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Abstract

Bladder small DRG neurons, which are putative nociceptors pivotal to urinary bladder func-

tion, express more than a dozen different ionic membrane mechanisms: ion channels,

pumps and exchangers. Small-conductance Ca2+-activated K+ (SKCa) channels which were

earlier thought to be gated solely by intracellular Ca2+ concentration ([Ca]i) have recently

been shown to exhibit inward rectification with respect to membrane potential. The effect of

SKCa inward rectification on the excitability of these neurons is unknown. Furthermore, stud-

ies on the role of KCa channels in repetitive firing and their contributions to different types of

afterhyperpolarization (AHP) in these neurons are lacking. In order to study these phenom-

ena, we first constructed and validated a biophysically detailed single compartment model

of bladder small DRG neuron soma constrained by physiological data. The model includes

twenty-two major known membrane mechanisms along with intracellular Ca2+ dynamics

comprising Ca2+ diffusion, cytoplasmic buffering, and endoplasmic reticulum (ER) and mito-

chondrial mechanisms. Using modelling studies, we show that inward rectification of SKCa is

an important parameter regulating neuronal repetitive firing and that its absence reduces

action potential (AP) firing frequency. We also show that SKCa is more potent in reducing AP

spiking than the large-conductance KCa channel (BKCa) in these neurons. Moreover, BKCa

was found to contribute to the fast AHP (fAHP) and SKCa to the medium-duration (mAHP)

and slow AHP (sAHP). We also report that the slow inactivating A-type K+ channel (slow KA)

current in these neurons is composed of 2 components: an initial fast inactivating (time con-

stant * 25-100 ms) and a slow inactivating (time constant * 200-800 ms) current. We dis-

cuss the implications of our findings, and how our detailed model can help further our

understanding of the role of C-fibre afferents in the physiology of urinary bladder as well as

in certain disorders.

Author summary

The small dorsal root ganglion (DRG) neurons of the bladder carry information related to

pain from the bladder to the spinal cord. The level of electrical activity of these neurons is

generally low but rises in abnormal conditions such as bladder inflammation and spinal

cord injury. In order to investigate the reasons for this hyperactivity, we constructed a
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model of the bladder small DRG neuron soma including its membrane ion channels and

intracellular Ca2+ dynamics. One of the channels, the small-conductance Ca2+-activated

K+ (SKCa) channel present in these neurons which was earlier thought to be activated

solely by intracellular Ca2+ concentration was recently shown to exhibit inward rectifica-

tion with respect to the neuron’s membrane potential. It was found that SKCa inward

rectification can alter the repetitive firing of the bladder small DRG neurons. We also

delineated the role SKCa and BKCa (large-conductance Ca2+-activated K+) channels to the

complex afterhyperpolarization (AHP) of the neuron’s action potentials, shedding light

on the mechanisms that govern repetitive firing in these sensory neurons. Our findings

have implications for the normal biophysics and dysfunctional states of urinary bladder

arising from changes in sensory axon function, and these are discussed.

Introduction

The sensory component of the reflex pathway of the bladder is formed by the dorsal root gan-

glion (DRG) neurons. Afferent signals such as bladder pressure, volume, temperature, pH,

presence of irritants and pain are transmitted to the spinal cord via these neurons. Urinary

incontinence—the involuntary voiding of urine from the body—is a major group of disorders

including overactive bladder in some of which sensory neuron pathophysiology has been

implicated [1–6]. Biophysical changes at the axon terminals in the bladder and at the spinal

cord as well as the alterations in the soma located in the DRG are major factors that may under

certain conditions contribute to urinary bladder pathophysiology.

Two types of DRG neurons have been found to supply the human, rat and feline urinary

bladder [3, 7]: the unmyelinated C-fibre neurons and myelinated A-δ fibre neurons. In rats,

the C-fibre neurons have small soma diameter (*24 μm) and are therefore called small DRG

neurons while the A-δ fibres have a somewhat larger soma diameter range (30-35 μm) and are

referred to as medium-sized or medium-diameter DRG neurons [3, 8]. The small DRG neu-

rons are generally considered nociceptors i.e. they convey information related to pain. They

may also take up the function of A-δ fibres (viz. sensing non-nociceptive stimuli; detrusor

pressure, stretch, volume) in bladder dysfunction [3]. Significant changes in bladder small

DRG neurons have been reported in various conditions such as bladder inflammation (inter-

stitial cystitis), spinal cord injury (SCI), bladder overactivity, bladder outlet obstruction and

hyperexcitability [3, 5, 9, 10].

The somata of these sensory neurons are located within the DRG and do not lie in the direct

path of information propagation from the bladder to the spinal cord, the said path being con-

stituted by the axon of the pseudounipolar DRG neuron. Historically, the DRG neuron somata

were thought to play a purely metabolic role, for example in providing nutrition to the neu-

rons, and synthesizing ion channels and various other proteins that are subsequently trans-

ported to axons and terminals. Recently, however, somata and the T-junction of the DRG

neuron (the three-way junction where the axon bifurcates into two axon branches: the periph-

eral branch which innervates the sensory organ, and the central branch which conveys the

electrical signals to the spinal cord) were found to be important players in filtering the signals

from sensory branch of the axon [11–13], and in generating ectopic activity during nerve

injury [14]. Moreover, the interaction within the ganglia between the DRG neuron somata and

the satellite glial cells (SGCs) that sheath the DRG neuron soma has been implicated in the

genesis of gastrointestinal pain [15]. Electrical stimulation of DRG, which is emerging as a

Bladder small DRG neuron soma model
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new therapeutic strategy for pain alleviation [16] suggests a role for DRG neuron somata in

regulating the electrical activity of the sensory neurons. For these reasons, the DRG neuron

soma merits exploration in its own right.

In-vivo electrophysiological studies on individual somata are difficult to perform since

DRG neuron somata are tightly packed with other somata in the dorsal root ganglia, as

well as enveloped by the closely investing SGCs, blood vessels and extracellular matrix. A

simple in-silico alternative to experiments which are otherwise much difficult to perform in-

vivo is by the use of computational models and simulations. A comprehensive electrophysio-

logical model of a DRG neuron soma would be a good starting point for such models. While

a few models have been published for DRG neurons, e.g. for the GIT (Gastro-Intestinal

Tract), others are for non-specific DRG neurons [13, 17–23]. None so far, however, is

specific to bladder small DRG neurons. Furthermore, most existing models have been

developed for medium- or other large-diameter DRG neurons and moreover, do not incor-

porate the effects of mitochondrial and endoplasmic reticulum calcium release and uptake

mechanisms.

In order to address these questions, we therefore set out to build a biophysically detailed

electrophysiological model of bladder small DRG neuron soma. Our aim was to build a model

as tightly constrained as possible by available physiological data. Towards this end, we incor-

porated all the major membrane mechanisms known to exist in these neurons, including ion

channels, pumps and Na+/Ca2+ exchanger. Although we adapted a number of models from

existing reports, most of these models had not previously been validated, and we validated

each such model individually. For instance, the simulated ionic currents were validated against

the corresponding experimentally recorded currents, both in respect to their temporal dynam-

ics and their current-voltage (I-V) relationship. We also incorporated intracellular Ca2+

dynamics including buffering, diffusion, endoplasmic reticulum (ER) and mitochondrial

mechanisms. We then validated the action potentials and Ca2+ transients obtained from our

physiologically constrained model against experimental data on bladder small DRG neuron

action potentials and Ca2+ transients so as to be able to place confidence in our model’s

robustness.

We proceed to employ our validated model in order to address certain questions important

in the regulation of bladder small DRG neuron functions such as the following. (1) One of the

Ca2+-activated K+ (KCa) channels, the small-conductance KCa (SKCa) channel which was ear-

lier thought be activated by intracellular Ca2+ only, has been recently shown to exhibit inward

rectification in addition to Ca2+ dependence [24–26]. Since the range of voltages over which

rectification occurs (positive values of membrane potential, Vm, [27, 28]), the rectifying SKCa

channel would pass a smaller outward current, we hypothesized that incorporation of rectifica-

tion should result in an increase of excitability of the bladder small DRG soma. Prior studies

have also shown that inward rectification influences neuronal excitability markedly in other

neurons [29]. Since the effects of SKCa current rectification on the excitability of bladder small

DRG neurons or in any other excitable/non-excitable cell have not been studied yet, we first

built a model of SKCa channel incorporating rectification (see Methods), included this channel

in our soma model, and finally employed the soma model to address our hypothesis. (2) SKCa

along with BKCa (large-conductance KCa) channels can govern the excitability of the neurons

by contributing to the afterhyperpolarization (AHP) of the action potentials (APs). The origins

and function of the AHPs observed in bladder DRG neuron AHPs is not clearly delineated

[30]. The genesis of the AHPs has been proposed to be different in different neurons. For

instance, in vagal sensory neurons, BKCa channels are thought to underlie medium duration

AHP (mAHP) [31] while in several central nervous system neurons, the mAHP is controlled

by SKCa channels [32]. In the face of these conflicting proposals, and in view of the importance

Bladder small DRG neuron soma model
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of AHPs in governing neuronal excitation (especially frequency), we thought to resolve the

role of KCa channels underlying the AHPs in bladder sensory neurons. (3) The A-type K+ (KA)

channels found in the bladder DRG neurons are important regulators of excitability of neu-

rons in conditions such as bladder cystitis and spinal cord injury [3]. KA channels have faster

activation time constants than KDR channels, and can alter the depolarizing phase of an AP.

The KA channels expressed in bladder DRG neurons are of 2 types: the rapidly-inactivating KA

(fast KA) which are present in medium-diameter neurons and a slow-inactivating KA (slow

KA) found in small DRG neurons [3, 7, 33–35]. Both these currents have a transient rising

phase and a fast or slow inactivating phase when recorded under rectangular voltage clamps.

Even though several studies have been carried out to decipher the molecular components giv-

ing rise to this KA current [34–36], the question is as yet unresolved. (4) Another unresolved

issue pertains to the relative importance of BKCa and SKCa channels in regulating firing rate in

these neurons during repetitive firing. We used our model to shed light on both these unsettled

biological questions, i.e. (3) and (4).

Using our validated model, we show that incorporation of rectifying as opposed to non-

rectifying SKCa channels increases the excitability of the bladder small DRG neurons. It was

also found from conductance-based studies that SKCa channels are more potent than BKCa

channels in controlling the firing rate of these neurons. By exercising our detailed model,

we are able to propose that the fast afterhyperpolarization (fAHP) in bladder small DRG neu-

rons may result primarily from BKCa channels while SKCa may contribute primarily to the

mAHP and the slow AHP (sAHP). Furthermore, we found the SKCa channel to be a more

potent regulator of repetitive firing than the BKCa channel. By the use of channel modelling

and optimization, we found that the slow inactivating A-type K+ (slow KA) current in bladder

small DRG neurons is composed of two inactivating components: a relatively fast and a

relatively slower component. This could arise from contributions of two different molecular

constituents of the channel or because of interactions between two different inactivation

states of Kv1.4. In sum, having developed and validated a detailed and physiologically con-

strained model of the bladder small DRG neuron, we employed in order to illuminate ques-

tions of the type that computational models are ideally suited for: (1) hypothesis testing, in

regard to our prediction that the inward rectifying SKCa channel would render the neuron

more excitable; (2) taking into account previous conflicting contentions and resolving them

in regard to the relative contributions of KCa channels to the AHP; (3) shedding light on

an open biological question, as regards the probable subunit composition of the slow KA chan-

nel in these neurons and assessing the relative contributions of SKCa and BKCa channels in

governing repetitive firing. We discuss the implications of our findings in the framework of

bladder small DRG neuron functioning and of bladder physiology as modulated by these

afferents. Initial studies related to this work were published in Mandge et al. [37, 38] and Arul-

jothi et al. [39].

Methods

A physiologically constrained computational model of bladder small DRG neuron soma was

created using the data on the morphology, active and passive membrane mechanisms, and

Ca2+ dynamics from the literature. The NEURON simulation environment v7.3 [40] was used

for modelling and simulations of the DRG neuron. An Intel i5 processor based desktop com-

puter with 4 cores working at 3.10 GHz was used for running the simulations. All the experi-

mental data were obtained from published literature and digitized using the webPlotDigitizer

tool (https://automeris.io/WebPlotDigitizer). Data were analysed and plotted using OriginPro

(OriginLab Corp.) and MATLAB (MathWorks, Inc).

Bladder small DRG neuron soma model
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The soma was modelled as a sphere of diameter 24 μm. The membrane potential was calcu-

lated using the following equation:

dVm

dt
¼

1

Cm
IStim � Imembraneð Þ ð1Þ

where IStim is the stimulus current, Imembrane is the ionic current through cell membrane mech-

anisms: ion channels, pumps and exchanger and is carried by Na+, K+, Ca2+ and Cl− ions.

The model description is divided into following subheadings: passive properties, soma

membrane mechanisms and Ca2+ dynamics.

