sodium channels and T-type calcium channels inhibited the
sensitivity of peripheral sensory neurons innervating the bladder
to distension.11 However, inhibition of voltage-gated sodium
channels alone exerts dramatic inhibition of bladder afferent
excitability.34 As such, whether CaV3 channels independently
regulate bladder afferent responses tomechanical distension has
not been thoroughly explored or reported upon.

In this study, we addressed this significant knowledge gap.
Using single-cell reverse-transcription polymerase chain reaction
(RT-PCR), we identified ubiquitous expression of CaV3.2, but not
CaV3.1 or CaV3.3, in the cell bodies of bladder-innervating
sensory neurons. Pharmacological inhibition of CaV3.2 with TTA-
A2 andABT-639 significantly reduced bladder afferent responses
to distension ex vivo, and TTA-A2 reduced nocifensive responses
to bladder distension in vivo. Low- and high-threshold bladder
afferents were inhibited by TTA-A2 and ABT-639, displaying
reduced peak firing and delayed activation thresholds to
distension. Together, these data provide evidence for a major
role for CaV3.2 in regulating bladder afferent responses to
mechanical stimuli.

2. Methods

2.1. Ethics and animals

In this study, 12- to 18-week-old male and female C57BL/6J
mice (JAX strain #000664) were used from an in-house breeding
colony at the South Australian Health and Medical Research
Institute (SAHMRI). Mice were 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. These studies also used a
NaV1.8Cre-TdTomato mouse. Transgenic mice on a C57Bl/6
background expressing Cre recombinase under control of the
NaV1.8 promoter were generously donated by A/Prof Wendy
Imlach (Monash University, Melbourne, Australia). NaV1.8-Cre
mice were crossed with tdTomato (donated by Dr Jia Ng at
SAHMRI, Adelaide, Australia) reporter mice; these mice
possess a loxP-flanked Stop cassette that is excised in Cre-
expressing neurons, allowing tdTomato production in cells
expressing NaV1.8Cre only. All mice were group housed (up to 5
mice per cage) within individual ventilated cages filled with chip
coarse dust-free aspen bedding (PuraChips Aspen coarse 63L;
Cat# ASPJMAEB-CA; Able Scientific, Perth, Australia), with free
access to LabDiet JL Rat and Mouse/Auto6F chow (Speciality
Feeds, Australia) and autoclaved reverse osmosis water. Cages
were stored within a temperature-controlled environment of
22˚C and a 12-hour light/12-hour dark cycle on individual
ventilated cage racks. Female guinea pigs (373 6 11 g) were
obtained from the Flinders University Animal facility and
maintained under 12-hour light/dark cycles with ad libitum
access to food and water. All animal care and experimental
procedures were approved by the Animal Welfare Committee of

Flinders University (ID: 1574-5) or SAHMRI animal ethics
committee (SAM#195) and performed in accordance with the
Australian code of practice for the care and use of animals for
scientific purposes (Eighth Edition, 2013, National Health and
Medical Research Council of Australia) and the Animals in
Research: Reporting in vivo Experiments guidelines.47 Exper-
iment sample sizes are detailed in the corresponding figure
legends.

2.2. Ex vivo bladder afferent nerve recordings

Nerve recordings were performed using a previously described
ex vivo model in female (N 5 10) and male (N 5 5) mice.29,32,35

Mice were humanely killed via CO2 inhalation, and the entire lower
abdomen was removed and submerged in a modified organ bath
under continual perfusion with gassed (95% O2 and 5% CO2)
Krebs-bicarbonate solution (composition in mmol/L: 118.4 NaCl,
24.9 NaHCO3, 1.9 CaCl2, 1.2 MgSO4, 4.7 KCl, 1.2 KH2PO4, and
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, Raritan, NJ, #LA53G). The bladder
was catheterised (PE 50 tubing) through the urethra and
connected to a syringe pump (NE-1000) to allow a controlled fill
rate of 100mL/minute 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,
Welwyn Garden City, United Kingdom) to enable intravesical
pressure recording during graded distension. Pelvic nerves,
isolated from all other nerve fibres between the pelvic ganglia and
the spinal cord, were dissected into finemultiunit 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, bandpass 50-5000 Hz, Neurolog; Digi-
timer), and digitised (CED 1401; Cambridge Electronic Design,
Cambridge, United Kingdom) to a PC for offline analysis using
Spike2 software (Cambridge Electronic Design). The number of
action potentials crossing a preset threshold at twice the
background electrical noise was determined per second to
quantify the afferent response. Single-unit analysis was per-
formed offline by matching individual spike waveforms through
linear interpolation using Spike2 version 5.18 software.

Single afferent units were characterised as previously de-
scribed.8,31,35 Afferent units were deemed “low threshold” if
continuous action potential firing was elicited at less than 16 mm
Hg. By contrast, “high-threshold” afferents displayed continuous
action potential firing only when pressures exceed 16 mm Hg.
Based on these criteria, 128 single units were identified across 15
individual experiments. In total, 30 of 128 single units were
classified as “high threshold” and 98 of 128 were classified as
“low threshold.”

2.2.1. 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 100mL/minute to amaximumpressure of
50 mm Hg at 10-minute 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 (100mL/minute) and the time
taken (seconds) to reach a specific pressure. Compliance was
determined by plotting intravesical pressure against the calcu-
lated volume. After a stable baseline was maintained, the saline in
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the infusion pump was replaced with TTA-A2 (N 5 5 male mice
and N 5 5 female mice; 10-100 mM; Alomone labs, Jerusalem,
Israel; Cat #: T-140) dissolved in dH2O to form stock solutions at
10 mM or ABT-639 (N 5 5 female mice; 100 mM; Tocris Cat #
6770) dissolved in DMSO to form stock solutions at 20 mM that
were frozen at 280˚C and defrosted immediately before being
used for each experiment. 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 comparisons between afferent firing rates to
be compared in the same nerve fibres before and after
intrabladder incubation with ABT-639 or increasing doses of
TTA-A2. ABT-639 is a peripherally acting, selective T-type Ca21

channel blocker that exhibits little or no activity at other ion
channels and receptors.45 TTA-A2 is a potent, state-dependent,
and highly selective T-type Cav antagonist that inhibits all 3
subtypes of low-voltage-gated T-type channels (CaV3.1, CaV3.2,
and CaV3.3) with comparable potencies.50,64

2.3. mRNA expression analysis in whole dorsal root ganglia

2.3.1. Dorsal root ganglia and brain isolation

Sixteen- to eighteen-week-old male (N 5 4) and female (N 5 4)
mice were humanely euthanised via CO2 inhalation, and the
bladder and lumbosacral (L5 through S1) dorsal root ganglia
(DRG) were removed. Brain and brain stem were removed from
male (N 5 4) mice for use as a positive control for Cav3 primers.
Dorsal root ganglia and brain were frozen in liquid nitrogen and
stored at 280˚C for RNA extraction and quantitative reverse-
transcription polymerase chain reaction (qRT-PCR) as per
previous published protocols.12,29,34

2.3.2. RNA extraction

RNA from whole DRG and brain was extracted using the PureLink
RNA Micro kit (Invitrogen, Victoria, Australia, #12183-016) with
DNAse treatment (Life Technologies, Carlsbad, CA, #12185-010)
according to the manufacturer’s instructions. A NanoDrop Lite
spectrophotometer (Thermofisher Scientific, Waltham, MA) was
used to determine RNA purity and quantity. Using SuperScript
VILO Master Mix (Invitrogen, #11755250), RNA was reverse
transcribed to cDNA as per the manufacturer’s instructions. cDNA
was then stored at 220˚C for QRT-PCR.12,34

