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Abstract

The urothelium is the innermost layer of the bladder wall; it plays a pivotal role in bladder sensory transduction by respond-
ing to chemical and mechanical stimuli. The urothelium also acts as a physical barrier between urine and the outer layers
of the bladder wall. There is intricate sensory communication between the layers of the bladder wall and the neurons that
supply the bladder, which eventually translates into the regulation of mechanical activity. In response to natural stimuli,
urothelial cells release substances such as ATP, nitric oxide (NO), substance P, acetylcholine (ACh), and adenosine. These
act on adjacent urothelial cells, myofibroblasts, and urothelial afferent neurons (UAN), controlling the contractile activity of
the bladder. There is rising evidence on the importance of urothelial sensory signalling, yet a comprehensive understanding
of the functioning of the urothelium-afferent neurons and the factors that govern it remains elusive to date. Until now, the
biophysical studies done on UAN have been unable to provide adequate information on the ion channel composition of the
neuron, which is paramount to understanding the electrical functioning of the UAN and, by extension, afferent signalling.
To this end, we have attempted to model UAN to decipher the ionic mechanisms underlying the excitability of the UAN.
In contrast to previous models, our model was built and validated using morphological and biophysical properties consist-
ent with experimental findings for the UAN. The model included all the channels thus far known to be expressed in UAN,
including; voltage-gated sodium and potassium channels, N, L, T, P/Q, R-type calcium channels, large-conductance calcium-
dependent potassium (BK) channels, small conductance calcium-dependent (SK) channels, Hyperpolarisation activated
cation (HCN) channels, transient receptor potential melastatin (TRPMS8), transient receptor potential vanilloid (TRPV1)
channel, calcium-activated chloride(CaCC) channels, and internal calcium dynamics. Our UAN model a) was constrained
as far as possible by experimental data from the literature for the channels and the spiking activity, b) was validated by
reproducing the experimental responses to current-clamp and voltage-clamp protocols ¢) was used as a base for modelling
the non-urothelial afferent neurons (NUAN). Using our models, we also gained insights into the variations in ion channels
between UAN and NUAN neurons.

Keywords UAN - NUAN - Sensory signalling - Biophysical model - Conductances - Cellular biophysical differences -
Urothelial dysfunction - Interstitial cystitis - Sensory signal transduction pathway model - Computational model

1 Introduction

The urinary bladder is an organ designed for storing and
voiding urine. Its functioning is under the elaborate control
Action Editor: Upinder Bhalla of neural circuits in the brain, spinal cord, and peripheral
autonomic ganglia. The lower urinary tract receives efferent
innervation from the thoracic and lumbosacral segments of
the spinal cord. Three sets of peripheral nerves carry the
efferent signals: sacral parasympathetic (pelvic nerves),
thoracolumbar sympathetic (hypogastric nerve), and sacral
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Tract (LUT) run in the pelvic, hypogastric, and pudendal
nerves, transmitting information to the lumbosacral region
of the spinal cord (Andersson, 2002). The pelvic afferent
nerves are broadly categorized into myelinated A-delta
and unmyelinated C-fibers; they respond to chemical
and mechanical stimuli (Groat & Yoshimura, 2009). It is
believed that sensitization of these afferents causes bladder
hypersensitivity linked to various pathological conditions
such as overactive bladder, interstitial cystitis, and painful
bladder syndrome (Nickel et al., 2012). The A-delta fibers
have larger diameters and transmit action potentials more
rapidly than C fibers. Based on their mechanosensitive
properties, the pelvic nerves in mice have been classified
into four types: muscular, urothelial, muscular/mucosal,
and serosal based on stretch, stroke, and probe methods in
mice (Groat et al., 2015).

During the filling phase of the bladder, the hydrostatic
pressure rises, which increases the activity of the A-delta
fibers in the hypogastric and pelvic nerves. The C-fibers
respond to nociceptive stimuli such as chemicals, inflam-
mation, and elevated intravesical pressure. During normal
bladder filling, the C-fibers are quiescent, and their acti-
vation may indicate pathological disorders of the bladder
(Merrill et al., 2016). The urothelium modulates the afferent
nerve activity by releasing mediators which act upon the
afferent nerve terminals (Apodaca et al., 2003). The prox-
imity between afferent neurons and the urothelium implies
that any abnormal sensations in the urothelium can lead to
aberrant sensory signals transmitted through afferent nerves.
Conditions such as Overactive Bladder (OAB) syndrome,
characterized by heightened spontaneous contractions of the
bladder wall, may involve the release of chemical agents
from the urothelium (Andersson & Arner, 2004). Under-
standing the origins of this spontaneous activity is crucial
for effectively treating OAB. Furthermore, there is mounting
evidence indicating that the urothelium possesses sensory
properties essential for detecting and relaying both physi-
ological and noxious signals (Birder & Groat, 2007). This
sensory function is facilitated by the presence of receptors,
neurotransmitters, and neurons within the urothelium. Nota-
bly, bladder afferent and efferent nerve terminals are closely
situated to the urothelium, with some axon terminals even
residing within it (Birder & Groat, 2007). These neurons are
called the urothelial afferent neurons (UAN). The C-fiber
afferent bladder neurons innervating other parts of the blad-
der are termed the non-urothelial afferent neurons (NUAN)
(Kanda et al., 2016). Kanda et al. (2016) showed that the
UAN and NUAN neurons differed in their morphological
and biophysical properties such as rheobase, input resist-
ance, membrane capacitance, the amplitude of inactivating
and sustained K+ currents and rebound action potential fir-
ing (Kanda et al., 2016). These new insights led to further
open questions concerning the UAN and NUAN, such as
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the underlying ion channel composition in these neuronal
cell-types and the variations that give rise to such differ-
ences. Addressing the underlying ion channel composition
in both urothelial afferent neurons (UAN) and non-urothelial
afferent neurons (NUAN) holds paramount importance in
advancing our understanding of sensory signalling in the
urinary bladder. This knowledge forms the bedrock for
unraveling the intricate biophysical mechanisms governing
the behavior of these neurons. Moreover, it sheds light on
why UAN and NUAN neurons exhibit distinct sensitivities
and responses to stimuli, paving the way for a more compre-
hensive classification of bladder afferent neurons. Beyond
fundamental research, discerning the specific ion channels
present in these neurons has direct clinical implications.
It provides potential targets for pharmacological interven-
tions, potentially revolutionizing the treatment landscape
for bladder-related disorders. This knowledge also offers
the groundwork for personalized medicine, enabling tailored
interventions based on the individual ion channel expression
profiles. Furthermore, it guides the development and screen-
ing of pharmaceutical agents, particularly those modulat-
ing sensory signalling in the urinary bladder. Ultimately,
this foundational understanding serves as a launchpad for
in-depth investigations into the molecular mechanisms and
interactions that underlie sensory signalling in the urinary
bladder, propelling the field towards more effective thera-
peutic strategies. Our study aims to validate and refine these
observations through computational modeling, with a focus
on the contributions of specific ion channels, such as Kv1.4,
Kv4, T-type Ca2+, and HCN channels, in shaping the excit-
ability profiles of UAN and NUAN.