Passive properties

Passive parameters such as total membrane capacitance (Cm) and specific membrane resis-

tance (Rm) along with other model specifications are given in Table 1. Input resistance (Rin) of

the model was found to be 316.05 MΩ. It was found by using a long duration hyperpolarizing

current clamp of −0.01 nA and calculated by dividing the change observed in membrane

potential, Vm (between the resting membrane potential, RMP and the steady state Vm) and the

current amplitude. The observed Rin from the model is in range of values reported in literature

for dissociated bladder small DRG neurons i.e. 175 MO-581 MO [7, 41] and is also close to the

value reported for intact bladder DRG neurons (332 MO) [42].

A passive channel was added to the model to incorporate the currents through voltage-

independent channels reported in small DRG neurons such as the K2P channels: TREK1,

TREK2, TRAAK [47]. The channel current was calculated as follows:

Ipas ¼ gpasðVm � EpasÞ ð2Þ

Where gpas = 1/Rm = 1/(10000 O-cm2) = 1�10−4 S/cm2 and Epas was set to −41.583 mV to

have a stable RMP of −53.5 mV.

Table 1. Model specifications and ionic concentrations.

Property Value Reference

Resting Membrane Potential, RMP −53.5 mV [10]

Soma Diameter 24 μm [10]

Total Membrane Capacitance 28 pF [35]

Specific Membrane Resistance, Rm 10000 O-cm2 [43]

Axial Resistance, Ra 100 O-cm [13]

Intracellular K+ Concentration, [K]i 140 mM [7]

Extracellular K+ Concentration, [K]o 5 mM [7]

Nernst Potential of K+, EK −84.7 mV Calculated

Intracellular Na+ Concentration, [Na]i 10 mM [33]

Extracellular Na+ Concentration, [Na]o 150 mM [7]

Nernst Potential of Na+, ENa 68.9 mV Calculated

Resting Intracellular Ca2+ Concentration, [Ca]i 1.36�10−4 mM [44]

Extracellular Ca2+ Concentration, [Ca]o 2 mM [45]

Initial Nernst Potential of Ca2+, ECa 122 mV Calculated

Intracellular Cl- Concentration, [Cl]i 40 mM [46]

Extracellular Cl- Concentration, [Cl]o 145 mM Calculated

Nernst Potential of Cl-, ECl −32.7 mV [46]

Temperature, T 22˚C [7]

https://doi.org/10.1371/journal.pcbi.1006293.t001
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Soma membrane mechanisms

Twenty-two ionic membrane mechanisms including ion channels, pumps and exchangers

were built/ adapted, validated for their parameters such as time constants and steady state

of (in)activation as well as for voltage clamp currents and I-V relationships, and were then

incorporated into the bladder small DRG neuron soma model (see S1 Fig). All the known

membrane ion channels reported for bladder small DRG neurons along with membrane

mechanisms described essential in other small DRG neuron functioning were added. Table 2

shows the plasma membrane mechanisms added to the model along with their data source

and animal species from which the data was obtained.

General modelling formalisms used for the mechanisms are explained in S1 Text. Valida-

tion of individual model mechanisms are explained ahead and in S2 Text. The ionic concentra-

tions, RMP, membrane capacitance and maximum density (or conductance or permeability)

used for validating individual mechanisms were fixed as per the experimental protocol

reported for that mechanism and may be different from parameters used for the complete

model (Table 1). These and other experimental parameters used for validating individual

mechanisms are provided along with their respective descriptions in the text and figures. The

maximum densities were tuned for the complete soma model to give experimentally reported

action potential (AP) properties such AP amplitude, AP overshoot and AP duration, and Ca2+

transients (see Results). Tuning was done in accordance with the densities reported in experi-

ments, for instance, conductance of Nav1.8 channels was higher than Nav1.9 and TTX-sensi-

tive Na+ channels as reported in [7] and [51]. S1 Table has the membrane mechanism

densities, maximum conductances and maximum permeabilities used for the complete model.

Standard error of the regression (S) also called the root mean squared error (RMSE) was

used to test the goodness-of-fit for channel parameters, channel currents, action potentials and

intracellular and mitochondrial Ca2+ concentrations as R2 is not good estimate of the goodness

of fits for such nonlinear models [80]. S gives the standard deviation of residuals between the

model fit curve and the experimental points. The lower the value of S, the better is the fit [81].

The value of threshold below which the fit is good was chosen as 5% of the difference between

the maximum and minimum values taken by that parameter e.g. for the steady state activa-

tion/inactivation parameters (m1 and h1), the value is 0.05 (5% of 1). The threshold values

for parameters of membrane mechanisms, APs and Ca2+ concentrations are given along with

their respective figures in captions. S value is given by:

S ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

SðYexpt � YfitÞ
2

v

s

ð3Þ

where Yexpt is the experimental value, Yfit is the corresponding value from the curve fit, v is the

residual degrees of freedom which is the difference in number of data points, n and the num-

ber of parameters used to fit the curve. For instance, m1 in Boltzmann equation has 2 fit

parameters: half-activation potential and slope factor and hence, v = n − 2. For AP and Ca2+

concentrations goodness-of-fits, v was taken as n − 1. S value was not calculated for parameters

with v< 4.

The remaining part of the section describes the modelling and validation of individual

mechanisms and Ca2+ dynamics of the bladder small DRG neuron model.

Na+ channels. Bladder small DRG neurons Na+ channels have been classified on the basis

of tetrodotoxin (TTX) sensitivity into 2 categories: Tetrodotoxin-Sensitive (TTX-S) Na+ chan-

nels and Tetrodotoxin-Resistant (TTX-R) Na+ channels. Both types are expressed in bladder

small- and medium-diameter DRG neurons but the contribution of TTX-R currents to total

Bladder small DRG neuron soma model
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Table 2. Plasma membrane ionic mechanisms in the model and their data source.

Mechanisms Species and Neuron Type Reference

Passive Channels Bladder DRG Neurons [47, 48]

Na+ Channels
Tetrodotoxin-Sensitive (TTX-S) Channel Rat, Bladder small DRG neurons [7]

Rat, Small DRG neurons [20]

Transfected HEK Cells [21]

Tetrodotoxin -Resistant (TTX-R)Channels
Nav1.8 Channel Rat, Bladder small DRG neurons [7, 9, 49]

Rat, Small DRG Neurons [50]

Nav1.9 Channel Rat, Bladder DRG neurons [51]

Mouse Small DRG neurons [20]

K+ Channels
A-type K+ (KA) Channel Rat, Bladder small DRG neurons [10, 33]

Delayed Rectifier (KDR) Channel Rat, Bladder DRG neurons [33]

Transfected HEK Cells [21]

Ca2+-Activated K+ Channels (KCa)
Large-Conductance Ca2+-Activated K+ Channel (BKCa) Rat, L6-S1 Small DRG neurons [52]

Rat, Small DRG neurons [53]

Rat, Cutaneous small DRG neurons [54]

Small-Conductance Ca2+-Activated K+ Channel (SKCa): hSK3 Rat, Bladder small DRG neurons [30]

Transfected HEK Cells [27, 30, 55]

Other K+ Channels
KCNQ/M Channel Rat, Bladder Small DRG neurons [42]

Rat, Small DRG neurons [56–58]

Na+-activated K+ (KNa) Channel Rat, Small DRG neurons [23, 59]

Ca2+ Channels

Voltage-gated Ca2+ (Cav) Channels

L-type Ca2+ Channel Chick, Thoracic-Lumbar DRG neurons [60]

Uterine Smooth Muscle cells [61]

N-type Ca2+ Channel Chick, Thoracic-Lumbar DRG neurons [60, 62, 63]

Uterine Smooth Muscle cells [61]

P/Q-type Ca2+ Channel Mouse, Lumbar (L3-L6) DRG neurons [64]

R-type Ca2+ Channel Mouse, DRG neurons [65, 66]

Hippocampal Mossy Fibre Boutons [67]

T-type Ca2+ Channel Chick, Thoracic-Lumbar DRG neurons [60]

Straital Medium Spiny neurons [29]

Other Channels/Mechanisms
Hyperpolarization-Activated Cyclic Nucleotide-Gated Channel Rat, Bladder small DRG neurons [8, 68]

Rat, Small DRG neurons [69]

Store-Operated Ca2+ Channel (SOCC) Rat, DRG neurons [70]

Jurkat T cells [71]

Ca2+-activated Cl− Channel (CaCC) Rat, Small DRG Neurons [72, 73]

Transfected HEK-293 cells [74]

Transient Receptor Potential Cation Channel Subfamily M Member 8 Rat, Bladder small DRG neurons [3, 75]

DRG neurons [76]

Na+/K+-ATPase Pump or Na+/K+ Pump Rat, L4-L6 DRG Neurons [23, 77]

Na+/Ca2+ Exchanger (NCX) Rat, Cutaneous Small DRG neurons [78]

Cardiac Atrial cells [79]

Plasma Membrane Ca2+-ATPase (PMCA) Pump - [48]

https://doi.org/10.1371/journal.pcbi.1006293.t002
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Na+ currents is higher in small neurons (> 85%) while in the medium-diameter neurons, 60-

100% of total Na+ currents can be carried by TTX-S channels [3, 7]. The diversity in the Na+

channels arise from their structure comprising of a pore forming α subunit which has the

sites of inactivation and drug binding, and β subunits which determine kinetic and voltage

dependent properties of the channels [82]. Na+ current is the main depolarizing current in the

bladder afferent neurons [7], and thus, Na+ channels form the target for various bladder thera-

peutic strategies. Na+ channels found in bladder DRG neurons have been described below.

TTX-SNa+ channels. TTX-S Na+ channel expression is higher in medium-diameter as com-

pared to small DRG neurons of bladder, and form the major inward currents during an action

potentials (APs). Low micromolar concentrations of TTX (� 1 μM) can prevent the generation

of APs in medium-diameter bladder DRG neurons but not in small DRG neurons [7]. Smaller

depolarizations from RMP are sufficient to activate TTX-S channels as compared to voltage-

gated TTX-R Nav1.8 channels. This can be seen by comparing the steady state activation (m1)

curves for these channels (Figs 1A and 2A).

Fig 1. TTX-S Na+ channel. (A) Voltage dependence of steady state activation (m1) and inactivation (h1) of the

channel. Squares (=m1) and triangles (=h1) represent the experimental data (Expt.) for bladder medium-diameter

DRG neuron [7]. Solid (m1) and dashed (h1) lines represents simulation results (Sim.). (B) The voltage dependence

of time constants of activation (τm, solid line) and inactivation (τh, dashed line). (C) Rectangular voltage clamp

currents, TTX-S INa for different clamp levels from experiments [7] (symbols, squares: −15 mV, circles: −5 mV and

triangles: 45 mV) and simulation (corresponding solid lines). The holding potential was kept at −70 mV and the test

potentials of 25 ms were applied to −15, −5 and 45 mV. (D) Peak current-voltage (I-V) relationship obtained using

experiments (squares, [7]) and simulations (solid line). Protocol: Rectangular voltage clamp from −80 to 40 mV in

steps of 5 mV from a holding potential of −60 mV. The peak currents at each test potentials are plotted. Other

parameters: �g ¼ 0:0076 S=cm2, ENa = 38 mV, RMP = −56.5 mV, soma diameter = 32.4 μm [7] and total

capacitance = 31.7 pF [8]. The S values for model fits and their 5% threshold values (given in brackets) are: m1 = 0.017

(0.05), h1 = 0.021 (0.05), for voltage clamp currents: at −45 mV = 0.183 nA (0.033 nA), at −15 mV = 0.189 nA (0.137

nA) & at −5 mV = 0.334 nA (0.129 nA), and I-V curve = 0.246 nA (0.276 nA).

https://doi.org/10.1371/journal.pcbi.1006293.g001
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The data for modelling the TTX-S channels of bladder small DRG neurons were obtained

by fitting the data from [7, 20, 21]. The equations used for modelling are:

m1 ¼
1

1þ exp
� 25:8 � Vm

7:8

� � h1 ¼
1

1þ exp
Vm þ 55:8

8:9

� � ð4Þ

am ¼
15:5

1þ exp
Vm � 5

� 12:08

� � bm ¼
35:2

1þ exp
Vm þ 72:7

16:7

� � ð5Þ

ah ¼ 0:24 exp
� ðVm þ 115Þ

46:33

� �

bh ¼ 4:32 exp
ðVm � 11:8Þ

� 12

� �

ð6Þ

Fig 2. Nav1.8 channel. (A) Voltage dependence of steady state activation (m1) and inactivation (h1) of the channel.

Squares (=m1) and triangles (=h1) are the experimental data (Expt.) for bladder small DRG neuron [7]. Solid (m1)

and dashed (h1) lines represents simulation results (Sim.). (B) The voltage dependence of time constants of activation

(τm, solid line) and inactivation (τh, dashed line). Triangles (=τh) are the experimental data (Expt.). (C) Nav1.8 currents

(INav1.8) from simulation (solid lines) using rectangular voltage clamp protocol. The holding potential was kept at −70

mV for 5 ms and the test potentials of 50 ms were applied at −15, 5, 25, 35 and 45 mV. (D) Peak I-V relationships

obtained from experiments (squares, [7]) and simulations (solid line). Protocol: Rectangular voltage clamp from −80 to

45 mV in steps of 10 mV from a holding potential of −60 mV. The peak currents is plotted for each test potential.