2.3.3. Quantitative reverse-transcription polymerase chain
reaction

Quantitative reverse-transcription polymerase chain reaction was
performed using Taqman Gene Expression Master Mix (Applied
Biosystems, Victoria, Australia, #4369016) with commercially
available hydrolysis probes (TaqMan; Life Technologies; see
Table 1 for details) and RNAse-free water (AMBION, Victoria,
Australia; #AM9916). For each reaction, 10mLof qPCRMasterMix,
1mL of TaqManprimer assay, 4mL ofwater, and5mLof cDNA (1:2
dilution inRNA-freeH2O) fromeach samplewas tested in duplicate
for each target. Endogenous controls Actb (b-actin) and Hprt
(glyceraldehyde 3-phosphate dehydrogenase and hypoxanthine
phosphoribosyltransferase) were used for DRG and brain. Assays
were run for 45 cycles on a 7500 Fast Real-Time PCR System
(Applied Biosystems) machine, using 7500 Fast software, v2.0.6.
mRNAquantities are expressed as 22DCt relative to reference gene
Actb x Hprt (geometric mean).12,29,30,34

2.4. Retrograde tracing from the bladder

Retrograde neuronal tracing was performed as previously
described.12,29,30,34 A small, aseptic, abdominal incision was
made in anaesthetised (2%-4% isoflurane in oxygen) male and
female mice. A 5-mL Hamilton syringe attached to a 30-gauge
needle was used to inject 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) at 3 sites
into the bladder wall (3 mL per injection).29,30 To prevent injection
of CTB into the bladder lumen, the needle was inserted
subserosally, parallel with the bladder muscle. The abdominal
incision was then sutured closed, and analgesic (Buprenorphine
[Temvet]; 0.1 mg/kg; Troy Laboratories Pty Ltd, Glendenning,
Australia; APVMA #67612) and antibiotic (Amoxicillin; 50 mg/kg;
Amoxil; AUSTR11137) were administered subcutaneously as
mice regained consciousness. After laparotomy, mice were
individually housed and allowed to recover. After 4 days, mice
were humanely euthanised by CO2 asphyxiation, and the
lumbosacral (LS; L5 through S1) DRG were removed for
subsequent isolation and culture of the neurons to visualise
CTB-labelled bladder-innervating neurons among the DRG
neurons.35

2.5. Cell culture of bladder-innervating dorsal root
ganglia neurons

Four days after retrograde tracing, mice were humanely
euthanised via CO2 inhalation, and lumbosacral (LS; L5 through
S1) DRG were removed. Dorsal root ganglia were digested in
Hanks balanced salt solution (HBSS; pH 7.4; Life Technologies,
#14170161) containing 3mg/mL collagenase II (GIBCO, Thermo-
Fisher Scientific, #17101015) and 4 mg/mL dispase (GIBCO,
ThermoFisher Scientific, #17105041) at 37˚C for 30 minutes.
After aspiration of the collagenase-dispase solution, DRG were
incubated in HBSS containing collagenase (3 mg/mL) only for 10
minutes at 37˚C. After subsequent washes in HBSS, trituration
through fire-polished Pasteur pipettes of descending diameter in
600 mL complete Dulbecco’s Modified Eagle Media (DMEM
[GIBCO, ThermoFisher Scientific, #11995065]; 10% foetal calf
serum [Invitrogen, ThermoFisher Scientific, MA]; 2 mM L-
glutamine [GIBCO, ThermoFisher Scientific, #25030081],
100 mM MEM nonessential amino acids [GIBCO, ThermoFisher
Scientific, #11140076], 100 mg/mL penicillin/streptomycin
[GIBCO, ThermoFisher Scientific, #15070063], and 96 mg/L
nerve growth factor-7S [Sigma, Victoria, Australia, N0513-0.1
MG]) mechanically disrupted DRG and dissociated cells, which
were then centrifuged for 1 minute at 50g. Supernatant was
gently aspirated, and neurons were resuspended in 360 mL of
complete DMEMand spot-plated (30mL) onto laminin-coated (20
mg/mL; Sigma-Aldrich, Victoria, Australia, #L2020) and poly-D-
lysine–coated (800 mg/mL; ThermoFisher Scientific) 13-mm
coverslips. Coverslips were incubated for 2 to 3 hours at 37˚C
in 5% CO2 to allow adherence of neurons before flooding with 2
mL of complete DMEM. Cultured neurons were then maintained
in an incubator at 37˚C in 5% CO2 for 24 hours for calcium
imaging and immunohistochemistry or 4 hours for cell picking for
single-cell RT-PCR.29,30

2.6. Single-cell reverse-transcription polymerase chain
reaction of individual bladder-innervating dorsal root
ganglia neurons

Single-cell RT-PCR was performed as previously de-
scribed12,29,30,34 using single neurons picked from both male
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(N 5 4) and female (N 5 4) mice. Under continuous perfusion of
sterile and RNA-/DNase-free PBS, single retrogradely traced
bladder DRG neurons were identified using a fluorescence
microscope and collected into the end of a fine glass capillary
using a micromanipulator.29,30 Glass capillaries were pulled on a
P-97 micropipette puller (Sutter Instruments, Novato, CA) so that
the end of the pipette was equal to the diameter of an average
sized cell body. The glass capillary containing the cell was then
broken into a sterile Eppendorf tube containing 10 mL of lysis
buffer with DNAse (TaqMan Gene Expression Cells-to-CT Kit;
Invitrogen, #4399002). A bath control was also taken for each
coverslip and analysed concurrently. After lysis and DNAse
treatment, samples were immediately frozen on dry ice and
stored at 280˚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 then stored at220˚C for
real-time PCR. Tubulin-3 expression was used as a neuronal
marker and positive control. Expression of each target gene
within a single cell was determined by looking at the log (DRn)
curve against cycle number. Expression was considered positive
if a complete curve was observed before 50 cycles.

2.7. Calcium imaging of cultured dorsal root ganglia neurons

Cultured DRG neurons (18-48 hours) from both male (N5 4) and
female (N 5 4) mice were loaded with 2.5 mM Fura-2-
acetoxymethyl ester (Fura-2; Invitrogen, ThermoFisher Scientific,
#F1221) in 0.01% pluronic F-127 (Invitrogen, ThermoFisher
Scientific, #P3000MP) at 37˚C for 30 minutes followed by a 10-
minute wash with HEPES buffer (10 mM HEPES sodium salt [4-
(2-hydroxyethyl)piperazine-1-ethanesulfonic acid sodium salt;
Sigma, #H7006-100 G], 140 mM NaCl [Chem Supply, #SA046-
3KG], 4mMKCl [ChemSupply, #PA054-500G], 5mM D-glucose
anhydrous [Chem Supply, #GA018-500 G], 2 mM CaCl2
[Scharlau, #CA01951000], and 2 mM MgCl2 [Sigma, #M8266-
100 G], pH 7.40) before imaging at room temperature
(23˚C).2,29,30 Emissions for Fura-2 were measured at 510 nm,
after excitation at 340 and 380 nm, using a Nikon TE300 Eclipse
microscope equipped with a Sutter DG-4/OF wavelength
switcher, an Omega XF04 filter set for Fura-2, and a Retiga-
ELECTRO CCD monochrome cooled camera, operated by
MetaFluor software. Retrogradely traced bladder DRG neurons
were identified by the presence of the CTB-488, visible with
excitation at 480 nm. Fluorescence images at 340 and 380 nm
were obtained every 2 seconds using a320 objective. Data were
recorded and further analysed using MetaFluor software.