It is difficult to address such questions experimentally for
the following reasons a) technical challenges associated with
performing patch-clamp recordings in intact Dorsal Root
Ganglion (DRG) soma preparation. b)the UAN and NUAN
express a wide range of ion channels, and the interactions
between the different ionic currents and their modulation
govern the regular and pathological activity of the LUT; this
further adds to the complexity of performing experimental
studies. In such a scenario, a computational model is highly
useful in performing various analyses.

A computational model could also help elucidate these
variations to understand the ionic mechanism behind the
greater excitability of UAN compared to NUAN. It is also an
alternative to wet lab work to predict the possible variations
in the membrane properties that can mimic UAN and NUAN
satisfactorily. There are pre-existing computational models
of non-specific large diameter myelinated DRG neurons
with the transient Hodgkin-Huxley type voltage-dependent
INa* and ohmic leak modeled by Amir and Devor (2003a,
b). A similar large diameter DRG neuron with HH-type
currents, fast active tetrodotoxin-sensitive Na* current, and
a passive outward IK* current was modelled by Kovalsky
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(2009). Sundt et al. (2015) reported a model of unmyeli-
nated DRG C-fiber consisting of the following channels:
NaV, KCNQ (KV7), L-type Ca, and SK (Sundt et al., 2015).
All of the models mentioned above of the DRG neurons
are either non-specific or large-diameter neurons. A more
recent biophysically constrained model of the bladder DRG
C-fiber was developed by Mandge and Manchanda (2018)
with 22 membrane mechanisms including Na*, K+, Ca*,
CI', and some non-specific ion channels such as TRPMS,
HCN and passive channels as well as pumps such as Na*/
K*~ATPase Pump, PMCA pump and Na*/Ca?* exchanger
(NCX) along with an elaborate calcium dynamics (Mandge
& Manchanda, 2018).

Since we are modelling a bladder UAN, the C-fiber
DRG soma model by Mandge and Manchanda (2018) was
the closest biophysically; hence we tried to adapt this
model for the UAN and found that the model could not be
used in its current form. The model needed morphologi-
cal and biophysical modifications and additions in order
to be used as a UAN model. Morphologically the Mandge
and Manchanda (2018) model had only a soma. Still, the
UAN model would require an additional stem and central
and peripheral branches as the experiments done on UAN
were on intact neurons with the soma, stem, and branches
(Kanda et al., 2016). Biophysical modifications were
required for the DRG model (as described in the later sec-
tions) since the DRG model failed to replicate the traces
for the UAN total current recordings. Hence, we have
exclusively modelled a biophysically realistic model of
the UAN with stem, central, and peripheral axon branches
in addition to the soma as per the experimental setup by

Fig. 1 Computational morphol-
ogy of UAN and NUAN neuron
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using the parameters for the UAN (see Fig. 1). The model
was validated against experimental data for action poten-
tial, total membrane current, and rebound APs.

We have used a validated model to test experimental
predictions, verify hypotheses, and shed new insights into
the functioning of the UAN. In our investigation, we focused
on determining the specific potassium (Kv) channel types
responsible for the observed A-type currents. This question
holds substantial importance as A-type K* currents play
a pivotal role in regulating sensory neuron excitability
(Takahashi et al., 2013). Our simulations, incorporating
various Kv channel candidates, revealed a compelling
insight. Among the three potential candidates, Kv1.4, Kvl1.1,
and Kv4, our model provided robust evidence supporting
the significant presence of Kv1.4 and Kv4 channels in the
UAN. This finding not only sheds light on the biophysical
distinctions between UAN and NUAN but also addresses
a vital query posed by experimentalists (Kanda et al.,
2016). Given its relevance to the understanding of sensory
signalling mechanisms, we emphasize the pivotal role of
Kv1.4 and Kv4 channels in modulating UAN excitability.
This discovery serves as a cornerstone for future studies
exploring the intricate interplay between ion channels and
their functional implications in urothelial afferent neurons.
By elucidating the specific Kv channel composition, our
work provides a key building block towards a comprehensive
understanding of sensory signalling in the urinary bladder.
One of the striking outcomes of the Kanda et al. (2016)
experiment was to indicate the difference in UAN and
NUAN neurons with the presence and absence of the
rebound action potential in UAN and NUAN, respectively,
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following prolonged hyperpolarisation. We tested our
model to see if we could replicate this phenomenon. We
used a hyperpolarsing current pulse similar to the one used
experimentally and obtained a rebound AP in the UAN
while failing to obtain it in the NUAN. Our model suggests
that the presence of a larger conductance density of HCN
and CaT in UAN compared to the NUAN was the reason
behind the presence and absence of rebound AP in the UAN
and NUAN. We have rigorously validated our model against
experimental current and voltage traces.

In the work presented here, besides modelling a urothelial
and a non-urothelial afferent neuron, we accounted for the
difference in their biophysical properties previously unex-
plained by experiments.

2 Methods
2.1 Computational model

We used the NEURON simulation environment (Hines &
Carnevale, 1997) to construct the UAN model and perform
our simulations. The UAN is a pseudo-unipolar neuron;
hence we constructed the morphology of the UAN model
comprising a soma, a stem, a central branch, and a periph-
eral branch (see Fig. 1). We used a similar approach as the
bladder DRG soma modelled by Mandge and Manchanda
(2018), with the morphological and biophysical parameters
modified to fit the UAN model. The biophysical parameters
for the model were tuned to fit the properties of UAN neu-
rons observed in vitro. The experimental data specific to the
UAN model were obtained from Kanda et al. (2016), and
the additional data not present in Kanda et al. (2016) were
obtained from Du et al. (2014). We digitised the experimen-
tal plots for comparison with the simulated results using
Webplot Digitiser (Rastogi et al., 2008), an online tool to
extract numerical data from plots.

Code accessibility The source code for the proposed UAN
model is available on the GitHub server https://github.com/
sachjoe/BiophysicalmodelUAN.git.

2.2 Morphological parameters in the model

Patch clamp recordings from neurons in the dorsal root
ganglia (DRGs) have vastly expanded our knowledge of the
functioning of these neurons. The bulk of recordings are cur-
rently done on dissociated DRG neurons, which is a standard
preparation in most investigations. However, axonal dam-
age caused by enzyme digestion used to obtain dissociated
neurons might affect neuronal characteristics. Furthermore,
detached neuron preparations do not accurately replicate the
DRG’s microenvironment. Most studies done on bladder
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DRG (Hayashi et al., 2009), Yoshimura and Yamaguchi
(1997) are from acutely dissociated DRG neurons; hence
the Mandge and Manchanda (2018) model consisted of only
the soma. In order to overcome the limitations of the conven-
tional dissociated DRG neurons for patch clamp recordings,
Newer studies were conducted in intact DRG (Kanda et al.,
2016), where both the peripheral and central branches of
the neurons were preserved. This enabled us to model the
pseudo-unipolar urothelial bladder neuron as a whole, with
the soma, stem, and branches. This helps simulate the elec-
trophysiological behavior of the UAN more accurately and
renders it physiologically more realistic.