Other parameters: �g ¼ 0:0086 S=cm2, ENa = 38 mV, RMP = −53.5 mV, total capacitance = 28 pF and soma

diameter = 24 μm [7]. The S values for model fits and their 5% threshold values (given in brackets) are: m1 = 0.042

(0.05), h1 = 0.033 (0.05), and I-V curve = 0.115 nA (0.203 nA).

https://doi.org/10.1371/journal.pcbi.1006293.g002
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tm ¼
1

am þ bm
th ¼

1

ah þ bh

dm
dt
¼

m1 � m
tm

dh
dt
¼

h1 � h
th

ð7Þ

INaTTX� S ¼ �gm3hðVm � ENaÞ �g ¼ 0:0076 S=cm2 ENa ¼ 38 mV ð8Þ

TTX-R channels. Two types of voltage-gated (Nav) TTX-R channels have been reported in

bladder small DRG neurons: Nav1.8 which produces slowly-inactivating and Nav1.9 channels

generating persistent currents [51]. The expression of Nav1.8 is substantially higher than that

of Nav1.9 channels [51]. Both the channels exhibit different activation potentials [20, 51] and

play an important role in bladder nociception [3, 9, 49].

Nav1.8 − slowly-inactivating TTX-RNa+ channels. Nav1.8 channels play an important role

in bladder hyperactivity and chemical irritation. Blocking the expression of these channels

reduces the total Na+ current and inhibits the increased contractility of the bladder hyperre-

flexia [3]. They form the largest component of the inward current (> 80%) generated during

an action potential in bladder small DRG neurons [7] and contribute to excitability in normal

and pathophysiological conditions [7, 9, 51].

The data for modelling the channel was derived from [7, 9, 49, 50] for bladder small DRG

neurons. Fig 2 shows the validation of the modelled channel. The equations used for modelling

are:

m1 ¼
1

1þ exp
� 11:4 � Vm

8:5

� � h1 ¼
1

1þ exp
Vm þ 24:2

5:6

� � ð9Þ

am ¼ 7:21 �
7:21

1þ exp
Vm � 0:063

7:86

� � bm ¼
7:4

1þ exp
Vm þ 53:06

19:34

� � ð10Þ

ah ¼ 0:003þ
1:63

1þ exp
Vm þ 68:5

10:01

� � bh ¼ 0:81 �
0:81

1þ exp
Vm � 11:44

13:12

� � ð11Þ

tm ¼
1

am þ bm
th ¼

1

ah þ bh

dm
dt
¼

m1 � m
tm

dh
dt
¼

h1 � h
th

ð12Þ

INav1:8 ¼ �gm3hðVm � ENaÞ �g ¼ 0:0086 S=cm2 ENa ¼ 38mV ð13Þ

Nav1.9 channel was adapted from [20] and is described in S2 Text.

K+ currents. In bladder small afferents neurons, among the many types K+ channels

expressed, transient A-type (KA) channel (slowly-inactivating), delayed-rectifier (KDR) and

KCNQ/M channels are the predominant ones [7, 10, 33, 42]. Presence of Ca2+-activated K+

(KCa) channels: large-conductance KCa (BKCa) and small-conductance KCa (SKCa) in bladder

small DRG neurons have suggested by some studies [30, 52]. Na+-activated K+ (KNa) channels

form the leakage currents contributing to RMP in small DRG neurons [59].

A-type K+ (KA) channels.
KA channels have faster activation time constants than KDR channels, and can alter the

depolarising phase of an AP. The KA channels expressed in bladder DRG neurons are of 2

types: the fast-inactivating KA (fast KA) which are present in medium-diameter neurons and a

Bladder small DRG neuron soma model
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slow-inactivating KA (slow KA) found in small DRG neurons [3, 7, 33–35]. Both these currents

have a transient rising phase and a fast or slow inactivating phase when recorded under step

voltage clamps. The slow KA is different from the fast KA in terms of inactivation time con-

stants and steady state parameters (m1 and h1). h1 of fast KA is shifted 20 mV towards hyper-

polarizing voltages when compared to slow KA currents [3]. Because of the availability of slow

KA currents near the RMP in bladder small DRG neurons, the threshold for evoking an action

potential is higher as compared to medium-diameter neurons in which the fast KA currents

are completely inactivated at RMP [3]. The slow KA channels start activating around −120

mV. The underlying molecular components of slow KA currents in bladder small DRG neu-

rons are not completely known. Some studies have suggested that Kv1.1, Kv1.2 and Kv1.4

could contribute to these currents [34–36].

On close inspection of slow KA currents found in bladder small DRG neurons reported in

[33, 34], it was found that they inactivate in 2 phases, a fast and a slow phase. This was also sup-

ported by fitting biexponential decay equations to falling phase of the slow KA currents.

Hence, slow KA currents were modelled as having three parameters—an activation parameter

(n), a fast inactivation parameter (hfast) and a slow inactivation parameter (hslow). The inactiva-

tion parameters were assumed to have a same steady state of inactivation (h1) but different

time constants. This method has been reported in [83]. The hfast parameter whose time con-

stant are between 25 and 100 ms, give rise to the initial fast decay of the currents seen in the

voltage clamps, and the hslow parameter with time constants between 200-800 ms results in the

slow decaying phase of KA currents (See Fig 3C). The contribution of the 2 inactivation

Fig 3. KA channel. (A) Voltage dependence of steady state activation (n1, solid line) and inactivation (h1, dashed

line) of the modelled channel. Squares (n1) and triangles (h1) represent the experimental data for bladder small DRG

neurons from [7]. (B) The activation time constant(τn) of the modelled channel. (C) The inactivation time constants of

the channel: τh,slow (= slow time constant, solid line) and τh,fast (= fast time constant, dashed line). (D) The currents

(IKA) generated by the model (solid lines) and the currents reported in experiments (symbols, [33]) using rectangular

voltage clamps. The holding potential was kept at −120 mV for 5 ms and test potentials of −20, −10 and 0 mV were

applied for 300 ms. Experimental data for currents recorded is shown by triangles (= −20 mV), circles (= −10 mV) and

squares (= 0 mV) along corresponding simulated currents (solid lines). (E) Peak I-V relationship from the model

generated by recording the peak current at each test potential. Protocol: Rectangular voltage clamp steps were applied

from −80 to 20 mV for 300 ms from a holding potential of −80 mV. Other model parameters: �g ¼ 0:00108 S=cm2,

EK = −84.7 mV, RMP = −53.5 mV, membrane capacitance = 28 pF, soma diameter = 24 μm. The S values for model fits

and their 5% threshold values (given in brackets) are: n1 = 0.008 (0.05), h1 = 0.003 (0.05), for voltage clamp currents

at: 0 mV = 0.157 nA (0.067 nA), −10 mV = 0.161 nA (0.059 nA) and −20 mV = 0.081 nA (0.045 nA).

https://doi.org/10.1371/journal.pcbi.1006293.g003
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parameters was scaled (0.3 for hfast and 0.7 for hslow) such that their maximum sum is unity.

The slow KA current equation is given by:

n1 ¼
1

1þ exp
� 40:8 � Vm

9:5

� � h1 ¼
1

1þ exp
Vm þ 74:2

9:6

� � ð14Þ

tn ¼ 1:2þ 2:56 exp � 2
ðVm þ 60Þ

45:76

� �2
 !

ð15Þ

th;fast ¼ 25:46þ 67:41 exp � 2
Vm þ 50

21:95

� �2
 !

th;slow ¼ 200þ 587:4 exp �
Vm

47:77

� �2
 !

ð16Þ

dn
dt
¼

n1 � n
tn

dhfast

dt
¼

h1 � hfast

th;fast

dhslow

dt
¼

h1 � hslow

th;slow
�g ¼ 0:00108 S=cm2 ð17Þ

IKA ¼ �gnð0:3hfast þ 0:7hslowÞðVm � EKÞ EK ¼ � 84:7 mV ð18Þ

The two inactivation profiles could arise as a result of contribution of 2 Kv subunits proba-

bly Kv1.4 and Kv1.2 or as results of interaction of 2 inactivation states exhibited by Kv1.4 sub-

unit (see Discussion).

Delayed-rectifier K+ (KDR) Channels. KDR channels are slowly-activating K+ channels com-

pared to the transient KA channels. KDR channels mostly contribute to the repolarizing phase

of the membrane potentials during action potentials. The model was constructed by using the

data given in [33] and [21]. Fig 4 shows the channel characteristics, step voltage clamp currents

and I-V relationship for bladder small DRG neuron KDR channel model. The equations used

for modelling this channel are:

n1 ¼
1

1þ exp
� 35 � Vm

15:4

� � tn ¼ 7:14þ 29:74 exp � 2
Vm þ 20

17:08

� �2
 !

ð19Þ

dn
dt
¼

n1 � n
tn

IKDR ¼ �gn4ðVm � EKÞ �g ¼ 0:00072 S=cm2; EK ¼ � 84:7mV ð20Þ

Ca2+-activated K+ (KCa) channels. KCa channels are activated by intracellular Ca2+ concen-

tration ([Ca]i) and/or membrane potential (Vm), and are an important regulator of excitability

in some neurons and muscle cells. The Ca2+ influx from voltage-gated ion channels, activation

of ligand-gated receptors and intracellular Ca2+ release mechanisms can modulate the activity

of KCa channels. There are 3 types of KCa channels: the large-conductance (BKCa) channels,

the intermediate-conductance (IKCa) channels and small-conductance (SKCa) channels. These

are classified on the basis of their single channel conductances: For SKCa conductances range

between 5-20 pS, IKCa have a value of 10-60 pS whereas BKCa single channel conductance

>100 pS [32]. BKCa channels are activated by membrane voltage and [Ca]i while SKCa and

IKCa are activated by [Ca]i only [84]. However, recent studies have shown that SKCa channel

exhibit inward rectification with respect to Vm [24, 26, 28]. SKCa channels have been shown

Bladder small DRG neuron soma model
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to modulate the amplitude and duration of afterhyperpolarization (AHP) in some primary

afferent neurons [31]. BKCa channel was included in the bladder small DRG neuron model

along with SKCa channel. There was insufficient data for modelling IKCa channels for bladder

DRG neurons and were not included in the model.

Large-conductance Ca2+-activated K+ (BKCa) channels. Shieh et al. [52] showed that a BKCa

channel blocker, A-272651 increased the AP duration and repetitive firing in L6-S1 spinal

level capsaicin-sensitive small DRG neurons. Some of rat L6-S1 small DRG neurons supply the

bladder [3, 85, 86]. Hence, we concluded that BKCa could also be present in bladder small

DRG neurons and added BKCa channel to our model. The steady state activation (n1) parame-

ter was modelled as a function of [Ca]i and Vm. It was modelled using a Boltzmann equation

in which the half activation value and slope factor are made a function of [Ca]i. The open chan-

nel probability data reported in [53] for small DRG neurons was used to model n1. The open

channel probability (Popen) versus Vm measured for different [Ca]i curves was taken as equiva-

lent to the n1 versus Vm (Fig 5A).

Fig 4. KDR channel. (A) Voltage dependence of steady state activation (n1) of the modelled channel [21]. (B) The

activation time constant (τn) of the channel: solid line = simulation (Sim.) and squares = experimental data for bladder

small DRG neurons (Expt.) from [33]. (C) The currents (IKDR) generated by the model (solid lines) and the

corresponding currents reported in experiments (symbols, [7]) for bladder small DRG neurons using rectangular

voltage clamp protocol. The holding potential was kept at −40 mV and test potentials of −20, −10 and 0 mV were

applied for 300 ms. Experimental clamp currents: triangles (0 mV), squares = −10 mV and circles = −20 mV. (D)

Steady state I-V relationship generated from model (solid line) and recorded from experiments (squares) for bladder

small DRG neurons [33] by plotting the steady state current at end of each test potential. Protocol: Rectangular voltage

clamp steps were applied from −80 to 10 mV in steps of 10 mV. The holding potential was −40 mV. Other model

parameters: �g ¼ 0:00072 S=cm2, EK = −84.7 mV, RMP = −53.5 mV, soma capacitance = 28 pF, soma diameter = 24

μm. The S values for model fits and their 5% threshold values (given in brackets) are: for voltage clamp currents at: 0

mV = 0.045 nA (0.029 nA), −10 mV = 0.029 nA (0.016 nA) & −20 mV = 0.031 nA (0.006 nA), and I-V curve = 0.043

nA (0.066 nA).

https://doi.org/10.1371/journal.pcbi.1006293.g004
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The time constants of activation (τn) were calculated from the BKCa current curves for cuta-

neous DRG neurons [54] and were assumed [Ca]i independent (Fig 5B). The equations used

in the model are given below:

V1=2 ¼ � 43:4pCa � 203 sf ¼ 33:88 exp �
ðpCaþ 5:42Þ

1:85

� �2
 !

ð21Þ

pCa ¼ log
10
ð½Ca�iÞ ð½Ca�i in units of MolarÞ

dn
dt
¼

n1 � n
tn

ð22Þ

Fig 5. BKCa channel. (A) Voltage (Vm)- and [Ca]i-dependence of steady state activation (n1, solid lines) of the modelled

channel (Sim. = Simulation). The symbols represent experimental data (Expt.) for open probability of the channel (Popen) for

different [Ca]i [53]: triangles ([Ca]i = 0.1 μM), squares ([Ca]i = 1 μM), circles ([Ca]i = 10 μM) and stars ([Ca]i = 100 μM).