After an initial baseline reading to ensure cell fluorescence was
stable, indicating healthy cells, DRG neurons were stimulated
with 5-HT (100mM;Merck, #H9523), ATP (10mM;Merck #1852),
and Capsaicin (1 mM; Merck, #M2028), with changes in
intracellular calcium (Ca21i) monitored in real time in the presence
or absence of TTA-A2 (10 mM; Alomone lab, T-140). Addition of
agonists (60 seconds) was performed in sequence on a single
coverslip with washout periods (4 minutes) between each
compound. Ca21i is expressed as the ratio between the
fluorescence signals at 340 and 380 nm (Fura-2 [340/380]) and
normalised to a baseline fluorescence of 1.

2.8. Immunohistochemistry

2.8.1. Staining

Cultured DRG neurons from Nav1.8Cre-TdTomato mice plated
onto glass coverslips were washed 3 times for 5 minutes, each in
0.1 M sterile PBS. Phosphate buffered saline was aspirated and
the cells were fixed with 2 mL per well PFA 4% and left in the fridge
for 20minutes. ThePFAwas removedand the cellswerewashed3
times for 5 minutes each in 0.1 M PBSwith 0.2% Triton-TX 100 (T-
PBS) (Sigma-Aldrich). Cells were incubated with 50 mL rabbit Anti-
Cav3.2 (1:200, Alomone Labs) or T-PBS (negative control)
prepared in saponin 1 FBS in the fridge overnight in a humidified
chamber. The following day, coverslips were washed with T-PBS
(3 times 3 5 minutes). Fifty microliters of fluorescent-conjugated
secondary antibodies (Alexa Fluor 647 goat anti-rabbit, 1:200;
Thermofisher) prepared in PBS 1 FBS 2% was applied to each
coverslip and left at room temperature in the dark for 2 hours.
Coverslips were again washed with T-PBS (3 times 3 5 minutes)
beforemounting inProlongGoldAntifade and cover slipped. Slides
were allowed to dry for 24 hours before visualization. Antibody has
been previously validated in a CACNA1H2/2 mice.63

2.8.2. Microscopy

Fluorescence was visualised with confocal laser scanning
microscope (Leica TCS SP8X; Leica Microsystems, Wetzlar,
Germany). Images (1024 3 1024 pixels) were obtained using
320 oil objectives. Separation of fluorophores was achieved
using white line laser tuned to 488 nm excitation and 503 to 538
nm emission detection settings for AF-488 and 561 nm excitation
and 570 to 625 nm emission detection settings for Td-Tomato.
Confocal settings were optimized to reduce background staining
by adjusting the white light laser intensity, emission window, and
amplifier gain. These settings were saved and used for all
imaging. Images were processed and analysed using Image J

Table 1

Primers used in quantitative reverse-transcription polymerase chain reaction and single-cell polymerase chain reaction.

Gene alias Gene target Assay ID

b-Actin (reference gene) Actb Mm00607939_s1

HRPT (reference gene) Hprt Mm03024075_m1

Calcium voltage-gated channel subunit alpha1 G (Cav3.1) Cacna1g Mm01299131_m1

Calcium voltage-gated channel subunit alpha1 H (Cav3.2) Cacna1h Mm00445382_m1

Calcium voltage-gated channel subunit alpha1 I (Cav3.3) Cacna1i Mm01299033_m1

Transient receptor potential vanilloid 1 Trpv1 Mm01246300_m1

5-Hydroxytryptamine (serotonin) receptor 3A Htr3a Mm00442874 m1

Purinergic receptor P2X, ligand-gated ion channel, 3 P2rx3 Mm00523699_m1

Tubulin, beta 3 class III (neuronal marker) Tubb3 Mm00727586 m1
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software (NIH). Other than making moderate adjustments for
contrast and brightness, the images were not manipulated in
any way.

2.9. Visceromotor response to bladder distension

Visceromotor response (VMR) to bladder distension has pre-
viously been performed and characterised in both mice and
rats.57,59,66 In this study, guinea pigs were anaesthetised with
urethane (1.2 g/kg s.c.) and inhaled isoflurane and placed on a
heating pad to maintain body temperature at 37˚C. Depth of
anaesthesia was assessed by lack of response to hind limb
pinch. Right external jugular vein was dissected of the
surrounding tissue to allow administration of drugs. A 3-mm
o.d. catheter (2.5 mm i.d.) was pulled to have approximately
0.5-mm tip diameter and inserted into the bladder dome and
then tied securely in place with purse-like 5.0 ligatures. The
catheter was attached to a T-piece adaptor, the left arm of
which was connected to a PBS-containing 20-mL syringe,
relative position of which (to guinea pig) can be changed and
fixed. The right arm of the T-piece was connected to a pressure
transducer (Viggo-Spectramed model P23XL, Oxnard, CA) to
measure changes in the intravesical pressure. Electromyo-
graphic (EMG) electrodes were placed into the left external
oblique muscle and a reference electrode placed in the soleus
muscle of the opposing leg. Once EMG electrodes were
implanted, there was a 20-minute rest period before distension
began. At this time, isoflurane was withdrawn and mice were
anaesthetised with only urethane for the VMR distensions, so
spinal reflexes could be maintained.37

The external urethral meatus was clamped and after 5 to 10
minutes pause, 60 mm Hg (for 20 seconds) bladder distension,
evoked by raising a column of water (PBS), was repeated 4 times
(with 5-minute interval) until 2 last successive responses were
similar. Then, 2 stimulus–response curves were produced by
using the following protocol: intravesical pressure was increased
by raising a column of water (PBS) in 10 or 20mmHg increments,
from 0 mm Hg to 10, 20, 40, 50, and 60 mm Hg (for 20 seconds
each), with a 5-minute interval between single distension and
between each curve. Thirty minutes after administration of TTA-
A2 (3 mg/kg, in 100 mL DMSO) into the jugular vein, 2
stimulus–response curves were repeated as described above.
DMSO alone had no significant effects on distension response.
Intravesical pressures of 10 and 20mmHgwere chosen to reflect
physiological levels of bladder distension, whereas 40, 50, and
60 mm Hg represent noxious levels of bladder distension.

Both intravesical pressure and EMG activity were recorded
with a MacLab 8sp (AD Instruments, Castle Hill, NSW, Australia)
by using Chart 7 software (AD Instruments). Electromyography
recordings were acquired at 10 kHz, high pass filtered (50 Hz),
rectified, and integrated. The area under the curve (AUC, in mV) at
each distension pressure was corrected for the baseline activity
by subtracting a 20-second baseline immediately before each
distension, from the 20-second distension. Total AUC was
quantified by summing the individual AUC at each distension
pressure.