The morphological parameters used in UAN and NUAN
models were taken from the literature (Kanda et al., 2016;
Duetal., 2014). The UAN and NUAN are modelled as cylin-
drical somata of diameter 20.7 ym, and 21.3 ym (Kanda
et al., 2016), respectively. In both cases, the soma is attached
to an unmyelinated initial short stem axon of diameter 1.4
um and length 75 ym (Du et al., 2014), which bifurcates into
a peripheral branch of diameter 0.8 ym (Du et al., 2014) and
length 100um and a central branch of diameter 0.4 ym (Du
etal., 2014) and length 100um. We have illustrated the com-
putational models in Fig. 1. In all the simulations, we have
kept axonal length and diameter constant. We have listed in
Table 1 all the parameters used in the model. As seen from
Table 1, the diameter of the UAN is approximately a micro-
metre smaller than the NUAN. The dimensions of the stem,
peripheral, and central branches were kept similar for both
axons (Du et al., 2014).

2.3 Biophysical parameters in the UAN
and NUAN models

Passive and active properties were added to both UAN and
NUAN models. The specific membrane resistance (R,,) of
10000 Qcm?) (Choi & Waxman, 2011) was kept constant for
all sections in both UAN and NUAN. Experimental studies
reported the total membrane capacitance as 18.0 + 1.6 pF
for UAN, and 24.5 + 2.5 pF for NUAN (Kanda et al., 2016).
These values were used in our model. Passive conductance
is ( gpas) = 1/Rm = 1/(10000 Qcm?) = 1x10~* S/cm? and
kept the passive potential (Epas) at —73 mV to set the Rest-
ing Membrane Potential (RMP) at —73 mV (Kanda et al.,
2016) for both UAN and NUAN. The RMP was reported to
be identical in both neurons (Kanda et al., 2016).

The models include 25 different voltage-dependent and
calcium-dependent ionic channels distributed in the soma,
stem, and branches uniformly (Table 2). To achieve satisfac-
tory fits for the UAN and NUAN experimental recordings,
the maximum conductance values for each ionic current
were tuned.

The general approach to model the properties of differ-
ent ionic currents in both UAN and NUAN is based on the
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Table 1 Morphological and
biophysiological parameters

used in the model

Parameters UAN model NUAN model Reference

Soma diameter (xm) 20.7 21.3 Kanda et al. (2016)
Stem axon diameter (xm) 1.4 1.4 Du et al. (2014)
Stem axon length (um) 75 75 Du et al. (2014)
Central axon branch dia (um) 0.4 0.4 Du et al. (2014)
Peripheral axon branch dia (um) 0.8 0.8 Du et al. (2014)
RMP (mV) =73 =73 Kanda et al. (2016)
Total membrane capacitance (pF) 18 24.5 Kanda et al. (2016)
Input resistance (Mw) 474.2 332.1 Kanda et al. (2016)
Rebound action potential Yes No Kanda et al. (2016)
Rheobase (pA) 100.3 301 Kanda et al. (2016)
Temperature °C 22 22 Kanda et al. (2016)

Hodgkin-Huxley-type formalism (Hodgkin & Rushton,
1946). The time integral equation used to calculate the trans-
membrane voltage is given by;

dv

1 .
- = _C_m X {Z[gWX(V— VIl + igim}

where V is the membrane potential, C,, membrane capaci-
tance, w denotes the w' channel type, g,, ionic conductances
of various channels present in the model, and V,,, is the rever-
sal potentials (the subscript w denotes different channels),
and i, is the stimulus current injected. Membrane conduct-
ances of the ion channels were represented as

Table 2 Ion channels present in

Ion channels DRG / NUAN model Reference

Mandge and Manchanda (2018)

(DRG) model and the UAN Tetrodotoxin-Sensitive (TTX-S) DRG,UAN Baker (2005)

model Tetrodotoxin-Sensitive (TTX-R) DRG Yoshimura (1999)
Navl.7 UAN Chambers et al. (2014)
Nav1.8 DRG,UAN Han et al. (2015)
Nav1.9 DRG,UAN Black et al. (2003)
A-type K* (KA) DRG Black et al. (2003)
Kvl.4 UAN Black et al. (2003)
Kvl.1 UAN Akemann et al. (2009)
Kv4 UAN Black et al. (2003)
Kv4.3 UAN DeBerry et al. (2013)
Delayed Rectifier (KDR) DRG,UAN Yoshimura et al. (2006)
Large-Conductance Ca**-Activated K* DRG,UAN Shieh et al. (2007)
(BKCa)
Small-Conductance Ca**-Activated K* DRG,UAN Hougaard et al. (2009)
(SKCa): hSK3
KCNQ/M DRG,UAN Passmore et al. (2003)
Na+-activated K+ (KNa) DRG,UAN Bischoff et al. (1998)
L-type Ca** DRG,UAN Tong et al. (2011)
N-type Ca** DRG,UAN Tong et al. (2011)
P/Q-type Ca** DRG,UAN Fukumoto et al. (2012)
R-type Ca* DRG,UAN Hilaire et al. (1997)
T-type Ca’* DRG,UAN Fox et al. (1987)
Hyperpolarization-Activated DRG,UAN Matsuyoshi et al. (2006)
Cyclic Nucleotide-Gated
Store-Operated Ca** (SOCC) DRG,UAN Usachev and Thayer (1999)
Ca?*-activated CI” (CaCC) DRG,UAN Salzer et al. (2016)
Transient Receptor Potential DRG,UAN Hayashi et al. (2009)
Melastatin (TRPMS)
Transient Receptor Potential UAN Aruljothi et al. (2017)

Cation Channel (TRPV1)
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Z,
gW = Gmaxw ><'X.W wa
where G, is the maximum ionic conductance, x,, and y,,
are the state variables for a gating particle, and z,, is the
number of gating particles. The equation that relates x and

y to the first order rate constants a and f is

ay
X =
® ax+ﬂx
(Xy
yoo_ay+ﬂ,
;= 1
! ax+ﬂx
;= 1
Yy =
ay+ﬂy

The state variable kinetics is given by

dx Xog — X

@ o
@ _ Yo =V
dt To

a and f are functions of voltage. We have shown in Table 3
the parameterized equations for the @ and f for the ionic
current that were not present in the Mandge and Manchanda
(2018) model.

2.4 Simulation protocol used in UAN
and NUAN model

In all models, we performed the stimulations and recording
at the soma. To determine the voltage-activated currents,
we performed a voltage-clamp simulation in voltage steps
for clamp potentials ranging from -90 to +70 mV in 10 mV
increments and of duration 250 ms.