Intracellular Ca2+ concentration is represented in units of μM. (B) Time constants of activation (τn) from the model (solid line).

(C) Rectangular voltage clamp currents obtained from the model. Protocol: The holding potential was −53.5 mV. The test

potentials from 30 to 60 mV, each of 500 ms duration were used in steps of 10 mV. Number above the current curves represent

corresponding test potential. Other model parameters: �g ¼ 0:00416 S=cm2, initial [Ca]i = 1.36�10−4 mM, ECa * 122 mV,

EK = −84.7 mV, RMP = −53.5 mV, total capacitance = 28 pF and soma diameter = 24 μm. The S values for n1 for different

[Ca]i and their 5% threshold values (given in brackets) are: for 100 μM = 0.070 (0.05), for 10 μM = 0.121 (0.05), for

1 μM = 0.079 (0.05) and for 0.1 μM = 0.025 (0.05).

https://doi.org/10.1371/journal.pcbi.1006293.g005
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n1ðVm; ½Ca�iÞ ¼
1

1þ exp V1=2 � Vm
sf

� � tn ¼ 5:55 exp
Vm

42:91

� �

þ 0:75 � 0:12Vm ð23Þ

IBKCa ¼ �gnðVm � EKÞ �g ¼ 0:00416 S=cm2; EK ¼ � 84:7 mV ð24Þ

Small-conductance Ca2+-activated K+ (SKCa) channel. The presence of SKCa channels in the

bladder small DRG neurons was suggested by a study using SKCa channel positive modulator,

NS4591 which reduced neuron’s spiking activity [30]. We modelled the SK3 subtype of SKCa

based on the evidence by Bahia et al. [87] who found a higher expression of SK3 in small and

medium-diameter DRG neurons.

SKCa channels are considered to be activated by [Ca]i [84]. Soh and Park [24], however

reported voltage-dependent inward rectification of rSK2 (rat SK2) currents with intracellular

divalent cations. They found that divalent ions such as Ca2+, Mg2+ block SKCa channel pores

by binding to its Ser-359 amino acid residue in voltage-dependent manner which results in

this rectification [25]. Recently, Li and Aldrich [26] reported that rectification is inbuilt prop-

erty of SKCa channels and is the result of electrostatic mechanisms with 3 charged residues in

the S6 transmembrane domain of SKCa channel. I-V relationship of hSK3 (human SK3) chan-

nels in studies by Strøbæk et al. [55] and Hougaard et al. [88] also showed inward rectification

in symmetrical K+ solutions ([K]i = [K]o) as well as physiological K+ concentrations ([K]i =

144 mM, [K]o = 4 mM) [27].

The SKCa channel is modelled with two parameters: ‘o’ which defines the Ca2+-dependent

activation, and ‘m’ which codes for voltage-dependent inward rectification. ‘m’ was modelled

using a Boltzmann equation. Its half activation, V1/2 and slope factor, sf parameters were also

found to vary with [Ca]i. Hence, ‘m’ was modelled as a function of both [Ca]i and Vm (Fig 6A).

An additional factor EK (Nernst potential of K+) was added to the equation for ‘m’ (see below)

to account for parameter shifts due to changing K+ concentrations. Data for modelling was

obtained from [30] and [55].

o ¼
½Ca�5:6i

½Ca�5:6i þ EC5:6
50

m ¼
1

1þ exp Vm � ðEKþV1=2Þ

sf

� � EC50 ¼ 0:42 � 10� 3 mM ð25Þ

ISK3 ¼ �g � o �m � ðVm � EKÞ �g ¼ 0:0051 S=cm2 EK ¼ � 3 mV ð26Þ

Data points for V1/2 and sf found from the experimental I-V curves in [30, 55] could not be fit

to a curve. Hence, these parameters were modelled using a FUNCTION_TABLE feature of

NEURON simulator, which calculates the values of variables from a table by linear interpola-

tion of experimental values (see Fig 6B) [48].

Other K+ channels added to the model, KCNQ/M channel, Na+-activated K+ (KNa) chan-

nel, are described in S2 Text.

Ca2+ channels. Voltage-Gated Ca2+ (Cav) channels are classified into two groups: low

voltage-activated (LVA) and high voltage-activated (HVA), based on the activation thresholds.

The T-type LVA channels start activating at Vm more depolarized than −70 mV hence contrib-

ute to resting state of the cell [60]. The HVA Ca2+ channels: L-type, N-type and P/Q-type

have a higher threshold of activation. N-type channels start activating at −20 mV whereas L-

type currents starts appearing for potentials > −10 mV in chick sensory neurons [60]. Contri-

bution of L-type and N-type Ca2+ channels have been studied in small and medium-diameter

bladder dorsal root ganglion neurons [89]. The T-type LVA channels expression is negligible

Bladder small DRG neuron soma model
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Fig 6. SKCa channel (SK3). (A) The voltage dependent inward rectification (IR) parameter, m as a function of [Ca]i

and membrane potential Vm. (B) The [Ca]i-dependence of half activation and slope factor, sf of the parameter, m. (C)

The relative current curve of hSK3 channels showing dependence of channel current on intracellular Ca2+

concentration ([Ca]i). This curve refers to Ca2+-dependent activation parameter, o. The squares represent the

experimental data [55] and the Hill equation fit (used in model) is shown by the solid line. (D) The currents generated

in rectangular voltage clamp protocol (numbers along currents represent corresponding voltage clamp test potentials).

The holding potential was kept at 0 mV for 50 ms and the test potentials were applied from −40 to 80 mV in steps of 20

mV of 250 ms duration. [Ca]i = 0.003 mM for rectangular voltage clamp. (E) Current-voltage (I-V) relationship

generated by using ramp voltage clamp protocol. The current was recorded by applying a 200 ms voltage ramp starting

at −80 to 80 mV from a holding potential of 0 mV. The solid lines represents the I-V relationship from simulation, and

squares (for [Ca]i = 0.2 μM) and stars (for [Ca]i = 0.3 μM) represent the experimental data reported by [30, 55]. Other

simulation parameters: �g ¼ 0:0051 S=cm2, [Ca]o = 2 mM and EK = −3 mV. The S values for model fits and their 5%

threshold values (given in brackets) are: o = 0.019 (0.05), I-V curve for [Ca]i of 0.2 μM = 0.005 (0.007) and for [Ca]i of

0.3 μM = 0.023 (0.071).

https://doi.org/10.1371/journal.pcbi.1006293.g006
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as compared to HVA currents in both types of bladder afferent neurons [89, 90] and hence,

their contributions to the model were kept minimal. N-type and L-type Ca2+ channels form

the major components of the HVA currents in bladder small afferents and contribute to

*40% and *35% of the total HVA current recorded at 0 mV rectangular voltage clamp [89]

whereas the composition of the remaining Ca2+ current is unknown. This could be due to the

presence of other Ca2+-conducting channels such as P/Q-type, R-type, T-type, TRPM8 and

store-operated Ca2+ channels (SOCCs) whose presence has been shown by studies in bladder

small DRG neurons and some other small DRG neurons [60, 64, 65, 70, 75, 76]. We added

these channels to the soma model to account for the unknown Ca2+ current. Below are the

descriptions L-type and N-type Ca2+ channels.

L-type Ca2+ (Cav 1) channels. L-type (long-lasting) Ca2+ HVA currents activate around −10

mV [60] and inactive very slowly (inactivation time constant >700 ms) (Fig 7C). These chan-

nels are blocked dihydropyridine compounds like nimodipine, nisoldipine. The channel

exhibits voltage-dependent and Ca2+-dependent inactivation (CDI) [60, 91]. The latter is

encoded into the model as a sigmoid using a Hill equation (hca). The data for modelling was

obtained from [60] for chick small DRG neurons. CDI was adapted from [61] for Ca2+ N-type

channel in uterine muscle cells. The equations used in the model are given below:

m1 ¼
1

1þ exp
8:46 � Vm

4:26

� � h1 ¼
1

1þ exp
Vm þ 42:52

7:48

� � hca ¼
1

1þ
½Ca�i
0:001

� �4
ð27Þ

tm ¼ 2:11þ 3:86 exp � 2
ðVm þ 10Þ

16:02

� �2
 !

th ¼ 825:80þ 637:91 exp � 2
Vm

39:75

� �2
 !

ð28Þ

dm
dt
¼

m1 � m
tm

dh
dt
¼

h1 � h
th

pmax ¼ 0:0113 cm=s ð29Þ

ICaL� type ¼ pmaxmhhca
z2F2Vm

RT
½Ca�i � ½Ca�oexpð� zFVm

RT
Þ

1 � expð� zFVm
RT Þ

ð30Þ

Fig 7 shows the parameters, currents and I-V curve of the model.

N-type Ca2+ (Cav) 2.2 channels. N-type Ca2+ channels activated close to −20 mV and inacti-

vate with time constants between 50-100 ms [60]. Like, L-type Ca2+ channels, they can affect

the duration of AP by changing its repolarizing phase. ω-conotoxin GVIA is a specific N-type

Ca2+ channel blocker used to pharmacologically study these currents. The data for modelling

was taken from studies on chick small DRG neurons [60, 62, 63]. CDI was modelled for this

channel similar to L-type Ca2+ channel. These currents show incomplete inactivation in step

voltage clamp experiments and appear to attain a steady state. Thus, a factor, ‘a’ (where 0< a

< 1) was introduced into the model to account for this partial inactivation of channels. The

parameter ‘a’ limits the inactivation of currents to a certain value and after which the current

stays at that as long as the stimulus is present. The equations used in the model are described

below:

m1 ¼
1

1þ exp
� 6:5 � Vm

6:5

� � h1 ¼
1

1þ exp
Vm þ 70

12:5

� � hca ¼
1

1þ ð½Ca�i=0:001Þ
4
ð31Þ
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tm ¼ 0:8þ 5:38 exp � 2
ðVm þ 20Þ

15

� �2
 !

dm
dt
¼

m1 � m
tm

dh
dt
¼

h1 � h
th

ð32Þ

ICaN ¼ pmaxmða � hþ ð1 � aÞÞhca
z2F2Vm

RT
½Ca�i � ½Ca�oexpð� zFVm

RT
Þ

1 � expð� zFVm
RT Þ

ð33Þ

Fig 7. L-type Ca2+ channel. (A) Voltage dependence of steady state activation (m1, solid line) and inactivation

parameter (h1, dashed line) of the modelled channel (Sim. = Simulation). Squares (m1) and triangles (h1) represent

the experimental data (Expt. = Experimental data) from [60]. (B) Time constants of activation (τm) from the model

(solid line) and experiments (squares, [60]). (C) Time constants of inactivation (τh) from the model (solid line) and

experiments (squares, [60]). (D) Ca2+-dependent inactivation, hca is plotted against log10([Ca]i(in M)). (E) Rectangular

voltage clamp currents obtained from the model (solid lines) and experiments (symbols, from [60]). Squares represent

current at the test potential (t.p.) of 20 mV, triangles at t.p. = 0 mV, and stars at t.p. = −10 mV. The solid lines are the

corresponding simulation results. Protocol: Holding potential (h.p.) was −40 mV. The t.p.’s were maintained for 70

ms. (F) Peak I-V relationship obtained from the model by rectangular voltage clamp protocol. The h.p. was kept at −40

mV and the test potentials from −80 to 100 mV, each of 780 ms duration were used. The peak inward current was

recorded at each test potential. Other model parameters: pmax = 0.0113 cm/s, initial [Ca]i = 136 nM, initial [Ca]o =

0.037 mM, ECa * 71 mV, RMP = −53.5 mV, soma capacitance = 28 pF, soma diameter = 24 μm. The S values for

model fits and their 5% threshold values (given in brackets) are: h1 = 0.045 (0.048), for voltage clamp currents at: 20

mV = 4.423 pA (11.491 pA), −10 mV = 4.227 pA (0.848 pA) and 0 mV = 13.927 pA (2.51 pA).

https://doi.org/10.1371/journal.pcbi.1006293.g007
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pmax ¼ 0:0113 cm=s a ¼ 0:7326 ð34Þ

The time constant of inactivation (τh) calculated from experimental data (Fig 8B, squares)

could not be fit to a curve and the ‘FUNCTION_TABLE’ feature of the NEURON was used.

The steady state parameters, time constants, step voltage clamp currents and normalized I-V

relationship for N-type Ca2+ channels are shown in Fig 8.

P/Q-type Ca2+ channels, R-type Ca2+ channels, T-type Ca2+ channels, store-operated Ca2+

channels (SOCCs) and transient receptor potential cation channel subfamily M member 8

(TRPM8) are other Ca2+-permeable channels added to the model which are described in S2

Text. Descriptions for Nav1.9, KCNQ/M channels, KNa channels, hyperpolarization-activated

cyclic nucleotide-gated (HCN) channels, Ca2+-activated Cl− channels (CaCCs), Na+/K+-

ATPase pump and Na+/Ca2+ Exchanger (NCX) are also described in S2 Text.