2.10. Experimental design and statistical analyses

Data are presented as mean 6 SEM or the % of afferents or
neurons. Within the specific figure legends, N indicates the
number of animals, while n indicates the number of independent
afferents or neurons. Sample size was based on historical data
and the use of power calculations. Statistical significance was

reported at levels of */^P , 0.05, **/^^P , 0.01, and ***/$P ,
0.001. In some cases, because of space limitation, # is used to
indicate significance of P, 0.001 for multiple comparisons. Data
were tested for Gaussian distribution using Prism 8 (GraphPad,
San Diego, CA) to determine if they were normally distributed or
not and therefore the correct statistical tests to be used. Data
were then analysed accordingly using Prism 9 (GraphPad) by 1-
or 2-way analysis of variance (ANOVA) with Tukey or Sidak post
hoc analyses dependent on data distribution, or Student t tests,
for parametric data. The specific tests used for analysis of each
data set are indicated within the individual figure legends.

3. Results

3.1. CaV3.2 is expressed in bladder-innervating
sensory neurons

To investigate if a specific subtype of CaV3 channel is pre-
dominant within peripheral bladder sensory pathways, we
determined the expression of CaV3.1, CaV3.2, and CaV3.3
channels in bladder-innervating sensory neurons isolated from
mice (Fig. 1A). Single-cell RT-PCR revealed CaV3.2 is expressed
in 79.5% (70/88 neurons) of bladder-innervating DRG retro-
gradely traced from the bladder (Figs. 1Ai, Aii). In contrast,
CaV3.1 (1/88 neurons) and CaV3.3 (0/88 neurons) were barely or
not expressed in the cell bodies of bladder-innervating sensory
neurons (Figs. 1Ai, Aii). All cells were confirmed to be neuronal
through expression of neuronal marker tubb3 (Fig. 1Ai). In whole
LS DRG, CaV3.2 exhibited significantly higher expression than
CaV3.1 and CaV3.3, whereas CaV3.1 was barely above the level
of detection (Fig. 1Bi). Cav3.2 also showed significantly higher
expression than TRPV1 (Fig. 1Bi), a highly expressed target in
DRGneurons. High levels of CaV3.1 andCaV3.3were found in the
brain (Fig. 1Bii). Antibody staining for CaV3.2 in isolated DRG
neurons from NaV1.8-TdTomato mice confirmed CaV3.2 was
expressed in LS DRG neurons innervating the bladder (Fig. 1C).

3.2. CaV3.2 regulates bladder-afferent responses
to distension

The relative abundance of CaV3.2 in whole lumbosacral DRG and
the high proportion of bladder-innervating neurons expressing
CaV3.2 suggests that previously observed effects of CaV3.2
inhibition on bladder function42,54,60 may be regulated through
modulation of bladder sensory neuron excitability.

To explore the role of CaV3.2 in bladder sensation, we utilised a
well-characterised ex vivo bladder afferent preparation allowing
simultaneous recording of intravesical pressures and mechano-
sensitive afferent firing during repeated bladder distensions8,29,35

(Fig. 2). We utilised 2 selective blockers of T-type calcium
channels, ABT-639 and TTA-A2. Although both ABT-639 and
TTA-A2 inhibit CaV3.1, CaV3.2, and CaV3.3, as we showed there
was almost no expression of CaV3.1 and CaV3.3 in bladder-
innervating DRG neurons (with 79.5% expressing CaV3.2), ABT-
639 and TTA-A2 allowed us to probe a more specific role of
CaV3.2 in bladder afferent function.

After an acclimatisation period, repetitive bladder filling evokes
reproducible afferent responses to distension characterised by a
graded increase in bladder afferent excitability from 0 to 50 mm
Hg (Figs. 2A–C). Replacing the saline in the infusion pump with
ABT-639 or TTA-A2 attenuated bladder afferent firing during
subsequent distensions (Figs. 2A–C). Both ABT-639 and TTA-
A2 significantly reduced the overall AUC (Figs. 2Aii, Bii, Cii) and
the peak afferent response to distension (Figs. 2Aiii, Biii, Cii).
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Changes in bladder afferent firing in response to distension
occurred without changes in bladder compliance, which reflects
the ability of the bladder muscle to accommodate an equivalent
bladder volume (Figs. 2Aiv, Biv, Cii). As such, these data
suggest that T-type calcium channel CaV3.2 regulates bladder
afferent responses to distension via direct inhibition of bladder-
innervating sensory afferent nerves.

3.3. TTA-A2 inhibits the majority of distension sensitive
bladder afferents

The pelvic nerve strand that was recorded from in each bladder-
nerve recording experiment (Fig. 2) contained between 5 and 18
single mechanosensitive afferent units. By matching individual
spike waveforms through linear interpolation, it was possible to
perform post hoc analysis on these individually identified single
afferent units30 (Fig. 3). Analysing our data in this way reduces
intraexperimental variability and revealed a significant inhibitory
effect of 100 mM ABT-639 and 10 to 100 mM TTA-A2 on bladder
afferent responses to distension (Fig. 3Ai, ii, iii), with TTA-A2
having a greater overall inhibitory effect than ABT639 (Fig. 3Aiii);
90% (80/88, 100 mM TTA-A2) and 65% (26/40, 100 mM ABT-

639) of total single units exhibited greater than a 25% reduction in
their AUC over the distension period (Fig. 3Aiii). Both ABT-639
and TTA-A2 at 100 mM significantly inhibited the overall bladder
afferent response to distension, the peak afferent response to
distension, and significantly delayed the activation thresholds for
bladder distension–evoked afferent firing (Figs. 3Bi, ii, Ci, ii).
Although 10 mM TTA-A2 had no impact on peak afferent
response (Fig. 3Ci), it did increase afferent activation thresholds
to bladder distension (Fig. 3Cii). No gender differences were
observed in the ability of 100 mM TTA-A2 to inhibit bladder
afferent responses to distension (Supplementary Figure 1, avail-
able at http://links.lww.com/PAIN/B743). Single units from male
and female mice had peak afferent responses inhibited by 61.3%
and 63.7% and total AUC responses inhibited by 66.7% and
63.6%, respectively (Supplementary Figure 1A, B, available at
http://links.lww.com/PAIN/B743).

3.4. TTA-A2 inhibits both low- and high-threshold
bladder afferents

Based on the activation threshold under control filling conditions,
distension-sensitive bladder afferents can be differentiated into