We used step current pulses of amplitude ranging between
—120 and +120 pA (20 pA per step, 1000 ms duration) to
evoke action potentials and determine membrane excitabil-
ity. According to the experimental studies, we kept the simu-
lation protocols the same for all the models.

2.5 The three-phase model used for the selection
of ion channels in the UAN

Methodology The first step towards modelling the UAN
was to test if the available pre-existing models could be
used as a UAN model. In order to do that, We examined
the soma model of the neuron presented in Mandge and
Manchanda (2018). We endowed it with the morphological
parameters and passive membrane properties of the UAN as
obtained from the experimental studies (Kanda et al., 2016).
We kept the ion channel mechanisms unchanged since there
was no information on the types of the ion channels in the
study. Next, we tested our model against UAN experimen-
tal recordings. Using voltage steps of 10 mV from —-60 mV
for a duration of 250 ms, we employed the voltage clamp
simulation procedure to model the total membrane current
in accordance with the experimental investigations and

Table 3 Voltage-dependent conductance parameters. The variables used in expressions for a and f are v membrane depolarization in mV, v, shift

voltage in mV, and T absolute temperature in K

Conductance n Gax (mS/cm?) Viel(mV) a(s™h B(s™h) [Ref]

State variables

gwi7  Activaion 3 23 50 042X (+35)/(1—e ) 167 xe 0050460 (1. 121
Inactivation 1 0.29 x ¢~03(:+60) 417/ +e 5 )

Gt Activation 4 0.0% ~77 0.13 X e 52 0.13 x e i (3]

ko1 4 Activation 4 215 -77 0.01 X (=55 +v, — ) 0125x e W (4]
Inactivation 1 25.6 % 10-6 X ¢ 557 0.033/(1 + 6745_527?3,‘,)

Sk Activation 4 0.002 77 0.15743 X e 5505 0.15743 X e T3t [5]
Inactivation 1 —(+60) —s4)

001342/(1 + e 7868) 004477/(1 + e 113615 )

Zxvas Activation 0.00001 =77 2.4441 x e23-32x(+9.17203) 0.4965 x = 1947x(v+18.28) [6]
Inactivation 1 0.33] x ¢~ 12:8433x(v+111.332) 0.3105 X ¢~8:9x(v+49.95)

grrpvi  Activation 1 0.05 0 16 x 1077 x ¢ 2 0.67 x 105 x ¢ 22tuue [7]

The references indicated are: [1] Chambers et al. (2014); [2] Akemann et al. (2009); [3] Solinas et al. (2007); [3] Schmidt-Hieber and
Bischofberger (2010); [5] Akemann and Knopfel (2006); [6] Masoli et al. (2015); and [7] Aruljothi et al. (2017)
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compare the results to the experimental response. The max-
imum conductances of the channels were fine-tuned both
manually and using an automated method available in the
NEURON platform to get the closest fit between simulated
and experimental waveforms.

Observation In the total membrane current response
from the experimental recording, three distinct phases
are observed (see Fig: 2A) as follows; phase 1, a transient
inward current at the beginning of the voltage steps, phase 2,
an outward current, and phase 3, sustained non-inactivating
outward currents. Comparing the total current response of
the DRG model with that of the experimental response (see
Fig: 2B), a clear difference in all three phases was discerned.

lon Channel contributions to UAN function The total mem-
brane current response of the UAN exhibits three distinct
phases, with phase 1 showing a transient inward current pri-
marily due to the activation of voltage-gated Na* channels,
phase 2 showing an outward current due to the activation
of inactivating and non-inactivating voltage-gated K* chan-
nels (KA type channels), and phase 3 showing sustained
non-inactivating outward currents due to Kdr-type currents.
However, the total current response from the DRG model
differed significantly from the experimental response in all
three phases (see Fig. 2B). This discrepancy indicates that
additional Nat, KA, and possibly Kdr-type channels are
required for the UAN.

4 -l
10 mV
-60 mV
2 ) —_—
< lea g
< leor 2
2
g 5
5 0 O
O
=2 Ina
Phase I II III
1 ] ] 1 1
4 5 6 7 8
Time (ms)

Fig.2 A: Three phases in the experimental voltage clamp trace
stepped from -60 mV to 10 mV adapted from (Kanda et al., 2016).
Phase 1 is a transient inward current due to the sodium channels.
Phase 2 is the transient outward current due to the KA-type potas-
sium channels. Phase 3 is the sustained non-inactivating outward

Identification of additional channels To address the need
for additional ion channels, we conducted a comprehensive
review of the literature on UAN and identified potential
candidate channels based on their biophysical properties.
In the following sections, we provide a detailed account of
our selection of additional Na* and K* channels and their
contributions to the UAN function.

2.5.1 Selection of sodium ion channels

The predominant sodium channels expressed in DRG affer-
ent neurons are TTX sensitive (TTXs) (Yoshimura, 1999),
Nav1.8 (Ritter et al., 2009), Nav1.9 (Ritter et al., 2009), and
Navl.7 (Lei et al., 2013). Equations for Nav currents for
phase 1 are adapted from TTXs, Nav1.8 and Nav1.9 from
(Mandge & Manchanda, 2018) and Nav1.7 from (Chambers
etal., 2014).

2.5.2 Selection of potassium ion channels

We have shown in Fig. 2B that the existing K* channels,
generic KA, and Kdr in the small DRG soma model were
inadequate to match the simulated total current with the
experimental one for the UAN. Since the A-type K* cur-
rents were known to regulate sensory neuron excitability
(Takahashi et al., 2013), it was speculated that Kv4.3 or
Kv1.4 could be the channels responsible for the A-type cur-
rent (Kanda et al., 2016).

== Experiment
= Simulation

7.5 10.0 12.5 15.0 1.5

Time (ms)

current due to the Kdr-type channels. B: The experimental recording
(dashed lines) shows the total membrane current elicited in the UAN
by a 250 ms voltage step from -60mV to 10mV (Kanda et al., 2016).
The solid lines show the simulation result from the DRG model
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For phase 2 Due to the fast inactivation in phase 2 of the
experimental curve, we examined A-type potassium chan-
nels. We have added the specific KA type channel Kv1.4
Kv4 and Kv4.3, which were known to be present in the blad-
der (Takahashi et al., 2013).

For phase 3 Since the experimental trace showed a slower
activating and non-inactivating outward current, the Kdr
channels are most likely to underpin the current. To bridge
the difference in the trace in phase 3, we included Kv1.1 and
Kdr-type channels present in the DRG model. Studies have
shown the presence of Kvl1.1 in the bladder afferent neurons
(Takahashi et al., 2013). The ion channels present in the
UAN and the DRG are tabulated in Table 2.