Ca2+ dynamics

The soma was divided into 12 concentric shells for encoding Ca2+ diffusion, tuning [Ca]i and

in creating separate Ca2+ concentration pools in the neuron [48]. Each shell has a separate

intracellular Ca2+ concentration ([Ca]i), endoplasmic reticulum (ER) Ca2+ concentration

([Ca]ER), and mitochondrial Ca2+ concentration ([Ca]MT) representing a separate pool for

each component in each shell (see S1 and S2 Figs). Mitochondrial volume in rat glabrous skin

small-diameter DRG neurons has been estimated close to 7% (* 6.96%) of total cytoplasmic

volume by [92]. ER can occupy >10% of the total cytosolic volume in eukaryotic cells [93].

Accordingly, we made mitochondria volume 7%, ER volume 12% and cytoplasmic volume to

81% of the total volume in each shell (S2 Fig). The number of shells were tuned to get a proper

[Ca]i transient in the outermost (towards plasma membrane) shell.

The cytoplasmic, mitochondrial and ER Ca2+ concentrations in the outermost shell were

considered [Ca]i, [Ca]MT and [Ca]ER, respectively of the bladder small DRG neuron soma

model as the outermost shell receives Ca2+ from plasma membrane mechanisms and will have

the maximum change in the concentrations. The outermost [Ca]i concentration defines the

electrochemical gradient for movement of Ca2+ ions across the cell membrane via the Ca2+

permeable channels and also activates the membrane Ca2+-activated K+ channels (BKCa and

SKCa), plasma membrane NCX and plasma membrane Ca2+-ATPase (PMCA) pump.

Ca2+-activated Cl- channels(CaCC) are activated by Vm and by local Ca2+ concentration

release from inositol triphosphate receptors (IP3Rs) present on ER [72] in the outermost shell.

The rate of change of [Ca]i in the outermost shell was given by the algebraic sum of Ca2+

flux from soma membrane Ca2+ permeable channels and exchanger (JMembrane), plasma mem-

brane Ca2+ ATPase (JPMCA) pump, endoplasmic reticulum (ER) (JER), mitochondria (JMT) and

intracellular Ca2+ diffusion (JDiffusion):

@½Ca�i
@t
¼

1

1þ b
ðJMembrane � JPMCA þ JER þ JMTÞ þ JDiffusion ð35Þ

β is the buffer binding ratio of for the cell (discussed ahead) and codes for buffering of [Ca]i.

For shells below the outermost shell, JMembrane and JPMCA are absent.

The changes in [Ca]ER was modelled as:

d½Ca�ER
dt

¼
1

1þ bER
ðJSERCA � JIP3R � JCICR � JLeakÞ ð36Þ

where βER is the buffering component of ER, JSERCA is the flux through sarco-endoplasmic
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reticulum Ca2+ ATPase pump, JIP3R is the flux due to IP3 receptor, JCICR is the Ca2+ induced

Ca2+ release (CICR) flux via the ryanodine receptors and JLeak is the flux through leak channels

on the ER. A negative flux sign denotes the decrease in [Ca]ER with time as result of release of

Ca2+ ions into cytoplasm and vice versa. Individual components of ER are discussed ahead.

Fig 8. N-type Ca2+ channel. (A) Voltage dependence of steady state activation (m1, solid line) and inactivation

parameter (h1, dashed line) of the modelled channel (Sim. = Simulation). Squares represent the experimental data for

h1 (Expt. = Experimental data) from [60]. (B) Time constants of activation (τm, (dashed line) and inactivation (τh,
solid line) from the model. The squares represent experimental τh from [63]. (C) Ca2+-dependent inactivation

parameter, hca is plotted against log10([Ca]i(in M)). (D) Rectangular voltage clamp currents obtained from the model

(solid lines) and experiments (symbols, [63]). The squares represent current at test potential (t.p.) of 0 mV, the

triangles and circles represent those from 10 mV and 20 mV, respectively. The solid lines are the corresponding

simulation results. Protocol: The holding potential (h.p.) was −60 mV kept for 105 ms. The t.p.’s, were maintained for

100 ms. (E) The normalized peak I-V relationship obtained from the model (solid line) and experiments (squares, [63])

by rectangular voltage clamp protocol. The h.p. was kept at −60 mV for 100 ms and the test potentials from −50 to 30

mV, each of 100 ms duration were used. The curve was normalized by using the magnitude of peak current recorded at

0 mV. Other model parameters: pmax = 0.0113 cm/s, initial [Ca]i = 136 nM, initial [Ca]o = 0.017 mM, ECa * 60 mV,

RMP = −53.5 mV, soma capacitance = 28 pF and soma diameter = 24 μm. The S values for model fits and their 5%

threshold values (given in brackets) are: h1 = 0.047 (0.05), I-V curve = 0.127 (0.052), for voltage clamp currents at: 0

mV = 1.636 nA (0.137 nA), 10 mV = 0.578 nA (0.1048 nA) and 20 mV = 0.446 nA (0.067 nA).

https://doi.org/10.1371/journal.pcbi.1006293.g008
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The changes in the [Ca]MT were modelled as:

d½Ca�MT

dt
¼

1

1þ bMT
ðJMCU � JMNCXÞ ð37Þ

where JMCU is the mitochondria uniporter flux and JMNCX is the flux due to mitochondrial

Na+/Ca2+ exchanger(MNCX) and βMT is the Ca2+ buffering component of mitochondria and

was added to prevent the depletion of mitochondrial Ca2+ during high neuron firing. MNCX

being a mitochondrial release mechanism, JMNCX is negative and signifies a decrease in mito-

chondrial Ca2+.

Ca2+ buffering. Endogenous Ca2+ buffering in the cytoplasm, ER and mitochondria was

modelled using Ca2+ binding ratio, β assuming rapid buffer approximation (RBA). β is the

ratio of change in bound Ca2+ to change in free Ca2+:

b ¼
d½Cabound�
d½Ca�

¼
KB½B�tot

ðKB þ ½Ca�Þ
2

ð38Þ

Here, [Ca] is either [Ca]i, [Ca]ER or [Ca]MT, KB is the dissociation constant of the buffer and

[B]tot is the total buffer concentration [94]. It gives how the free incoming Ca2+ via membrane

mechanisms, diffusion for [Ca]i or the Ca2+ influx via SERCA and MCU for ER and mitochon-

dria, respectively decreases due to buffer action.

The parameters used for [Ca]i, [Ca]ER and [Ca]MT are given in Tables 3, 4 and 5. We used a

value of β = 370 reported for rat small DRG neurons [95] for [Ca]i buffering whereas βER and

βMT were calculated for [Ca]ER and [Ca]MT buffering using Eq 38.

Soma membrane flux. The change in [Ca]i resulting from the soma membrane Ca2+ cur-

rents was taken into account by the following equation:

JMembrane ¼
ICa
zFv

ð39Þ

where ICa is the Ca2+ current due to membrane mechanisms, z = 2 is the valence of Ca2+, F is

the Faraday’s constant and v is the volume of the outermost shell [96].

Ca2+ diffusion. Radial 1-dimensional diffusion of Ca2+ across shells was modelled using

Fick’s first law of diffusion. The flux from one shell to the adjacent is given by:

JDiffusion ¼
DCa

1þ b

AD½Ca�i
Dr

ð40Þ

where DCa is the diffusion coefficient of Ca2+ in the cytoplasm, β is the cytoplasmic endoge-

nous buffer binding ratio [94], A is the area of the partition between shells, Δ[Ca]i is the con-

centration difference between shells and Δr is the distance between shell centres [48].

Plasma membrane Ca2+-ATPase (PMCA) pump. The PMCA pump was modelled using

the scheme:

½Ca�i þ pumpÐ
K1

K2

pump½Ca�i ð41Þ

pump½Ca�iÐ
K3

K4

pumpþ ½Ca�o ð42Þ

where pump is density of the unbound pump on the membrane (initial value = pump0, see

Table 3), pump[Ca]i is the bound density (initial value = [Ca]i
� pump � K1/K2), [Ca]o is the
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extracellular Ca2+ concentration, K1, K2, K3 and K4 are reaction rate constants. JPMCA is given

as the difference of forward and backward flux of the second reaction [48].

ER mechanisms. The ER Ca2+ release and uptake mechanisms have been studied in small

DRG neurons [101–103]. The mechanisms added to the model include SERCA pump, IP3

receptor, ryanodine receptor and ER leak channels.

SERCA pump. Like PMCA, these are low capacity, high-affinity Ca2+ pumps [96]. It

helps in replenishing the Ca2+ store of the ER caused by the release of Ca2+ via IP3R and

RYR. SERCA is an important regulator of cytoplasmic Ca2+ transients in small DRG neurons

Table 4. ER Ca2+ dynamics parameters.

Parameters Symbol Value Reference

SERCA Pump Parameters

Maximal Pump Rate VSERCA 3.75�10−6 mM/ms Tuned

Dissociation Constant Kpsr 0.00027 mM [98]

IP3 Parameters

Degradation Rate of IP3 kdegrip3 0.00014 /ms [98]

Diffusion Constant of IP3 DIP3 0.283 μm2/ms [98]

IP3 Receptor (IP3R) Parameters

Dissociation constant for IP3 binding to IP3R KIP3 0.0008 mM [98]

Dissociation constant for Ca2+ binding to IP3R activation site Kactip3 0.0003 mM [98]

Rate of Ca2+ binding to IP3R inhibiting site konip3 2.7 /mM-ms [98]

Rate of Ca2+ dissociation to the inhibiting site kinhip3 0.0002 mM [98]

Maximum Ca2+ flux from IP3R JIP3R 3.5�10−6 mM/ms [98]

Ca2+-Induced Ca2+ Release (CICR)Parameters

Maximal release rate via RYR VCICR 5�10−7 ms Tuned

Dissociation constant for RYR KCICR 0.00198 mM [103]

Ca2+ Threshold for RYR activation KTCICR 0.0006 mM Tuned

ER Buffer Parameters

Dissociation Constant of Buffer KB, ER 0.5 mM Tuned

Total Concentration of Buffer [B]tot, ER 10 mM Tuned

https://doi.org/10.1371/journal.pcbi.1006293.t004

Table 3. Ca2+ dynamics parameters.

Parameter Symbol Value Reference

Diffusion Coefficient of Ca2+ DCa 0.6 μm2/ms [97]

Resting Intracellular Ca2+ Concentration [Ca]i 1.36�10−4 mM [44]

Resting ER Ca2+ Concentration [Ca]ER 0.4 mM [71, 98]

Resting Mitochondrial Ca2+ Concentration [Ca]MT 2�10−4 mM [99, 100]

Intracellular Ca2+ Buffer Binding Ratio β 370 [95]

Resting Intracellular IP3 concentration [IP3]0 1.60�10−4 mM [98]

PMCA Parameters

Pump Rate K1 3.74�107 /mM-s Tuned

Pump Rate K2 2.5�105 /s Tuned

Pump Rate K3 500 /s Tuned

Pump Rate K4 5 /mM-s Tuned

Initial Free Pump density pump0 4.232�10−13 mol/cm2 Tuned

https://doi.org/10.1371/journal.pcbi.1006293.t003
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[101, 102]. It is modelled with a simple Hill equation [96, 98]:

JSERCA ¼ VSERCA
½Ca�n

½Ca�n þ Kpsr
n ð43Þ

where VSERCA is the maximum pumping rate, Kpsr is the dissociation constant of the pump,

[Ca] is the Ca2+ concentration in the shell and n = 2 is the Hill constant.

Inositol 1,4,5-trisphosphate receptor (IP3R). These receptors are present on the outer

surface of the ER. These are activated by cytoplasmic inositol 1, 4, 5-trisphosphate (IP3) mole-

cule and [Ca]i. The production of IP3 occurs via the activation of G-protein coupled receptors

on the plasma membrane of the soma such as purinergic (P2Y) receptors and bradykinin

receptors. The Ca2+ release from IP3Rs was based on a simplified model for IP3R [104] used

by [98]. It was modelled as a function of the IP3 concentration ([IP3]) and [Ca]i using the

equation:

JIP3R ¼ JIP3R
½IP3�

½IP3� þ KIP3

� �
½Ca�

½Ca� þ Kactip3

 !

h

 !3

1 �
½Ca�
½Ca�ER

� �

ð44Þ

where JIP3R is the maximum rate of release of Ca2+ from IP3 receptors, [IP3] and [Ca] is the

concentration of IP3 and Ca2+ in the shell, KIP3 is the dissociation constant for IP3 binding to

the IP3R, Kactip3 is the dissociation constant for Ca2+ binding to activation site on the receptor,

[Ca]ER is the ER Ca2+ concentration in the shell and h is the probability of the inhibition site

on IP3R being unoccupied and is given by the equation:

dh
dt
¼ konip3ðkinhip3 � ð½Ca� þ kinhip3ÞhÞ ð45Þ

where konip3 and kinhip3 are the rate of Ca2+ binding and dissociation to the inhibition site. The

initial value of h is given by kinhip3/([Ca]+ kinhip3). The IP3 molecules undergo diffusion

between the shells, and degradation to the resting concentration [IP3]0 at rate of kdegrip3. The

change in IP3 concentration in shells is given by the equation:

@½IP3�

@t
¼

DIP3AD½IP3�

Dr
� kdegrip3ð½IP3� � ½IP3�

0
Þ ð46Þ

where DIP3 is the diffusion coefficient of IP3 in the cytoplasm, A is the area of the partition

between shells, Δ[IP3] is the concentration difference between shells and Δr is the distance

between shell centres [98].