Figure 1.CaV3.2 is expressed in bladder-innervating sensory neurons. (A) Single-cell RT-PCR of retrogradely traced bladder-innervating DRG neurons reveals the
percentage of neurons expressing and co-expressing genes encodingCav3 channels (n5 88 single cells fromN5 8mice). (Ai) Donut plot showing expression and
co-expression of genes encoding CaV3.1, CaV3.2, and CaV3.3 in bladder-innervating DRG neurons. Each colour represents an individual gene with expression
marked by bold colouring. Individual neurons are arranged radially, such that co-expression of genes in a single neuron can be easily identified running from
outside to inside. (Aii) mRNA for CaV3.2 was expressed in 79.5% (70/88) of bladder-innervating DRG neurons. In contrast, CaV3.1 and CaV3.3 were expressed in
1/88 and 0/88 bladder-innervating DRG neurons, respectively. (Bi) QRT-PCR was used to determine mRNA expression of CaV3 receptor subtypes CaV3.1,
CaV3.2, and CaV3.3 and TRPV1 relative to Actb and Hprt in pooled lumbosacral (L5, L6, and S1) dorsal root ganglia (DRG; N5 8). CaV3.2 was significantly more
abundant than CaV3.3 (***P, 0.001), CaV3.1 (***P, 0.001), and TRPV1 (**P, 0.01). (Bii) QRT-PCR was used to determine mRNA expression of CaV3 receptor
subtypes CaV3.1, CaV3.2, CaV3.3 relative to Actb and Hprt in whole brain tissue (N 5 4). (C) Antibody staining for CaV3.2 in isolated bladder-innervating
lumbosacral DRG. CaV3.2 is abundantly expressed in the peripheral sensory neurons from NaV1.8Cre-TdTomato mice in primary culture (left panel). CaV3.2-like
immunoreactivity is absent when the primary antibody is omitted (right panel). Scale bars 5 20 mm. Data are represented as mean 6 SEM (A). P values were
determined by 1-way ANOVA with subsequent Tukey multiple comparison post hoc test (Bi, Bii). RT-PCR data are represented as percentage of neurons (Aii) or
mean 6 SEM (22DCt) on a linear scale (Bi, Bii). ANOVA, analysis of variance; DRG, dorsal root ganglia; QRT-PCR, quantitative reverse-transcription polymerase
chain reaction; RT-PCR, reverse-transcription polymerase chain reaction; TdTom, TdTomato.
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low- and high-threshold subtypes.35 Both low- and high-
threshold bladder afferents were present in all multiunit record-
ings, and both subtypes were dose-dependently inhibited by
TTA-A2 (10-100 mM) and ABT-639 (Fig. 4Ai–v). ABT-639 and
TTA-A2 had a larger inhibitory effect in high-threshold afferents,

with TTA-A2 also causing greater inhibition than ABT-639, which

almost abolished high-threshold afferent responses to distension

(Figs. 4Aiv, Av, B). ABT639 and TTA-A2 significantly inhibited

peak afferent responses and delayed the activation threshold of

both low- and high-threshold afferents (Figs. 4Ci–iv, 4Di–iv). The

delay in activation threshold of distension-sensitive afferents with
TTA-A2 increased the proportion of afferents with activation
thresholds greater than 30 mm Hg, such that they would no
longer respond to physiological levels of bladder distension.

Figure 2. ABT-639 and TTA-A2 inhibit bladder afferent mechanosensitivity to graded bladder distension ex vivo via CaV3.2. Graded distension of the bladder (0-
50 mm Hg) in an ex vivo bladder-nerve recording preparation was performed with saline followed by ABT-639 or TTA-A2. (Ai) Intrabladder instillation of 100 mM
ABT-639 (green) resulted in a decrease in afferent firing rate (impulses per second; imp/s) comparedwith saline (black) at distension pressures at and above 20mm
Hg (N5 5; *P, 0.05; **P, 0.01; #P, 0.001). (Aii) ABT-639 decreased the total area under the curve (AUC) of the afferent response to distension (N5 5; ***P,
0.001) and (Aiii) peak afferent firing rate (N5 5; **P, 0.01,D5 226 17 imp/s). (Aiv) Bladdermuscle compliance (pressure/volume relationship) was unaffected by
100mMABT-639. (Bi) Administration of 100mMTTA-A2 (dark blue) but not 10mMTTA-A2 (light blue) resulted in a decrease in afferent firing rate to graded bladder
distension (0-50 mm Hg) compared with saline (black) at distension pressures at and above 12 mmHg (N5 10; *P, 0.05; **P, 0.01; #P, 0.001). (Bii) TTA-A2
(10 and 100mM) decreased the total area under the curve (AUC) of the afferent response to distension (N5 10; *P, 0.05, **P, 0.01) and (Biii) peak afferent firing
rate (N5 10; *P, 0.01,D5 246 16 imp/s, ***P, 0.001,D5 646 15 imp/s). (Biv) Bladder muscle compliance (pressure/volume relationship) was unaffected by
10 to 100 mM TTA-A2. (Ci) Experimental trace showing a dose-dependent decrease in raw afferent nerve activity in the presence of 10 to 100 mM TTA-A2 during
repetitive bladder distensions (0-50 mm Hg) at 10-minute intervals. (Cii) Overlaid intravesical pressure and afferent response traces from dashed boxes in (Ci)
before and during intrabladder instillation with 10 to 100mMTTA-A2. Bladder afferent, but not pressure, responses to bladder filling were significantly altered. Data
are represented as mean 6 SEM (A and B). P values are based on 2-way ANOVA with subsequent Sidak post hoc test significance at individual data points
indicated on (Ai, Aiv, Bi, and Biv), paired t test (Aii and Aiii), or 1-way ANOVA with subsequent Tukey post hoc test (Bii and Biii). ANOVA, analysis of variance.
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3.5. TTA-A2 inhibits the visceromotor response to bladder
distension in vivo

To determine if inhibiting T-type calcium channels was also able
to reduce bladder sensory signalling in vivo, we investigated the
effect of TTA-A2 on the VMRs to bladder distension (Fig. 5). The
VMR, assessed by recording the electrical activity (EMG)
produced by abdominal muscle contractions, is often charac-
terised as a nocifensive response to acute visceral stimuli. A VMR
in response to noxious (.40mmHg) bladder distension has thus
been established as a surrogatemarker for bladder pain.56,58,66 In
anaesthetised guinea pigs, i.v. administration of TTA-A2 was able
to significantly reduce VMRs to increasing bladder distension
pressures (Figs. 5A–C). Total area under the curve (AUC) of the
EMG response to all distension pressures (10, 20, 40, 50, and
60mmHg) was significantly reduced after TTA-A2 administration
(Fig. 5C).

3.6. Intracellular calcium (iCa21) responses to 5-HT, ATP,
and capsaicin in bladder-innervating dorsal root ganglia
neurons were unaffected by TTA-A2

Using single-cell RT-PCR of isolated bladder-innervating DRG,
we discovered high levels of colocalization between CaV3.2 and
receptors/ion channels that have been shown to regulate bladder
afferent signalling, including TRPV1 (93%), P2X3 (85%), and
5HT3A (93%) (Figs. 6A and B).15,17,33,49,77,81 Live-cell calcium
imaging of bladder-innervating DRG was used to determine if
CaV3.2 inhibition with TTA-A2 also regulated neuronal activation
induced by TRPV1, P2X, and 5-HT3 agonists (Figs. 6C–F).
Retrogradely traced bladder-innervating DRG neurons were
identified via AF-488 fluorescence (Fig. 6Ci), and neuronal
activation was measured by an increase in intracellular calcium
(iCa21) determined with Fura-2 as a ratio of emissions after
excitation at 340 and 380 nm light (Figs. 6Cii, Ciii, Civ). Bladder