2.6 Model tuning and testing

In the UAN and NUAN models, after the model construction
with the morphological, passive properties and setting of
the ionic channel properties, the maximum ionic conduct-
ances of voltage- and calcium-dependent channels remained
the free parameters. These were pre-determined based on
experimental estimations obtained from the literature and
were fine-tuned through trial and error. In complex neuron
models, a pertinent challenge and time-consuming step is
the precise calibration of the multiple ionic channel conduct-
ances involved. In addition to using the automated optimi-
zation algorithm (multiple run fitter) provided in the NEU-
RON software, we used manual tuning to get a better fit.

We tested the matching of the model output to that of
experimental data by comparing their voltage traces elicited
in response to the current clamp. We tuned the parameters
by altering the maximum conductances.

2.7 Statistical analysis

The experimental data published in the literature were digi-
tized using WebPlotDigitizer (2022) for the analysis. We
used the Root Mean Square Error (RMSE) measure for
the time-dependent waveform to statistically calculate the
match between the experimental data and the DRG, UAN,
and NUAN models. The RMSE value is calculated using
the corresponding samples between the experimental and
simulated data, and the difference between them is evalu-
ated as an RMSE measure. The lesser the RMSE value, the
better the match.

2
vk (1)
N

RMSE =

where i represents the sample number in experimental data.
The time instant of each sample in the experimental data
was observed, and the corresponding sample point from the
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simulated data was chosen for calculating the error E; for the
ith sample. N is the total number of samples. The original
formula given in Eq. (1) does not include the time inter-
val between the samples and assumes that the samples are
equally spaced. This leaves room for misevaluation of the
RMSE value. Therefore, a modified version of the RMSE,
as given in Eq. (2) was used for quantifying the similarity
between the simulated data and the corresponding experi-
mental trances.

/ E? x dt,
RMSE, = # ()

where df; is the time interval between the ith sam-
ple and (i + 1)th sample, total time duration of the data
T = ) y_, dt;. Equation (1) is a special case of Eq. (2) with
dt; =1 for all i.

2.8 Feature measurement for total membrane current

To evaluate the accuracy of our model, we compared the
simulated membrane current with an in-vitro experiment
using a voltage clamp set at 10 mV (Kanda et al., 2016). To
obtain a quantitative evaluation, we defined a set of features
for the recorded current, including peak hyperpolarising
(A, nA) and depolarising currents (A,, nA), as measure-
ments for the maximum amplitude of negative and positive
currents, fall (tf, ms) and rise time (t,, ms), as the time
taken to reach 90% peak values, and the exponential fall
observed after the peak positive current as decay time con-
stant (z, ms), and full width at half maximum amplitude — 1
(called half-width-1 or HW, for convenience, in ms) and
full width at half maximum amplitude — 2 (HW,, ms) at
the negative and positive phases shown in Fig. 3A. For the
half-width measurements, we evaluated the width of the
negative and positive phases at 50% of peak hyperpolariz-
ing current and peak current relative to the saturation cur-
rent, respectively. The start and endpoints of the measure-
ments were marked in Fig. 3A. The accuracy of our model
was determined by comparing the simulated and recorded
currents for each feature. These salient features provide a
comprehensive evaluation of the accuracy of our model in
simulating membrane currents.

2.9 Feature measurement for action potential

In order to compare the closeness of the simulated curve
to that of the experimental counterpart, we carried out fea-
ture estimation for AP using the following measurements
shown in Fig 3B. For the AP, the measurements included
the amplitude (mV), width (full width at half maxi-
mum), after-hyperpolarization (AHP), foot width, and
foot area. The amplitude is the depolarization measured
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: Peak hyperpol. (nA)

: Peak Depol. (nA)

tf : Fall time (ms)

A HW, tr : Rise time (ms)

T : Decay time const. (ms)

." HW?> : Half width depol. (ms)

A

HW1 : Half width hyperpol. (ms)

50% Amplitude Width (ms)

‘Foot Width (ms)'

Fig.3 A: Feature measurement of Total membrane current and B: Feature measurement of AP, for the comparison between the experimental

and simulated outcomes

from the resting potential to the peak of the spike. The
width is the time period between the AP’s ascending and
descending phases at 50% of the peak amplitude. AHP
is the difference in time between the resting membrane
potential (RMP) and the first local minimum after the AP
peak. The AP foot, which is the region between the stimu-
lus and the AP onset, was analyzed with two features: foot
width and foot area. Foot width is the duration between
the AP onset and the instant when the membrane poten-
tial reaches 50% of the peak value. Foot area is the area
measured between the RMP and the AP foot. The total
membrane current was evaluated using salient features,
such as the peak hyperpolarizing current, peak depolar-
izing current, fall time, rise time, decay time constant,
half-width 1, and half-width 2. The simulated curves were
compared with experimental counterparts to determine the
accuracy of the model. The feature measurements allowed
for quantitative evaluations and comparisons of the simu-
lated and experimental results.

3 Results
3.1 Urothelial neuron model

In this work, we built a biophysically detailed, physiologi-
cally constrained model of the UAN and the NUAN. To
assess the robustness of the models, we compared the
experimental recordings of the total membrane current
(I,,..) and action potential (AP) with the simulated results.
To validate the model, we compared the simulation results
with experimental traces of I, ,,, AP, and rebound AP.
With the help of the validated model, we were able to elu-
cidate certain underlying biophysical mechanisms.

3.1.1 Comparison of experimental recordings
and simulation outputs of the UAN total
membrane current(l,,,,)

After multiple iterations of adjusting ion channel conduct-
ances in the model to align with experimental data, a closer
match was achieved, as depicted in Fig. 4B. Some discrep-
ancies in the two phases of the total membrane current per-
sisted, identified as points a, b, and c in Fig. 4B. Focusing on
active ion channels (Kv1.4, Kv4, and Kv1.1), manual tuning
was performed to improve the fit with experimental data.
The resulting UAN model outputs (solid lines, Fig. 4A) were
overlaid on the experimental trace (dotted lines, Fig. 4A)
after multiple iterations. The model’s peak transient inward
current closely matched the experimental trace, with ampli-
tudes of —2.77 nA and —2.76 nA, respectively. Similarly,
in the second phase, the model closely approximated the
experimental outward current with amplitudes of 1.44 nA
and 1.42 nA. At the 15 ms mark, the experimental current
was 0.88 nA, while the model output was 0.9 nA. The Root
Mean Square Error (RMSE) of 0.16 indicated a good fit
between the simulated output and the experimental trace,
affirming the model’s accuracy. Feature measurements are
summarized in Table 4.