Table 5. Mitochondrial Ca2+ dynamics parameters.

Parameter Symbol Value Reference

Mitochondrial Uniporter (MCU) Parameters

Maximal MCU Uptake Rate VMCU 1.4468�10−6 mM/ms Tuned

Dissociation Constant of MCU KMCU 6.06�10−4 mM [106]

Mitochondrial Na+/Ca2+ Exchanger (MNCX) Parameters

Maximum Release rate via MNCX VMNCX 6�10−5 mM/ms Tuned

Activation Constant for Na+ KNa 8 mM [108]

Activation Constant for Ca2+ KCa 0.035 mM [108], Tuned

Mitochondrial Buffer Parameters

Dissociation Constant of Buffer KB, MT 1�10−5 mM [99]

Total Concentration of Buffer [B]tot, MT 0.065 mM Tuned

https://doi.org/10.1371/journal.pcbi.1006293.t005
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Ryanodine receptor (RYR). RYRs are present on the surface of ER and are involved in

Ca2+-induced Ca2+ release (CICR) in small DRG neurons [101, 103]. RYRs are activated by

Ca2+ released on the nearby ER membrane via IP3Rs and other RYRs and also from the Ca2+

coming from the membrane mechanisms (Ca2+ channels). The RYR model presented here

was adapted from CICR model of Purkinje cell [105]. The CICR flux (JCICR) is defined by the

equation:

JCICR ¼
VCICR

½Ca�
½Ca� þ KCICR

ð½Ca�ER � ½Ca�Þ if ½Ca� > KTCICR

0 if ½Ca� � KTCICR

8
><

>:
ð47Þ

where [Ca] is the Ca2+ concentration in the shell and KCICR is the dissociation constant and

KTCICR is the activation threshold for RYR. The value of KCICR was found by fitting the data on

open probability of rat DRG neuron RyRs versus [Ca]i given in [103].

ER leak channels. An ER leak channels were added to the model such that there is no net

flux from the ER at rest [98]:

JER;Leak ¼ LER 1 �
½Ca�
½Ca�ER

� �

ð48Þ

where [Ca] is the Ca2+ concentration in the shell, LER leakage factor which is the sum of JSERCA,

JIP3R and JCICR at resting state.

Table 4 gives the parameters for ER mechanisms.

Mitochondrial mechanisms. Mitochondria play an important role in regulating physio-

logical [Ca]i and Ca2+ transients in small DRG neurons [101, 106, 107]. Two mechanisms were

modelled, viz. mitochondrial uniporter (MCU) for Ca2+ uptake and mitochondrial Na+/Ca2+

exchanger (MNCX) for release of [Ca]MT to cytoplasm. The MCU and MNCX fluxes cancel

each other at steady state [108]. The resting [Ca]MT was considered to be 200 nM which is

close to the intracellular Ca2+ concentration, [Ca]i [100, 108].

Mitochondrial uniporter (MCU). MCU helps to replenish [Ca]MT lost via release

through MNCX. It was modelled using data from [106]. Flux through MCU was modelled

using a Hill equation dependence on [Ca]i:

JMCU ¼ VMCU
½Ca�n

½Ca�n þ KMCU
n ð49Þ

where VMCU is the maximum pumping rate, KMCU is the dissociation constant of the uniporter,

[Ca] is the intracellular Ca2+ concentration in the shell and n is the Hill constant, which is 2.3

for MCU. The parameter values were obtained from [106] for small DRG neurons.

Mitochondrial Na+/Ca2+ exchanger. MNCX was modelled using a modified equation for

plasma membrane Na+/Ca2+ exchanger (see S2 Text, Na+/Ca2+ Exchanger). The parameter

values were adapted from [108]. The MNCX flux is described:

JMNCX ¼ VMNCX
½Na�3i

½Na�3i þ K3
Na

½Ca�MT;s

½Ca�MT;s þ KCa
ð50Þ

where [Ca]MT,s represents mitochondrial Ca2+ concentration in shell and [Na]i is Na+ concen-

tration in the cytoplasm, VMNCX is maximal NCX activity, KNa and KCa are constants for Ca2+

and Na+, respectively.

Table 5 has the values of parameters for mitochondrial mechanisms.
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Effects of calcium indicator dyes. Calcium indicator dyes used for imaging intracellular/

ER/mitochondrial calcium concentrations can act as calcium buffers themselves and alter

the amplitude and decay phase of the calcium transient [94, 109, 110]. These effects were taken

into account while comparing the simulation and experimental calcium imaging data for cyto-

plasmic and mitochondrial calcium.

The calcium imaging dye and [Ca]i are assumed to be always at equilibrium and follow the

rapid buffer approximation. Hence, Eq 35 for rate of change of [Ca]i was modified for an imag-

ing dye with buffer biding ratio, βdye as:

@½Ca�i
@t
¼

1

1þ bþ bdye
ðJMembrane � JPMCA þ JER þ JMTÞ þ JDiffusion ð51Þ

The presence of an calcium imaging dye in the cytoplasm also affects the intracellular diffu-

sion of calcium [94, 109]. The diffusion coefficient of free calcium in the cytoplasm, DCa was

replaced by the effective diffusion coefficient, Deff in the diffusion flux Eq 40:

JDiffusion ¼ Deff
AD½Ca�i

Dr
ð52Þ

where Deff is given by the expression:

Deff ¼
DCa þ bdyeDdye

1þ bþ bdye
ð53Þ

Ddye is the diffusion coefficient of the dye and β is the buffer binding ratio of the endogenous

buffer.

For [Ca]i validation where normalized simulated [Ca]i was compared with that from imag-

ing data [111] using 30 mM [K]o, Fura-2 was used as an imaging dye with parameters [B]tot =

5 μM [111], KB = 224 nM [112] and Ddye = 0.1 μm2/s (for free dye diffusion) [113]. βdye was cal-

culated by Eq 38. Additional effect of dye buffering lead to change in resting [Ca]i and was sta-

bilized by tuning the initial PMCA pump density (pump0) 4.08�10−13 mol/cm2.

For [Ca]i transient elicited by 1 AP, Indo-1 calcium indicator dye was used by [44] for the

imaging experiments. The buffering parameters used in the model for Indo-1 are [B]tot = 100

μM [44], KB = 250 nM [112] and Ddye = 0.1 μm2/s (for free dye diffusion) [113]. pump0 was

tuned to 4.0815�10−13 mol/cm2 for stabilizing the initial [Ca]i.

For mitochondrial calcium dynamics validation, the dye used for imaging [Ca]i in experi-

ments [106] was Fura-FF with [B]tot = 200 μM [106], KB = 5500 nM [106] and Ddye = 0.075

μm2/s (assumed). The changes in [Ca]MT of the small DRG neurons presynaptic terminals

were monitored by using mtPericam overexpressed in the mitochondria [106]. The Eq 37 for

rate of change of [Ca]MT was modified as:

d½Ca�MT

dt
¼

1

1þ bMT þ bdye
ðJMCU � JMNCXÞ ð54Þ

The parameters used for calculating βdye for mtPericam in simulations are: [B]tot = 15 μM

(tuned) and KB = 1700 nm [114].

Results

Validation of the model

Action potentials. The action potential of the bladder small DRG neuron model elicited

by a rectangular current pulse (0.16 nA, 50 ms) is shown in the Fig 9A (Sim. AP) and is
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compared with an experimental AP (Expt. AP) [36] for the same stimulus. Fig 9B shows the

model’s response for a long duration (800 ms) rectangular current clamp of 0.24 nA. A single

action potential was observed in model to such stimulus which is in agreement with similar

studies in experiments [3, 10, 33, 49]. Action potential properties for simulated and experi-

mental APs are compared in the Table 6.

As evident from Table 6, the experimental and simulated AP exhibit a close similarity. The

goodness-of-fit of the experimental and simulated APs (Fig 9A, S value = 4.43 mV) shows that

the model closely captures the action potential properties of the in-vitro preparation.

Subthreshold potentials. In order to see if the subthreshold responses of the model

are similar to those observed experimentally, we compared the responses of the model

on applying current clamps with amplitudes insufficient to evoke an AP. As shown in Fig

10, the subthreshold responses obtained in our model were comparable to those seen

experimentally.

Cytoplasmic Ca2+ dynamics. Fig 11 compares the normalized Ca2+ transient evoked by

application of 30 mM [K]o in bladder small DRG neurons generated in experiments [111] and

by our model. Benham et. al. [44] reported values for resting [Ca]i and change in [Ca]i for AP

Fig 9. Action potentials in the bladder small DRG neuron soma model for different stimuli. (A) AP generated by a

current clamp of 0.16 nA and 50 ms duration for experiments by Hayashi et al. [36] (circles, Expt. AP) and simulated

AP (solid line, Sim. AP). The standard error in regression, S for the fit and 5% threshold values (in brackets) are 4.43

mV (5.4 mV) indicating a good fit. (B) Response to long duration (800 ms) current clamp of amplitude 0.24 nA.

https://doi.org/10.1371/journal.pcbi.1006293.g009

Table 6. Comparison of simulated and experimental APs in Fig 9.

Properties Simulation Experiment

AP Overshoot 50.91 mV 53.3 mV

Resting Membrane Potential (RMP) −53.56 mV −53.5 mV

AP Amplitude (from RMP) 104.47 mV 106.8 mV

AHP Peak −49.83 mV −54.7 mV

AP Duration 4.52 ms 4.56 ms

Number of Spikes for 800 ms depolarization 1 1

AP Overshoot is maximum potential above 0 mV during an AP. Resting Membrane Potential is the Vm just before

the start of the stimulus. AP Amplitude is the difference in Vm between RMP and AP Peak. AHP peak is minimum

potential reached during an AHP. AP Duration is the half width of AP and is the duration between 2 points on an AP

when Vm reaches half the AP Amplitude.

https://doi.org/10.1371/journal.pcbi.1006293.t006
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firing in small DRG neurons. Change in [Ca]i of *20 ± 3 nM was reported for a single AP.

Model was tuned to generate an increase (*18 nM) during an AP as low-voltage activated

T-type calcium channel have only a small contribution to calcium current in bladder small

DRG neurons [90]. Therefore, the [Ca]i rises from its base value of 136 nM [44] to 154 nM

during an AP (Fig 11B). Effects of calcium dye buffering have been incorporated into the

Fig 10. Comparison of experimental and simulated subthreshold potentials in bladder small DRG neuron soma

model. (A) Experimental changes in Vm generated by applying 50 ms rectangular current clamps of amplitudes

ranging between −0.04 nA to 0.16 nA in steps of 0.04 nA as shown in (data from [36]). (B) Response of the model for

similar stimuli. Note: one AP is shown in each panel above the subthreshold responses for the sake of comparison.

https://doi.org/10.1371/journal.pcbi.1006293.g010

Fig 11. Ca2+ transients in bladder small DRG neuron soma model. (A) Comparison of normalized Ca2+ transient

obtained from bladder small DRG neurons experimentally (circles, Expt. Calcium Transient, [111] obtained from

fluorescence studies) and our model (Solid line, Sim. Calcium Transient) by application of high [K]o (30 mM) for 50

seconds (indicated by bar). The S value for the fit and the 5% threshold (in brackets) is 0.2 (0.05). (B) Ca2+ transient for

a single AP in the model. AP was generated by 2 nA, 1 ms rectangular current clamp pulse. The model was held at −80

mV for 50 ms before generating the AP. The data for resting [Ca]i and change in [Ca]i (Δ[Ca]i) was obtained from [44]

for small DRG neurons. Effects of calcium dye buffering were included in the simulations.

https://doi.org/10.1371/journal.pcbi.1006293.g011
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model to compare simulation results with experimental data. See “Effects of calcium indicator

dyes” in Methods.

Mitochondrial Ca2+ dynamics. Due to absence of data on mitochondrial Ca2+ concen-

trations ([Ca]MT) for bladder small DRG neurons, we used the data for small DRG neuron

presynaptic terminals reported by [106]. Fig 12 shows the comparison of normalized

[Ca]i and [Ca]MT from experiments [106] and corresponding normalized concentrations

obtained from our model. The changes in [Ca]i and [Ca]MT were evoked by 20 action poten-

tials fired at 10 Hz identical to the experimental stimulus. The comparison shows that the

model is able to capture the rising and falling phase of the [Ca]i and [Ca]MT and their time

courses closely. Effects of calcium dye buffering have been incorporated into the model to

compare simulation results with experimental data. See “Effects of calcium indicator dyes”

in Methods.

The match between experimentally observed cytoplasmic and mitochondrial Ca2+ dynam-

ics on the one hand and corresponding model outputs on the other help repose confidence in

the model, including the interaction of electrical and Ca2+ dynamics components.