Figure 3. ABT-639 and TTA-A2 inhibit single-unit bladder afferent responses to distension. Post hoc waveform analysis allows for the identification of single
mechanosensitive units from multiunit bladder-nerve recordings. One hundred twenty-eight distinct single units were extracted from 15 multiunit experiments. (Ai)
100 mMABT-639 significantly inhibited bladder afferent firing rate to graded bladder distension (impulses per second; imp/s) compared with saline (black); (control vs
100 mM ABT-639; n5 40; *P, 0.05; **P, 0.01; #P, 0.001). (Aii) Graded bladder distensions with 10 mM (light blue) and 100 mM (dark blue) TTA-A2 significantly
inhibited bladder afferent firing rate to graded bladder distension (impulses per second; imp/s) comparedwith saline (black); (control vs 10mMTTA-A2; n5 88;11P,
0.01; $P, 0.001); (control vs 100mMTTA-A2; n5 88; **P, 0.01; #P, 0.001). (Aiii) The AUC of the afferent response to distension (0-50mmHg) was reduced from
control by 32 6 3.2% (100 mM ABT-639, 26/40 units inhibited), 23 6 3.9% (10 mM TTA-A2, 47/88 units inhibited), and 64 6 3.6% (100 mM TTA-A2, 80/88 units
inhibited). (Bi) Peak afferent firing rate (imp/s21) of individual bladder afferent units before (control) and after 100mMABT-639 (n5 40; ****P, 0.001). Sixty-five percent
of single units were sensitive to the inhibitory effects of 100 mMABT-639, exhibiting a greater than 25% reduction in overall excitability. (Bii) Activation thresholds (mm
Hg) of individual bladder afferent units before (control) and after 100 mM ABT639 (n5 40; ***P , 0.001). (Ci) Peak afferent firing rate (imp/s21) of individual bladder
afferent units before (control) and after 10 to 100mMTTA-A2 (control vs 10mMTTA-A2, n5 88; nsP. 0.05; control vs 100mMTTA-A2, n5 88; ****P, 0.001; 10mM
vs 100mMTTA-A2, n5 88; ****P, 0.0001). The vast majority (89%) of single units were sensitive to the inhibitory effects of 100 mMTTA-A2, exhibiting a greater than
25% reduction in overall excitability. (Cii) Activation thresholds (mm Hg) of individual bladder afferent units before (control) and after 10 to 100 mM TTA-A2 (control vs
10mMTTA-A2, n5 88; *P, 0.05; control vs 100mMTTA-A2, n5 88; ***P, 0.001; 10mMvs100mMTTA-A2, n5 46; ***P, 0.001). Data are represented asmean
6SEM.P valuesweredeterminedbyeither 2-wayANOVAwith subsequent Sidakmultiple comparisonpost hoc test (Ai, Aii), paired t test (Bi, Bii), or 1-wayANOVAwith
subsequent Tukey multiple comparison post hoc test (Ci, Cii). ANOVA, analysis of variance; AUC, area under the curve.
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Figure 4. ABT-639 and TTA-A2 inhibit low- and high-threshold mechanosensitive bladder afferents. Bladder afferents can be distinguished based on their
activation threshold to distension as either low or high threshold. (Ai) ABT-639 and (Aii) TTA-A2 significantly attenuated low-threshold afferent mechanosensitivity
(control vs 100 mM ABT-639, n 5 33; *P, 0.05; **P , 0.01; #P , 0.001); (control vs 10 mM TTA-A2, n 5 65; 1P , 0.05; 11P , 0.01; $P , 0.001); (control vs
100mMTTA-A2, n5 65; **P, 0.01; #P, 0.001). (Aiii) ABT-639 and (Aiv) TTA-A2 also significantly attenuated high-threshold afferent mechanosensitivity (control
vs 100mMABT-639, n5 7; **P, 0.01; #P, 0.001); (control vs 10mMTTA-A2, n5 23; 1P, 0.05; 11P, 0.01; $P, 0.001); (control vs 100mMTTA-A2, n5 16;
*P , 0.05; **P , 0.01; #P , 0.001). (Av) ABT-639 and TTA-A2 (10-100 mM) had a larger inhibitory effect in high threshold (HT) afferents, and inhibited a great
proportion of high-threshold than low-threshold afferents (10 mM TTA-A2 14/23 vs 32/65, 100 mM TTA-A2 23/23 vs 57/65, 100 mM ABT-693 6/7 vs 20/33). (B)
Example experimental traces showing mechanosensitivity of a single low-threshold afferent unit (Bi) and a single high-threshold afferent unit (Bii) in response to
graded bladder distensions (0-50 mm Hg) before (control) and after 100 mM TTA-A2. Individual units are identified by spike waveform profiling (inserts) and
represented by different colour spike profile. Dashed line represents the cut-off for low/high activation threshold (C) Peak afferent response of low- and high-
threshold bladder afferents to distension in the presence of ABT-639 (Ci and Cii) and TTA-A2 (Ciii and Civ). ABT-639 significantly reduces peak afferent firing in low
threshold (LT) (Ci) (n5 33; ****P, 0.0001) and HT (Cii) (n5 7, *P, 0.05) bladder afferents. TTA-A2 significantly reduces peak afferent firing in low threshold (Ciii)
(control vs 0.10mMTTA-A2, n5 65; **P, 0.01; control vs 100mMTTA-A2, n5 65; ****P, 0.0001; 10 mMvs 100mMTTA-A2, n5 65; ****P, 0.0001); and high
threshold bladder afferents (Civ) (control vs 10 mMTTA-A2, n5 23; *P, 0.05; control vs 100mMTTA-A2, n5 23; ****P, 0.0001; 10 mMvs 100mMTTA-A2, n5
23; ****P, 0.0001). (D) Activation threshold (mm Hg) of low- and high-threshold bladder afferents to distension in the presence of ABT-639 (Di, Dii) and TTA-A2
(Diii, Div). ABT-639 significantly increased activation thresholds of LT (Di) (n 5 33; ****P , 0.01); and HT (Dii) (n 5 7, *P , 0.05) bladder afferents. TTA-A2
significantly increased the activation thresholds of low threshold (Ciii) (control vs 10 mMTTA-A2, n5 65; ***P, 0.001; control vs 100 mMTTA-A2, n5 65; ****P,
0.0001; 10mM vs 100mMTTA-A2, n5 65; ****P, 0.0001) and high threshold afferents to distension (Div) (control vs 10mMTTA-A2, n5 23; ns P. 0.05; control
vs 100 mM TTA-A2, n5 23; ****P, 0.01; 10 mM vs 100 mM TTA-A2, n5 23; ***P, 0.001). P values were determined by either 2-way ANOVA with subsequent
Sidak multiple comparison post hoc test (Ai-iv), paired t test (Ci, Cii, Di, and Dii) or 1-way ANOVA with subsequent Tukey multiple comparison post hoc test (Ciii,
Civ, Diii, and Div).
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traced neurons exhibited robust iCa21 responses to sequential
administration of 5-HT, ATP, and capsaicin (Fig. 6D) that were
unaffected by prior incubation with TTA-A2 (Figs. 6E–G). Overall
iCa21 responses were not significantly different between control
cells and cells incubated with TTA-A2 (Fig. 6Ei, Eii, Eiii). The
percentage of bladder-innervating neurons responding to each
agonist (Fig. 6F), and the peak response to each agonist (Fig.
6G), was unchanged in the presence of TTA-A2.