3.1.2 Comparison of the experimental recordings
and simulation outputs of the UAN AP

In accordance with the experimental protocol, we conducted
a current clamp simulation with a delay of 35 mV, a duration
of 250 ms, and an amplitude of 4 pA. In the preliminary
simulation, the action potential (AP) corresponding
to the total membrane current Fig. 4B was examined
(Supplementary Fig. S1). Here, we observed a notable
disparity in the amplitude of the AP and the hyperpolarization
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Fig.4 A: The total current of the UAN generated by the model (continu-
ous line) is superimposed with experimental trace (dotted lines). Note
that the three phases of the membrane current in the experimental data
discussed in Fig. 2A are observed to be closely matched with the sim-
ulated output. B: The total current of the UAN generated by the model
(continuous line) is superimposed with experimental trace (dotted lines).
Three sections marked a, b, and ¢ on the figure still show deviation from
the experimental trace. C: The action potential generated by the model

phase. Subsequently, after fine-tuning the model, the final
simulation yielded an AP that closely matched both the
experimental trace (depicted by dashed lines) and the

Table 4 Feature values (see Fig. 3A for details) for the UAN total
membrane current in the experimental, DRG model and UAN model
simulated curves. The corresponding percentage difference relative to
the experimental trace is shown in brackets

Features  Experimental DRG model value  UAN model value
Al -2.76 nA -2.77 (0.3) nA -2.77 (0.3) nA
A2 1.42 nA 0.87 (48) nA 1.44 (1.3) nA

tf 0.10 ms 0.16 (46.1) ms 0.08 (22.2) ms

tr 0.37 ms 1.32(112.4) ms 0.38 (2.6) ms

T 0.84 ms - 0.85(1.1) ms
HWI1 0.22 ms 0.52 (81) ms 0.22 (0) ms
HW2 0.72 ms - 0.94 (22) ms
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(continuous line) is superimposed with experimental AP (dotted lines)
(Kanda et al., 2016). A current clamp of 4 pA amplitude and 250 ms
duration was used. Note that the amplitude and width of the AP in both
experimental and simulated output are similar. D: The simulation result
shown with continuous lines is the membrane potential when a current
clamp of 30 pA was given. The dashed lines show hyperpolarisation-
induced action potential in response to a hypolarising pulse of 5 pA, a
characteristic feature of UAN. The duration was 1000 ms in both cases

simulated output (represented by continuous lines) Fig. 4C.
The resting membrane potential (RMP) obtained from
experimental studies was measured at -—73.6 mV, a value
consistent with that of our model. Specifically, the amplitude
of the experimental AP was recorded at 122.4 mV, while the
simulated output measured 121.4 mV, both referenced from
the RMP.

In accordance with the experimental protocol, we used
the current clamp simulation of delay 35 mV, duration 250
ms, and amplitude of 4 pA. In a preliminary simulation, the
AP corresponding to the total membrane current (Fig. 4B) is
shown in where the discrepancy in the amplitude of the AP
and the hyperpolarisation phase is apparent (see Supplemen-
tary S1). The final tuned model exhibited an AP as shown
in Fig. 4C, the experimental trace (dashed lines), and the
simulated output (continuous line). The resting membrane
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potential (RMP) from the experimental studies is -—73.6 mV
which was also the same for the model. The amplitude of the
experimental AP is 122.4 mV, and the simulated output is at
121.4 mV, measured from RMP.

Validation of the presence of rebound AP in the UAN The
UAN displayed hyperpolarisation-activated "sag" poten-
tial or "rebound AP" in response to hyperpolarising cur-
rent injection, while the NUAN did not produce such fea-
tures. Hence, it is crucial to ascertain whether our model
would reproduce this feature in the simulations. The
membrane potential output from the simulation results
is depicted in Fig. 4D; it shows the response to a current
clamp of 30 pA amplitude for a duration of 1000 ms,
represented by continuous lines. Additionally, the mem-
brane potential using a hyperpolarization current clamp
of 5 pA for 1000 ms, is displayed in Fig. 4D as dashed
lines. Notably, the simulation with the hyperpolarization
current clamp resulted in the observation of a rebound
action potential.

3.2 Statistical validation for UAN model total
membrane current and AP

Based on the proposed method of estimation of the RMSE
measure, the following are the values obtained for the DRG
model and UAN model, compared with the experimentally
observed records. Total membrane current curve for the
UAN: DRG model, RMSE = 0.35; UAN model, RMSE =
0.16. This clearly indicates that our UAN model is a much
better approximation to the experimentally observed values
for this neuron.

For the action potential, UAN AP vs DRG model, RMSE
= 39.16; UAN AP vs UAN model, RMSE = 7.40. Here
again, it can be observed that the UAN models match the
experimental data significantly better than the DRG model.

3.3 Feature measurement quantification of total
membrane current for UAN

In order to show the closeness of our UAN model results
to that of the experimental trace compared to the DRG
model we have identified and measured a selection of
indices (see methods). From the values shown in Table 4
we can see that the UAN model values are closer to those
of the experimental recordings than the DRG model val-
ues. In this section, we present a detailed analysis of the
total membrane current in the urothelial afferent neuron
(UAN) model, comparing it to experimental recordings.
The reported percentage differences highlight particu-
lar electrical activity characteristics of the UAN, pro-
viding insight into how well our computational model
matches the experimental data. These quantifications are

a way to judge how accurately our model reproduces
physiological responses. For example, our UAN model
closely approximates the experimental data based on the
observed percentage differences in total membrane cur-
rent. This shows that the model accurately represents
the fundamental electrical characteristics of UAN, which
has wider implications for comprehending neuronal
function in the urothelium as a whole and activity at the
population level.

3.4 Feature measurement quantification of Action
potential for UAN

Similar to the feature measurement done for the total
membrane current, we used the feature measurement
approach to compare the closeness of our UAN model
findings to those of the experimental trace compared to
the DRG model. The indices’ related figure is provided in
the methods section. Table 5 shows that the UAN model
values are closer to the experimental values than the
DRG model values. This section delves into the feature
measurements of the action potential (AP) in the urothe-
lial afferent neuron (UAN), comparing simulation out-
puts with experimental traces. The percentage differences
presented offer a quantitative assessment of how well our
model reproduces the key characteristics of UAN fir-
ing. These numbers can be interpreted in the context of
neuronal function. For example, the observed percentage
differences in AP properties signify the degree of agree-
ment between the model’s predictions and experimental
outcomes. This has implications for understanding the
sensitivity and excitability of UAN, which play pivotal
roles in sensory signalling within the urothelium. These
quantifications also offer insightful information about
how the UAN model might advance our knowledge of
pathological conditions affecting the bladder and popu-
lation-level activity.