Role of PMCA, SERCA and mitochondria on Ca2+ dynamics. PMCA pump, MCU

and SERCA pump are the major Ca2+ removal mechanisms in small DRG neurons [101, 106,

Fig 12. Comparison of normalized experimental and simulated [Ca]i and [Ca]MT. The solid red line and solid blue

line represent the simulated [Ca]i and [Ca]MT, respectively from the model (Sim.), obtained by evoking 20 APs at 10

Hz. APs were evoked by using rectangular current clamps of 1.25 nA and 1 ms. The red circles and blue triangles are

experimental traces digitized (Expt.) [Ca]i and [Ca]MT for similar stimuli in small DRG neuron terminals obtained

from [106]. The rising and falling dynamics of our bladder small DRG soma model output closely compares with those

recorded experimentally. The S value for [Ca]i and [Ca]MT fits and their 5% thresholds (in brackets) are 0.12 (0.05) and

0.068 (0.05), respectively. Effects of calcium dye buffering were included in the simulations.

https://doi.org/10.1371/journal.pcbi.1006293.g012
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107, 115]. Fig 13 shows the Ca2+ transient obtained in response to 20 rectangular current

clamps of 1 ms, 1.25 nA applied at 10 Hz in control conditions (black), with PMCA

block (red), MCU block (orange), SERCA block (blue) and MNCX block (maroon). Blocking

PMCA pump, MCU and SERCA increased the decay time of transients (Fig 13A and 13B). A

marked effect was seen when PMCA was blocked, which enhanced both the amplitude of

[Ca]i and its decay time similar to observations of [115] for small DRG neurons. Mitochon-

drial Ca2+ uptake is an important Ca2+ removal mechanism in small DRG neurons [106, 116]

which is seen in our model by blocking MCU. Block of the mitochondrial release mechanism,

MNCX, elicits a faster decay of Ca2+ transient to resting [Ca]i. Block of SERCA also increases

the duration of the Ca2+ transients [101, 102].

The contribution of ER release mechanisms (IP3R and RYR) in DRG neurons are negligible

at the resting potential and for small rises in the [Ca]i and smaller depolarizations [101, 117],

due to insufficient [Ca]i and IP3 molecules for the activation of RYR and IP3R. Blocking these

components in the model did not lead to any change in the rise and decay phase of the [Ca]i.

The similarities of the modelled Ca2+ dynamics (which includes Ca2+ diffusion, buffering, ER

mechanisms, mitochondrial mechanisms, PMCA, NCX and the Ca2+ channels) to the corre-

sponding experimental waveforms suggest that our model is capable of mimicking to a good

degree the Ca2+ dynamics of the biological small DRG neuron.

Effect of SKCa inward rectification

Single APs: Decrease in AHP duration. To the best of our knowledge, computational

models till date model SKCa with [Ca]i-dependent activation only and no inward rectification.

Such an approach will clearly result in inaccurate model outputs, both for the SKCa conduc-

tance itself and for other model parameters that are influenced by it. We therefore, set out to

model the voltage-dependent inward rectification along with [Ca]i-dependence and also vali-

dated our model against experimental data (see Fig 6).

The effects of SKCa were tested by comparing a bladder small DRG neuron soma model

containing an SKCa conductance possessing inward rectification with a soma model in which

SKCa inward rectification was absent. The effect of SKCa inward rectification on a single AP (at

baseline SKCa conductance) was minimal. Comparison of APs from the two models did not

show much difference, probably because of the almost linear I-V relationship for small

Fig 13. Role of PMCA, MCU, SERCA and MNCX in shaping the Ca2+ transient. (A) [Ca]i levels for the response of

the model to 20 APs generated by 1 ms, 1.25 nA rectangular current clamps given at 10 Hz. PMCA (red), MCU

(orange), SERCA (blue) and MNCX (maroon) are blocked individually. Black curve is the control [Ca]i (B) Magnified

scale to show the effects of these components on the decay of Ca2+ transients.

https://doi.org/10.1371/journal.pcbi.1006293.g013
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increases in [Ca]i (20-30 nM for 1 AP) of the models. Hence, we tested the effect of an elevated

value of SKCa conductance. A higher than normal SKCa conductance (or current) in DRG neu-

rons could represent conditions during application of SKCa channel openers and positive mod-

ulators such as 1-EBIO and NS4591 [30]. Abnormal conditions such as inflammation can lead

to increased basal [Ca]i, higher amplitude and slower decay of Ca2+ transients [118], which

can also enhance SKCa conductance.

Fig 14 compares AP properties in the neuron model that has an SKCa channel endowed

with inward rectification (Fig 14A–14C) with those in the model without inward rectification

(Fig 14D–14F). APs were generated by using a rectangular current clamp of 0.18 nA, 15 ms

[49]. The effect was compared by increasing the (maximum conductance) of SKCa (�g ) from its

control value of 9�10−4 S/cm2 (Fig 14, black) to 4.5�10−3 S/cm2 (Fig 14, red) for both the mod-

els. Differences can be seen in the RMP, AP overshoot and AHP duration for the two models.

In order to quantify the effect of SKCa inward rectification, we compared the 2 soma mod-

els: one with inward-rectifying SKCa (with IR) and other with non-rectifying SKCa (w/o IR),

with reference to the AP and AHP properties viz. (i) RMP: Vm just before the start of stimulus,

(ii) AP Duration: the spike width at half AP amplitude (measured from RMP) and is the dura-

tion between 2 points on an AP when Vm reaches half the AP Amplitude (AP Amplitude is the

difference in Vm between RMP and AP Peak), (iii) AP Overshoot: maximum positive potential

above 0 mV during an AP, (iv) AHP Amplitude: the difference between the RMP and mini-

mum potential (AHP peak) reached during an AHP, (v) Time to AHP Peak: time duration

between start of AHP and time when Vm reaches its minimum value during an AP, (vi)

AHP80% is the time duration between start of AHP and time when AHP decays to 80% of AHP

Amplitude after AHP Peak. �g of the SKCa was raised from the control value of 9�10−4 S/cm2 to

4.5�10−3 S/cm2 in steps of 4.5�10−4 S/cm2 (Fig 15).

The inward rectification reduces the effect of SKCa channel on AP and AHP parameters.

SKCa inward rectification results in a shorter AP duration and decreased AP overshoot

Fig 14. Effect of SKCa inward rectification on AP. (Upper panel, A-C) AP generated in bladder small DRG neuron

soma model with SKCa possessing inward rectification (with IR). (Lower panel, D-F) AP simulated in a soma model

in which SKCa channel is without inward rectification (w/o IR). (A and D) Effect of increasing the maximum

conductance of SKCa (�g ) from the baseline value 9�10−4 S/cm2 (Control, black) to 4.5�10−3 S/cm2 (red). (B and E) RMP

and AHP Amplitude of (A) and (D) figures are shown on an expanded time and voltage scale. (C and F) The recovery

phase of the AHP. Corresponding top and bottom comparisons show that SKCa inward rectification has an important

role in changing RMP, AP amplitude and AHP. Stimulus: rectangular current clamp of 0.18 nA for 15 ms given at 110

ms.

https://doi.org/10.1371/journal.pcbi.1006293.g014
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(Fig 15B and 15C). Reduced AHP Amplitude and a shorter time to AHP peak were also

observed in model having SKCa inward rectification (Fig 15D and 15E). A prominent decrease

in AHP duration due to inward rectification is evident from AHP80% values (Fig 15F). Hence,

the changes in the parameters analysed above due to SKCa inward rectification were small

except for AHP80%.

To understand the temporal role of inward rectification (IR) of SKCa channel on the APs,

we analysed the calcium-dependent activation (o), the IR parameter (m) and the instantaneous

conductance (g) of the SKCa channels. g is given by the expression:

g ¼
�g � o �m For SKCa with IR

�g � o For SKCa w=o with IR

(

ð55Þ

where �g is the maximum conductance of the SKCa channels.

Fig 16 shows the results from 2 small DRG neuron models: one having an SKCa channels

with IR (SKCa with IR) (Fig 16A, 16C and 16D) and the other having non-IR SKCa channels

(SKCa w/o IR) (Fig 16B and 16E).

The presence of the IR parameter, m, reduces the instantaneous conductance, g of SKCa

channel during the stimulation duration. m which is a function of Vm and [Ca]i behaves simi-

larly as the voltage-dependent inactivation parameter (h) of the Hodgkin-Huxley sodium

conductance. During the depolarizing phase of the AP, there is a decrease in the value of IR

parameter, m (Fig 16C) till the peak of the AP (which corresponds to the lowest point in g
curve) and thus, results in a decrease in the conductance of the channels (Fig 16D). In contrast

for DRG neuron model having a non-inward rectifying SKCa channel (SKCa w/o IR), g follows

Fig 15. Effects of SKCa channel inward rectification on AP and AHP properties. Comparison of RMP (A), AP

Duration (B), AP overshoot (C), AHP Amplitude (D), Time to AHP Peak (E) and AHP80% (F) in bladder small DRG

neuron soma models having SKCa conductance endowed with inward rectification (SKCa with IR, filled squares) and

without inward rectification (SKCa w/o IR, hollow squares). AP was generated by a current clamp of amplitude 0.18 nA

and duration 15 ms. The �g was increased from 9�10−4 S/cm2 to 4.5�10−3 S/cm2 in steps of 4.5�10−4 S/cm2. Parameters

plotted are explained in the text. Incorporation of inward rectification diminished the effect of SKCa channel on the AP

and AHP parameters.

https://doi.org/10.1371/journal.pcbi.1006293.g015
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the same trend as the calcium-dependent activation parameter, o (Fig 16B and 16E). We also

checked how the variation in the maximum conductance (�g ) affects the g dynamics of the

channel. The 3 colours in Fig 16 represent simulations for 3 different maximum conductances

(�g ) of SKCa channels: black = 9�10−4 S/cm2 (control), green = 2.7�10−3 S/cm2 and red =

4.5�10−3 S/cm2. Increasing �g leads to changes in o, m and g which were amplified version of

the trend observed for the respective parameters in control conditions (9�10−4 S/cm2, black

curves) for both the models (SKCa with IR and SKCa w/o IR).

We next checked how these changes due to IR translate into changes in repetitive firing in

our model.

Train of APs: Decrease in rate of failure. In conditions like spinal cord injury and

inflammation, bladder small DRG neurons start firing APs in a tonic manner in response to a

long duration injected current as opposed to phasic behaviour with a single AP as seen in con-

trol neurons [10, 49]. Bladder small DRG neurons of rats treated with cyclophosphamide (an

inflammatory agent) fired in a tonic manner (*12-13 APs for 600 ms stimulus) for long

Fig 16. SKCa conductance changes during an AP in model of SKCa with IR and SKCa without IR. The calcium-

dependent parameter o (A and B), inward rectification (IR) parameter, m (C) and the instantaneous conductance,

g (D and E) of SKCa with IR (A, C and D) and SKCa w/o IR (B and E) during an action potential in bladder small DRG

neuron model. The 3 colours represent simulations for 3 different maximum conductance (�g ) of SKCa channels:

black = 9�10−4 S/cm2, green = 2.7�10−3 S/cm2 and red = 4.5�10−3 S/cm2. Inset in A and B show the variation of o for

1000 ms. [Ca]i also follows a similar trend as o for both the models. Stimulus: Rectangular current clamp with

amplitude of 0.18 nA, duration = 15 ms and delay = 110 ms (Same as in Fig 15). Notice the trough in the g for SKCa

with IR (D) which is the result of decrease in m during the depolarizing phase of the AP.

https://doi.org/10.1371/journal.pcbi.1006293.g016
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rectangular current clamp stimulus (Fig 17A) whereas the control neurons were phasic in

nature and fired just 1 AP for the same stimulus (Fig 9B) [10]. The tonic firing occurs mostly

because of changes in the ion channel densities of TTX-S, TTX-R Na+, KA and KDR channels

[5, 9, 10, 34, 49].

We wished to study the sensitivity of the model spike firing to the inward rectification of

SKCa channel in controlling the firing of bladder DRG neurons in above-mentioned condi-

tions. We implemented the abnormal firing found in bladder small DRG neurons obtained

from inflamed bladder by changing the maximum conductances, �g (which represents ion

channel densities) of Nav1.8, KA and KDR channels [10, 33, 119]. The modified �g for these

channels were: Nav1.8 = 0.06 S/cm2, KA = 0.0001 S/cm2 and KDR = 0.001 S/cm2. A long

Fig 17. Simulating repetitive firing as seen in bladder small DRG neuron soma during bladder inflammation.

(A) The AP firing in the bladder capsaicin-sensitive (or small-diameter) DRG neuron soma in bladder inflammation

evoked by application of a long duration current clamp stimulus (0.12 nA, 600 ms) [10]. Stimulus resulted in

generation of 12-13 APs in 600 ms (* 20 Hz). Compare with Fig 9B in which a long duration stimulus gave only one

spike. (B) Simulating the inflammatory firing frequency in model neuron by altering the Nav 1.8, KA and KDR channel

maximum conductances. (C) Temporal changes in intracellular calcium concentration,[Ca]i and (D) instantaneous

SKCa conductance, g for the firing shown in (B).

https://doi.org/10.1371/journal.pcbi.1006293.g017
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duration rectangular current clamp of amplitude 0.12 nA for 600 ms as shown in Fig 17B

resulted in the generation of tonic firing in the model. As reported in [10], this stimulus was

also found to generate tonic firing in bladder small DRG neuron from an inflamed bladder

(Fig 17A, 12-13 APs in 600 ms * 20 Hz). Fig 17C and 17D show the temporal changes in

[Ca]i concentration and instantaneous SKCa conductance, g respectively. The SKCa conduc-

tance was observed to increase with increasing [Ca]i.