4. Discussion

Normal bladder function relies on the accurate determination of
bladder volume via the propagation of sensory signals into the
spinal cord and higher brain centres. The intensity of these
peripheral sensory signals controls urine storage and micturition
and initiates the sensations that inform our conscious control of
voiding.1,4 As such, an increase in the intensity of these sensory
signals is thought to underlie the development of common,
chronic bladder hypersensitivity disorders including OAB and IC/
BPS.28 Although OAB affects approximately 10% of both men
and women, IC/BPS disproportionately affects women, with a
female-to-male ratio of around 5:1.18,36,41,43,70,72

Transduction of bladder stretch into sensation relies on the
detection of mechanical distortion by mechanosensitive ion
channels in urothelial cells and bladder afferent nerve termi-
nals,4,82,83 and the subsequent amplification of this signal to
depolarise bladder-innervating afferent nerves. Mounting evi-
dence implies a key role for CaV3.2 in the regulation/amplification
of mechanosensory signals to modulate peripheral sensory
signals that are relayed to the CNS.24,38,48,78,84 The results of
our study provide the first evidence to support a major role for
CaV3.2 in regulating bladder afferent firing during filling.

CaV3.2 inhibition has previously been shown to increase
bladder capacity and reduce voiding frequency in a model of
bladder overactivity.42 However, the mechanisms underlying
these effects have remained undetermined because of the
abundant expression of CaV3.2 within nonneuronal cells71,80

and both central and peripheral neuronal structures.84 Our data
support a role for CaV3.2 in regulating bladder sensation and
function via modulation of the excitability of mechanosensitive
peripheral afferent nerves. By utilising an ex vivo afferent
recording preparation and intravesical infusion of TTA-A2 and
ABT-639, wewere able to excludeCNS interactions. Additionally,

attenuated responses of bladder afferents during bladder
distension were observed in the absence of changes to bladder
muscle compliance. This is an essential distinction, as even small
changes in bladder muscle function can have dramatic impacts
on bladder afferent output,32,39 and confirms that alterations in
the contractile force of the bladder wall were not responsible for
the changes in afferent excitability we observed. T-type calcium
currents have previously been detected in bladder smooth
muscle cells71 where they modulate spontaneous excitation in
vitro.80 However, in linewith our data showing no effect of TTA-A2
on detrusor muscle function ex vivo, inhibition of T-type currents
does not affect detrusor tone or contractions in vitro or nonvoiding
contractions during in vivo cystometry.42 As such, a functional
role of CaV3.2 in bladder smooth muscle has yet to be
determined. Additional evidence that CaV3.2 contributes to
peripheral afferent excitability was found with the significant
expression of CaV3.2 in peripheral bladder sensory pathways. In
line with previous reports, we observed predominant expression
of CaV3.2 in lumbosacral DRG over CaV3.1 and CaV3.3.

11,61

More importantly, the vast majority of retrogradely traced
bladder-innervating sensory neurons expressed CaV3.2,
whereas CaV3.1 and CaV3.3 transcripts were almost entirely
absent. CaV3.2 was also observed in the soma of freshly cultured
bladder-innervating DRG, suggesting expression of CaV3.2 is
likely to occur in the peripheral terminals of sensory nerves
innervating the bladder.

Single-unit analysis of our bladder-nerve recordings revealed
that 91% and 65% of distension-sensitive bladder afferents were
significantly inhibited by 100 mM TTA-A2 and ABT-639, re-
spectively. Although the concentrations of TTA-A2 and ABT-639
used in this study are relatively high, these compounds are
reported to be specific for CaV3 channels and are in line with the
concentrations previously used to investigate Cav3 channel
function in vitro and in vivo.23,40,45,62,74,79 It remains possible
that the effects we observed with TTA-A2 and ABT-639may be a
consequence of direct interference with mechanically activated
currents in bladder afferent neurons. However, in the absence of
genuinely selective inhibitors for the majority of the bone fide
mechanotransduction ion channels, investigating this limitation
was beyond the scope of the current study. For the present study,
wemust also consider that experimental compounds infused into
the bladder are required to overcome the highly impermeable
urothelial barrier to target the underlying afferent nerves. We, and

Figure 5. TTA-A2 inhibits the visceromotor response (VMR) to in vivo bladder distension. The VMR to bladder distension in vivo was performed in guinea pigs
before and after intravenous (i.v.) injection of 3 mg/kg TTA-A2. (A) Example trace showing electromyography (EMG) response (mV) to bladder distension before
(black trace) (Aii) and after IV injection of 3 mg/kg TTA-A2 (dark blue trace). The EMG response to bladder distension is inhibited by TTA-A2. (B) Guinea pigs show
an increase in VMR, a nocifensive EMG response of the abdominal muscles, as intravesical distension pressure increases from 10 to 60 mm Hg. TTA-A2
significantly inhibits VMR at distension pressure 20 to 60mmHg (N5 5, *P, 0.05, **P, 0.01, ***P, 0.001). (C) Total area under the curve of the EMG response
to bladder distension (10-60 mmHg) was significantly attenuated in all guinea pigs (control vs 3 mg/kg TTA-A2; N5 5, ***P, 0.001). P values are based on either
2-way ANOVA with subsequent Sidak multiple comparison post hoc test (A) or paired t test (B). AUC, area under the curve.
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Figure 6. TTA-A2 has no effect on exogenous agonist activation of bladder-innervating DRG neurons. Single-cell RT-PCR of retrogradely traced bladder-
innervating DRG neurons revealed the percentage of neurons co-expressing genes encoding CaV3.2, TRPV1, P2X3, and 5HT3A. (A) Donut plot showing
expression and co-expression of genes encoding CaV3.2, TRPV1, P2X3, and 5HT3A in 47 individual bladder-innervating DRG neurons. Each colour represents an
individual gene with expression marked by bold colouring. Individual neurons are arranged radially, whilst cells 1, 2, and 3 highlight the diversity in co-expression of
genes in individual neurons. (B) Co-expression of mRNA for CaV3.2 and all targets were high in bladder-innervating DRG neurons (CaV3.2 and TRPV1: 93%;
CaV3.2 and 5HT3A: 85%; CaV3.2 and P2X3: 93%). (C) Live cell calcium imaging of lumbosacral DRG. (Ci) Retrogradely traced bladder-innervating LSDRGneurons
are identified under a fluorescentmicroscope (with 488 nm excitation and 503-538 nmemission detection). Orange arrows indicate traced neurons. Neurons were
excited at 340 and 380 nm light (Cii-iii) to provide an emissions ratio (340/380 nm) (Civ). Low fluorescent ratio (F340/380) during continuous perfusion with control
external solution indicates neurons are healthy before the start of experiment (Civ). Bladder-innervating neurons were activated by agonists 5-HT (100 mM), ATP
(10 mM), and capsaicin (Cap, 1 mM) as evidenced by an increase in fluorescent ratio (340/380), indicating an increase in intracellular calcium (iCa21) after channel
opening (D–G). (D) Example trace showing increases in iCa21 after sequential administration and washout of 5-HT, ATP, and capsaicin. iCa21 responses to 5-HT
(Ei), ATP (Eii), and capsaicin (Eiii) were unchanged in the presence of 10 mM TTA-A2. The percentage of bladder-innervating neurons responding to 5-HT (22/38),
ATP (25/38), or capsaicin (22/38) was unchanged by 10 mM TTA-A2—5-HT (25/38), ATP (28/38), capsaicin (26/38) (F). The peak iCa21 responses to 5-HT, ATP,
and capsaicin were not significantly altered by 10 mM TTA-A2 (ns P . 0.05). P values are based on either 2-way ANOVA with subsequent Sidak multiple
comparison post hoc test (E) or 1-way ANOVAwith subsequent Tukeymultiple comparison post hoc test (F andG). ANOVA, analysis of variance; DRG, dorsal root
ganglia; HT, high threshold; LS, lumbosacral; RT-PCR, reverse-transcription polymerase chain reaction.
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others, have previously shown that by using higher concentra-
tions of experimental compound, we can overcome this
considerable barrier.29,34,65 Although this does not address the
limitation that the exact concentrations at the bladder afferent
terminals remain unknown, it is highly likely to be significantly
lower than the infused concentration. A more specific role for
TTA-A2 and ABT-639 on Cav3.2 inhibition is supported by our
single-cell RT-PCR data identifying 79.5% of bladder-innervating
DRG cell bodies expressed mRNA for CaV3.2. This was
nevertheless surprising, as previous research has suggested
expression and functional roles for CaV3.2 is limited to specific
subsets of somatic sensory neurons.24,38 Numerous studies
have identified and emphasised a role for CaV3.2 in regulating
peripheral sensation via actions on low-threshold mechanore-
ceptors innervating D-hair follicles (Ad-LTMR), an ultrasensitive
subpopulation of mechanoreceptors, but not other cutaneous
mechanoreceptors nor C-fibre nociceptors.3,24,68,78 CaV3.2 was
recently shown to be more widely expressed, yet still reasonably
restricted, as a selective marker of both C-LTMR and Ad-LTMR in
the skin.24 The dramatic difference in proportional expression
between somatic and bladder-innervating sensory nervesmay be
a reflection of the significant differences in the anatomy and
function of somatic and visceral sensory afferents. Bladder
afferents, like in other internal organs, terminate in the organ wall
almost exclusively as free nerve endings.21,25,69 Although
different branching patterns have been identified and charac-
terised,21,69 these morphological structures are comparatively
modest compared with the complex sensory structures that
innervate the skin. This relative simplicity likely reflects the
dramatically narrower sensory remit and function of the bladder
compared with the skin, where intricate coding of a variety of
distinct stimuli is critical to survival.