Table 5 Feature measurement values (Fig. 3A) for the UAN AP in
the experimental, DRG model, and UAN model simulated curves.
The corresponding percentage difference relative to the experimental
trace is shown in brackets

Features Experimental DRG model UAN model value
value
Onset time 4 ms 8.8 ms (75) 3.93 ms (1.7)
RMP -71.5 mV -53.4mV (28.9) -68.5mV (4.2)
Amplitude 120.3 mV 104.6 mV (13.9) 1164 mV (3.2)
Foot width 13.97 ms 17.53 ms (22.6)  14.07 ms (0.7)
Foot area 0.28 mV-s 0.56 mV-s (66.6) 0.31 mV-s (10.1)
AP width 2 ms 4.5 ms (76.9) 2.7 ms (29.7)
AHP amplitude 16.6 mV -3.9mV (322) 15.3mV (8.1)
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Table 6 Feature measurement values (Fig. 3A) for the NUAN total
membrane current in the experimental and NUAN model simulated
curves. The corresponding error values relative to the experimental
trace are shown in brackets

Features Experimental NUAN model value
Al -2.83 nA -2.92 (+0.09) nA
A2 241 nA 2.47 (+0.06) nA
tf 0.095 ms 0.11 (-0.02) ms
tr 0.47 ms 0.44 (+0.03) ms
T 1.32 ms 1.01 (+0.31) ms
HWI1 0.215 ms 0.26 (+0.05) ms
HW2 1.03 ms 1.30 (+0.27) ms

3.5 Using the UAN model to replicate the results
for the NUAN

We adopted the UAN model in order to model the NUAN.
We used the morphological parameters of the NUAN from
the literature (Kanda et al., 2016), and the biophysical
parameters, such as the ion channel conductances of vari-
ous ion channels, were tuned to fit the NUAN experimental
curves. According to the experimental studies, similar simu-
lation protocols as the UAN were used for the NUAN model.

3.5.1 Comparison of the experimental recordings
and simulation outputs of the NUAN total
membrane current(l,,,,)

We compared the simulation results with experimental
traces of I, ,,;, AP, and rebound AP for the NUAN, similar
to the UAN model verification.

The experimental I, ,,, trace shown was obtained at a volt-
age step of 10 mV from a baseline of -60 mV. We have
used the same experimental protocol (Kanda et al., 2016)
in our simulations as well; a voltage clamp stepped from
the conditioning level of —60 mV for 4.88 ms to a testing
level of 10 mV. The NUAN model outputs were superim-
posed upon the corresponding experimental traces (shown
in dashed lines Fig. 5SA). We employed the feature measure-
ment method, similar to that utilised for the total membrane
current, to assess how well our UAN model results matched
those of the experimental trace compared to the DRG model.
The results of the comparison are tabulated in Table 6. The
amplitude of the transient inward current at the beginning of
the voltage step is -—2.83 nA in the experimental recording,
while in the model output, it is -—2.92 nA (see Table 6. In
the 2nd phase of the curve, the amplitude of the recorded
outward current is 2.41 nA, and the model output is 2.47
nA. The RMSE value calculated for the experimental and
the simulated output from the NUAN model was 0.15. The
close agreement between the experimental and simulated
output gives us confidence that our model is robust enough
for further analysis.

3.5.2 Comparison of the experimental recordings
and simulation outputs of the NUAN Action
potential (AP)

We used the current-clamp simulation of delay 35 mV,
duration 250 ms, and amplitude of 4 pA. We have shown
in Fig. 5B the experimental trace ( dashed lines) along with
the simulated output (continuous line). The RMP from the
experimental studies is -—73.6 mV. The RMP measured
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Fig.5 A: The total current of the NUAN generated by the model
(continuous line) is superimposed with experimental trace (dashed
lines). B: The action potential generated by the model (continu-
ous trace) is superimposed with the experimental AP (dashed lines)
(Kanda et al., 2016). A current-clamp of 4 pA amplitude and 250 ms
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duration was used in both cases. C: The continuous trace showed the
membrane potential when a current clamp of 30 pA was given and
the dashed response to a hyperpolarising pulse of 5 pA. The duration
was 1000 ms in both cases
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from the model in the absence of the stimulation was also
observed to be -—73.6. While the amplitude measured from
the RMP of the experimental AP is 122.4 mV, that of the
simulated output is 121.4 mV.

Validation of the presence of rebound AP in the NUAN In
the experimental studies, NUAN neurons did not exhibit
hyperpolarisation-induced AP (rebound AP). The membrane
potential output from the simulation from a current clamp
of 30 pA amplitude for a duration of 1000 ms is shown as
continuous lines in Fig. 5C, and the membrane potential
from the simulation result using a current clamp of 5 pA for
a duration of 1000 ms (shown as the dashed line in Fig. 5C)
did not elicit a rebound action potential, which was in line
with the experimental findings.

3.6 Reproducing the experimental response
to depolarising pulses and voltage clamp
in UAN and NUAN

Our UAN model reproduced the total membrane current
trace obtained from the experiment. The experimental inves-
tigators hypothesised that Kv4.3/Kv1.4 might be responsi-
ble for the differences observed in the A-type current in
UAN and NUAN (Kanda et al., 2016). We have shown
using our model that the Kv1.4 channel is responsible for
the difference. We did a sensitivity analysis for UAN AP
Fig. 6, mapping K* channels present by reducing each of
the conductances to 50% and measuring the difference in
feature measurement values. Our simulation-based findings
were supported by the sensitivity analysis showing that the
major K* channel in phase 2 is the Kv1.4. The presence of
rebound action potential in UAN and the absence of one in

NUAN were critical distinguishing features that our model
could reproduce. In the experimental studies, UAN exhibited
hyperpolarisation-induced action potential (Rebound AP)
but not NUAN neurons indicating higher excitability of the
urothelial neurons. A possible explanation of this difference
in behaviour is the large T-type Ca?>* and HCN channel den-
sities in the UAN model. This was tested by reducing the
conductance of T-type Ca?* and HCN channel in our NUAN
model; we observed that the rebound AP was indeed absent.
This is an interesting revelation that could be one of the
biophysical reasons behind the increased sensitivity of the
UAN compared to the NUAN. Due to the limited availability
of experimental data on the UAN, we have used recordings
from a single study (Kanda et al., 2016). Further robustness
of the UAN model can be tested as and when future experi-
mental studies are undertaken. Our UAN model, besides
being used for hypothesis testing and implementing NUAN
neurons, is used for modelling urothelial afferent neuron
signalling, which is currently in progress.

4 Discussion

We constructed a detailed ionic conductance-based model
of the bladder UAN. Though there is ample evidence on the
importance of urothelium in the functioning of the bladder,
much of it is still unclear. Our UAN model would be the first
step towards building a more elaborate model of afferent
signalling in the urothelium to help understand urothelial
function. The model includes voltage-gated sodium and
potassium channels, N, L, P/Q, R, T type Ca?* channels,
Calcium-activated K* channels ( BK, SK), HCN channel,
TRPV1, TRPMS channels, and internal calcium dynamics.
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Table 7 Predictions and supporting evidence

Prediction Supporting Evidence Neuron Type
Type of Kv channel present in UAN neuron Kv1.4 and Kv4 channels are dominant, with limited Kv4.3 presence. UAN
Potential contributors to rebound AP in UAN T-type Ca?" and HCN channels play a significant role. UAN
Influence of Kvl1, Kv4, and Kdr-type channels Kvl, Kv4, and Kdr-type channels contribute to phase 2 of AP. UAN
Impact of ion channel conductances on I, Kv1.4 and Kv4 channels significantly influence transient currents. UAN
Presence of rebound AP in UAN and NUAN UAN exhibits rebound AP following hyperpolarization; NUAN does not. UAN/NUAN

The model reproduced the responses of voltage clamp (see
Fig. 4A), depolarising current pulse (See Fig. 4C), and
rebound AP (see Fig. 4D). Our model predicts the type of
voltage-gated K* present in the UAN, namely Kv1.4, Kv1.1,
and Kv4. We have also used the UAN model for modelling
NUAN and predicted the relative expression of the K* and
other ion channels in UAN and NUAN. We have also used
the model to replicate the presence and absence of rebound
AP in UAN and NUAN, respectively.