Our data do not imply a direct role for CaV3.2 in mechano-
transduction, and this was not the aim of this current study.
Previous studies have shown that the low activation threshold of T-
type calcium channels places them in a key position for regulating
the threshold for action potential generation in neurons.84 It is likely,
therefore, that CaV3.2 contributes to bladder afferent neuro-
excitability, and blocking CaV3.2 reduces neuronal excitability,
thereby decreasing the numbers of action potentials generated in
response to mechanical stimuli, in this case bladder distension.
Using post hoc single-unit analysis, we showed CaV3.2 inhibition
with TTA-A2 and ABT-639 affected both low- and high-threshold
bladder afferents to distension, reducing peak afferent responses
and delaying activation thresholds to graded bladder distension.
Pharmacological inhibition of T-type channels similarly elevates the
mechanical threshold of C-LTMR afferents in a skin-nerve
preparation.24 The threshold for electrically evoked action potential
firing in CaV3.2 expressing cultured DRG is likewise increased with
TTA-A2.23 This increase in the activation threshold of bladder
afferents, combined with a reduction in overall firing frequencies,
has the potential to exert significant effects on bladder sensation
and function by limiting the intensity of the peripheral sensory
signals that integrates into CNS circuits.

Bladder afferent pathways project into regions of the spinal
cord dorsal horn that activate spinal reflex and projection
networks important for regulating storage, micturition, and
sensation from the bladder.5,35 As such, inhibition of peripheral
sensory afferents through Cav3.2 block would be expected to
reduce input to these spinal circuits, and ultimately attenuate
bladder sensations, particularly those in the noxious range that
would signal bladder pain. In support of this concept, we
observed significantly attenuated VMR responses to noxious
bladder distension in vivo. Targeting T-type CaV channels for pain

is a well-established concept and has been proposed as a
pharmacological target for the treatment of various chronic
neuropathic and inflammatory pain conditions.9 Previous studies
have shown that acute cyclophosphamide-induced bladder
inflammation in mice evokes an upregulation of CaV3.2 in the
DRG, where it plays an important role in establishing referred
hyperalgesia.40,54 We have recently shown that
cyclophosphamide-induced bladder inflammation induces hy-
persensitivity of predominantly low-threshold wide-dynamic-
range mechanosensitive bladder afferents to distension.55

Together this suggests that the referred hyperalgesia of the
pelvic regions observed in this model is because of hyperexcit-
ability of bladder afferent pathways for which Cav3.2 may play a
significant role.

Despite the considerable effects of TTA-A2 on bladder
mechanosensitivity, in vitro intracellular calcium (iCa21) re-
sponses of bladder-innervating DRG neurons to 5-HT, ATP,
and capsaicin were unchanged by prior incubation with TTA-A2.
P2X, 5-HT3, and TRPV1 are nonselective ligand-gated cation
channels, which evoke large inward currents when activated to
cause membrane depolarisation and action potential firing in
excitable cells. The potential contribution of T-type calcium
channels in this type of experiment is likely masked by this large
ion flux and immediate downstream activation of high-voltage-
activated calcium channels and voltage-gated sodium channels.
As such, our data indicate that T-type calcium channels do not
inhibit excitability of bladder neurons to such an extent that it
ubiquitously inhibits their activation by exogenous ligands.
However, we cannot rule out a potential role for CaV3.2 in
regulating responses to endogenous agonists at more physio-
logical concentrations. This may have particular relevance to
endogenous agonists that regulate bladder afferent responses to
distension, such as the irritant sensing Mrgprs, the bile acid
receptor TGR5, and histamine 1 receptor, which have recently
been shown to induce hypersensitivity of bladder afferents to
distension.10,29,30 The high percentage of bladder-innervating
DRG expressing Cav3.2 increases the likelihood of co-expression
of these and other irritant sensing mechanisms within bladder
sensory pathways; however, future research will be required to
unravel any potential functional interactions. In the present study,
the role of CaV3.2 seems to be more specific, contributing to a
regulation of bladder afferent responses to mechanical stimuli.
The low-voltage-activated properties of T-type calcium channels
that are important for responding to small membrane depolarisa-
tions may be a key property that endows suitability for this
purpose. Interestingly, the DRG neuron subtype with the highest
expression of CaV3.2 also had highly enriched levels of
Piezo285—a key mechanosensory ion channel in the bladder.53

More recently, CaV3.2 has also been shown to be an essential
mediator of enterochromaffin cell mechanotransduction,48 and
thus, CaV3.2 may represent a ubiquitous amplifier of mechano-
sensory signals in peripheral sensory mechanisms. The signif-
icant proportion of bladder-innervating DRG expressing CaV3.2
implies that co-expression with Piezo and other mechanosensi-
tive channels is highly likely within bladder sensory pathways.
However, evidence to support genuine functional interactions
betweenmechanosensory channels and Cav3.2 in the bladder or
other mechanosensory organs will require further research.

Bladder hypersensitivity disorders, including OAB and IC/BPS,
cause chronic and debilitating illness that severely reduces quality
of life for both men and women.41,70,72 Unravelling the complex
neurobiology that regulates bladder afferent mechanosensitivity
will be key to the development of effective treatments for bladder
hypersensitivity in OAB and IC/BPS.28 Our data suggests that
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CaV3.2 inhibition is an attractive therapeutic approach for
relieving bladder hypersensitivity. Determining the contribution
of CaV3.2 to neuronal hypersensitivity in chronic bladder
hypersensitivity conditions warrants further investigation.
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