4.1 Comparison of UAN with small DRG neuron model

Since recent studies have shown differences in the neu-
rons innervating the urothelial and non-urothelial neurons,
we set out to model the UAN. Though several preexisting
biophysical models are available for different types of neu-
rons, including one on the bladder DRG neuron (Mandge
& Manchanda, 2018), we could not adopt it in its reported
form for the UAN. The discrepancy is because even after
altering the DRG model’s morphology to correspond to the
UAN and modifying the preexisting ion channel conduct-
ances to comply with the experimental data, it was insuf-
ficient to achieve a close fit between the experimental and
simulated results. Moreover, the calculated RMSE values
for AP and I, ,, were found to be 39.16 and 0.35. Hence we
concluded that a more customised model at the biophysi-
cal level was required for the UAN. The RMSE for UAN
AP and I,,,,, was calculated as 7.4 and 0.16, respectively.
Furthermore, compared to using the DRG model for UAN,
the new UAN model is a better physiologically constrained
model for the UAN.

In order to select the appropriate ion channels for the
UAN, we divided the I, ,, into three phases, the initial tran-
sient inward current being caused mainly by Na* channels,
the second outward current due to inactivating K* chan-
nels and the last steady outward current due to the non-
inactivating K* channels. From the simulations on the DRG
neuron, we observed that the second phase due to the inac-
tivating K* outward current and the third phase due to the
non-inactivating K* outward current of the simulated curve
and the experimental trace did not match. We explored the
possibility of other KA and Kdr-type channels to obtain
a better fit. Experimental studies show that three types of
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A-type Kv channels are present in the DRG, namely Kv1.4,
Kv4, and Kv4.3 (Zemel et al., 2018). Of the three types, we
wanted to know which of these were present in the UAN
neuron. By fine-tuning the maximum conductances of the
ion channels using trial and error, we concluded that Kv1.4
and Kv4 were the dominant ones present. We also added a
Kdr-type channel, Kv1, which was known to be present in
bladder DRG neurons. Hence using the model, we propose
an answer to a vital question posed by the experimentalists
regarding the type of Kv channel present in the UAN neuron
(Kanda et al., 2016).

The reason for the mismatch in the experimental curve
and the simulated result from the DRG soma model could
be any of the following three. a) It is possible that the DRG
soma model was a model of a hypogastric nerve (Fowler
et al., 2008). The experiments have not specified the identity
of the neuron, and the UAN is from the pelvic nerve. b) The
DRG neuron was modeled to fit the results from rat whereas
the UAN model is from mouse. ¢) Experiments were per-
formed on the soma dissociated from the branches for the
DRG neuron, whereas for the UAN, they were done on the
intact neuron. We have also added the stem, central, and
peripheral branches to the soma model as the experimental
studies were carried out on the intact neuron. In Table 7 we
provide a clear summary of the predictions made based on
the distribution of ion channels in the UAN and NUAN neu-
rons. Each prediction is accompanied by a brief description
of the supporting evidence or rationale behind it.

4.2 Limitations and avenues for future research

Although we have shown a reasonably strong validation of
our UAN model’s working, the data used for validating the
UAN and NUAN models were procured from a single exper-
imental study. As the studies on UAN and NUAN have only
recently been undertaken, we could not obtain other sources
for further testing. The robustness of our models could be
reinforced when more experimental studies are done on the
UAN and NUAN neurons.

There is a discrepancy between the experimental and sim-
ulated traces for both UAN and NUAN (shown in Figs. 4C
and 5B for UAN and NUAN, respectively) in the initial slow
depolarisation phase of the AP; this could be either due to
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noise or a missing ion channel or channels in our model.
This could be resolved by testing the model against a dif-
ferent set of experimental studies for the UAN and NUAN
when such becomes available.

In the future, the following steps might be procedures that
may be warranted to augment the robustness of the under-
taken work.

Detailed Experimental Characterization: Conduct compre-
hensive electrophysiological experiments specifically target-
ing urothelial afferent neurons. This would provide precise
data on ion channel properties and kinetics in these neurons.

Comparative Studies: Compare model predictions with
additional experimental data beyond the scope of this study.
This could include responses to specific pharmacological
agents targeting ion channels.

Given that this represents the first such model for UAN/
NUAN and considering the limited availability of experi-
mental data, its underconstrained nature is an inherent
consequence. This underconstraint is a typical challenge
encountered in the preliminary phases of computational
neuronal modeling. However, several are published as start-
ing points for further computational and computational with
experimental investigation (Medlock et al., 2022). In conclu-
sion, we acknowledge the challenges posed by the under-
constrained nature of our model and emphasize the need for
further experimental validation and refinement. This work
would be a starting point to initiate experimental collabora-
tions to enhance the accuracy and predictive power of our
computational model.

4.3 Conclusion

We constructed a detailed biophysical model of the UAN
incorporating most, if not all, the conductances that influ-
enced their behavior and validated our model against experi-
mental findings. Our biophysical model has provided valu-
able insights into the distinct ion channel composition and
biophysical properties of UAN and NUAN. Our findings
strongly support the hypotheses proposed in this study. Spe-
cifically, the presence of Kv1.4 and Kv4 channels in UAN
was identified as a critical factor contributing to the differ-
ences in A-type currents between UAN and NUAN. Addi-
tionally, our model confirmed that the increased density of
T-type Ca?* and HCN channels in UAN is responsible for
the presence of rebound action potential in UAN, a phe-
nomenon not observed in NUAN. These discoveries offer a
deeper understanding of the cellular mechanisms underly-
ing sensory signalling in the urothelium, providing a valu-
able foundation for future research in the field of bladder
function and dysfunction. Our model of the UAN is envis-
aged to help further the studies of sensory signalling from
the urothelium. Multiple recent studies have underscored
the importance of chemical signalling from non-neuronal

cells to primary afferent neurons (Baumbauer et al., 2015).
Urothelial dysfunction appears to be a pathophysiological
component of symptom development in interstitial cystitis,
and UAN mechanisms might be vital to understanding some
facets of the dysfunctions. Our UAN model would help build
the sensory signal transduction pathway model between the
urothelial cell and afferent nerve fiber, thereby aiding in
analysing urothelial signalling better. A detailed compu-
tational model of the UAN and NUAN will complement
experimentation in pinpointing possible therapeutic targets
at the cellular level.
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