In order to analyse the effects of SKCa IR on firing frequency, we used the above described

tonic firing model with a slightly longer duration (1000 ms) rectangular current clamp of

amplitude 0.12 nA which generated 20 APs (* 20 Hz). The �g value of SKCa was altered

between 9�10−4 S/cm2 and 4.5�10−3 S/cm2 in steps of 4.5�10−4 S/cm2. We measured the change

in spike count and the peak [Ca]i reached during the protocol. A spike was counted whenever

Vm crossed 0 mV from a negative to a positive Vm. A decrease in number of spikes with

increasing conductance was observed for both the models (Fig 18A, SKCa with IR and SKCa

w/o IR) as the outward current though SKCa increases. A similar downward trend is seen in

the peak [Ca]i attained for both the models with increasing conductance. The outward current

via inward rectifying SKCa is much less compared to SKCa lacking inward rectification. Thus,

the probability of failure of APs is comparatively smaller for the SKCa with IR model which is

also evident from our results (Fig 18A, filled squares).

To understand how IR leads to a decrease in firing, we analysed temporal [Ca]i and instan-

taneous conductance, g changes at three �g values shown in Fig 18: 9�10−4 S/cm2 (control),

2.7�10−3 S/cm2 and 4.5�10−3 S/cm2 for both the models: SKCa with IR (Fig 19) and SKCa w/o IR

(Fig 20).

A reduction in number of spikes with increasing �g was observed for both the models. Eleva-

tion in [Ca]i is proportional to the firing rate of the neuron. This increase is also reflected in

the instantaneous conductance (g) of the SKCa w/o IR (Fig 20, lower panel), whereas g of the

SKCa with IR (Fig 19, lower panel) shows an initial decrease in the instantaneous conductance

at the beginning of each spike in the model. This initial reduction in g results from the inward

rectification parameter in SKCa model as discussed for Fig 16D.

The simulations described above suggest the importance of inward rectification in SKCa

channels in controlling AP properties and in turn the firing rate of the small DRG neurons.

Fig 18. Effect of SKCa inward rectification on inflammatory firing in modelled neuron. (A) Effect of change in �g
(maximum conductance) of SKCa on the firing rate of bladder small DRG neuron soma model that has inward

rectifying SKCa channels (SKCa with IR, filled squares) and in a model having non-inward rectifying SKCa (SKCa w/o

IR, hollow squares). The �g was changed between 9�10−4 S/cm2 and 4.5�10−3 S/cm2 and a rectangular current clamp of

0.12 nA, 1000 ms was applied for each �g . (B) Corresponding peak [Ca]i attained in the 2 models. The peak [Ca]i

decreases with decreasing spiking rate. Inward rectification of SKCa reduces the failure of spikes.

https://doi.org/10.1371/journal.pcbi.1006293.g018

Bladder small DRG neuron soma model

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1006293 July 18, 2018 34 / 51

https://doi.org/10.1371/journal.pcbi.1006293.g018
https://doi.org/10.1371/journal.pcbi.1006293


The models lacking SKCa with IR will overestimate the firing rate of the neurons and thus,

inward rectification in SKCa channels should be incorporated not only in DRG neuron models

but also in other excitable/non-excitable cells models.

Contribution of BKCa and SKCa to AHPs

KCa channels have been shown to affect the AHP phase in sensory neurons [31, 120] and

hence, neurons excitability. The AHPs have 3 phases: the fast AHPs (fAHP) which have a fast

rise and last for about a few 10’s of milliseconds, medium-duration AHPs (mAHP) which start

within a few milliseconds of the AP and lasts for some 100’s of ms and the slow AHPs (sAHP)

that can sustain upto 10’s of seconds [32]. The channels underlying different AHPs may be dif-

ferent for central nervous system (CNS) neurons and peripheral sensory neurons. mAHP is

modulated by SKCa channels in CNS neurons [121] while in vagal primary sensory neurons,

BKCa channels are thought to underlie mAHP [120].

Here, we conducted a systematic study on the role of BKCa and SKCa channels on the AP

and AHP properties, and the excitability of bladder small DRG neurons. The conductance of

KCa channels increases with increasing [Ca]i and could play an important role in shaping the

APs and the excitability of the neurons. The effect of blocking KCa channels was minimal on a

single AP (generated by rectangular current clamp of 0.18 nA, 15 ms, [10]) due to their small

Fig 19. SKCa with IR: Role of SKCa inward rectification and SKCa and maximum conductance on inflammatory

repetitive firing. Membrane potential, Vm (upper panel), intracellular calcium concentration, [Ca]i (middle panel)

and instantaneous SKCa conductance, g (lower panel) recorded against time for three maximum conductances (�g ) of

the SKCa channel: 9�10−4 S/cm2 (control) (A, D, G), 2.7�10−3 S/cm2 (B, E, H) and 4.5�10−3 S/cm2 (C, F, I). The neuron

model used had SKCa channels endowed with inward rectification (SKCa with IR). Stimulus: 1000 ms, 0.12 nA

rectangular current clamp.

https://doi.org/10.1371/journal.pcbi.1006293.g019
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current contributions (Fig 21). As can be seen in Fig 21, the block of BKCa decreased the AHP

Amplitude while SKCa block resulted in decreasing the AHP duration.

In order to quantify the changes in the AHP and AP properties, we stepped the �g of the

BKCa and SKCa channels from the control value of 9�10−4 (for both BKCa and SKCa) to 4.5�10−3

S/cm2 in multiples of 4.5�10−4 S/cm2. As expected from the blocking studies, an elevated BKCa

conductance resulted in increase in AHP Amplitude (Fig 22D) whereas elevated SKCa conduc-

tance led to a slower decay of the AHP (Fig 22F).

BKCa conductance increase resulted in larger AHP amplitude (Fig 22D) than SKCa. Hence,

BKCa may contribute to the fAHP. The change in AHP80% is larger for a change in SKCa

conductance than for the same change in BKCa conductance. The greater sensitivity to SKCa

shows that it may regulate the later part of the AHP and may underlie medium-duration AHP

(mAHP, which decay within few 100’s of ms) and the slow AHP (lasting a few seconds) in

bladder DRG neurons.

SKCa is more potent in reducing firing rate than BKCa

In order to test the sensitivity of AP firing to the KCa channels, we altered the conductance of

channels individually in the range of 9�10−4 (control) to 4.5�10−3 S/cm2 to a model that shows

inflammatory repetitive firing for a long duration rectangular current clamp of amplitude 0.12

nA and 1000 ms duration, as used in Fig 18. We recorded the number of spikes generated by

Fig 20. SKCa w/o IR: Role of SKCa inward rectification and SKCa and maximum conductance on inflammatory

repetitive firing. Membrane potential, Vm (upper panel), intracellular calcium concentration, [Ca]i (middle panel)

and instantaneous SKCa conductance, g (lower panel) was recorded against time for three maximum conductances of

the SKCa channel: 9�10−4 S/cm2 (control) (A, D, G), 2.7�10−3 S/cm2 (B, E, H) and 4.5�10−3 S/cm2 (C, F, I). The neuron

model used had non-inward rectifying SKCa channels (SKCa w/o IR). Stimulus: 1000 ms, 0.12 nA rectangular current

clamp.

https://doi.org/10.1371/journal.pcbi.1006293.g020
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Fig 21. Effect of SKCa and BKCa channels on the AHP. (A and D) AP in control conditions (black) and with blocks of

SKCa (red, SKCa block) and BKCa (blue, BKCa block) channels. (B and E) show on an expanded time and voltage scale

the effect on the AHP peak. (C and F) also shows on a larger time scale the effect on the AHP phase after the AHP peak

during an AP. AP was generated by a current clamp of an amplitude 0.18 nA and 15 ms duration [10].

https://doi.org/10.1371/journal.pcbi.1006293.g021

Fig 22. Effect of SKCa and BKCa channels on AP and AHP properties. Comparison of RMP (A), AP Duration (B),

AP Overshoot (C), AHP Amplitude (D), Time to AHP peak (E) and AHP80% (F) by increasing maximum conductance

(�g ) of BKCa (filled circles) and SKCa (filled triangles) channels in the bladder small DRG neuron soma model.

Parameter descriptions are same as earlier in the text.

https://doi.org/10.1371/journal.pcbi.1006293.g022
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the model and peak [Ca]i. Spikes were counted whenever Vm crossed 0 mV from a negative to

a positive Vm.

The graphs in Fig 23A show that the SKCa channel is more likely to change the firing rate

than the BKCa channel when channel conductance is elevated. A decremental trend is seen in

maximum [Ca]i (Fig 23B). The decrement is greater for enhanced SKCa channel conductance

compared to BKCa conductance. This parallels the reduction in the number of APs recorded. It

can be inferred from Fig 23B that [Ca]i is more sensitive to SKCa than to BKCa at raised con-

ductance values. Thus, while both SKCa and BKCa channels affect the firing frequency of the

bladder DRG neurons, SKCa is more effective than BKCa in this respect. A reason for this is the

strong effect of SKCa on the slow AHP (See Fig 22F for AHP80%). AHP80%, which indicates the

recovery time from AHP towards RMP, is relatively higher at larger conductances for SKCa

channel than BKCa channels. Hence, a larger depolarization is required to bring Vm from slow

AHP potential to the AP threshold. This will reduce the firing frequency of the neuron.

Discussion

The computational model presented here describes a comprehensive electrophysiological

model of the urinary bladder small DRG neurons validated against experimental data for these

neurons. The model includes all the major known plasma membrane mechanisms viz. ion

channels, Ca2+ pump, Na+/Ca2+ exchanger as well as all essential components of Ca2+ dynam-

ics, namely cytoplasmic diffusion and buffering, endoplasmic reticulum (ER) mechanisms and

mitochondrial mechanisms. Hence, our model represents a physiologically realistic model

constrained by available biophysical data.

Using our elaborate, validated model of bladder small DRG neuron soma, we addressed

certain outstanding questions regarding the factors that govern the functioning of these neu-

rons and showed the following: (1) the inward rectifying property of SKCa channels increases

the excitability of bladder small DRG neurons, (2) BKCa may contribute chiefly to the fAHP of

the spike while SKCa may contribute to chiefly to the mAHP and sAHP, (3) SKCa channels are

more potent in suppressing AP firing than BKCa channels, (4) the slow KA currents are com-

posed of 2 inactivation components: a fast component and a slower component which in turn

could be the result of 2 different molecular constituents of the channel. We discuss below the

Fig 23. Effect of changes in BKCa and SKCa maximum conductance on the train of APs and [Ca]i. The maximum

conductance �g of BKCa and SKCa channels were changed between of 9�10−4 (control value) to 4.5�10−3 S/cm2 for both

SKCa and BKCa) individually and the model was stimulated with 1000 ms rectangular current clamp of 0.12 nA

amplitude. The number of spikes (A) and peak intracellular Ca2+ concentration, [Ca]i (B) were recorded at every

increment of BKCa (filled circles) and SKCa (filled triangles) maximum conductance.

https://doi.org/10.1371/journal.pcbi.1006293.g023
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implications of these findings for various facets of bladder small DRG neuron functioning

and, on a broader level, for urinary bladder function.

Inward rectification of SKCa channel

The model of SKCa channel presented here incorporates both inward rectification and [Ca]i-

dependence. Our working hypothesis was that since rectification gives rise to smaller outward

currents over the relevant range of membrane voltage [27, 28], incorporation of rectification

should result in an increase of excitability of the bladder small DRG soma. Our simulations

show that SKCa channels have marked effects on the electrical activity of the bladder small

DRG neuron. We show that inward rectification of SKCa channels can regulate the afterhyper-

polarization, RMP and AP properties of these neurons. The DRG neuron model endowed

with SKCa inward rectification exhibited a higher firing rate compared to the model in which

SKCa was endowed just with [Ca]i-dependence (Fig 18A). This is expected as the reduced out-

ward current for potentials more depolarized than the Nernst potential of K+ prevents the gen-

eration of a larger AHP (Fig 14B and 14E) and leads to greater excitability. We propound

therefore that, SKCa channel rectification may play a significant part in shaping and regulating

the flow of the electrical sensory signals from the bladder, not only in the DRG soma but also

at the DRG neuron terminals in the spinal cord where SKCa channels could be involved along

with Ca2+ channels in regulating neurotransmitter release [87, 89]. Another site at which SKCa

channels could play a role in regulating the release of neurotransmitter is the DRG neuron

soma since these somata have also been shown to release such neurotransmitters as adenosine

triphosphate (ATP) and glutamate which could be involved in intercellular communication

between neighbouring somata via the satellite glial cells surrounding them [15].

The presence of rectification has been shown in recombinant cell lines expressing SKCa

channels such as in HEK-293 [24, 25] and Xenopus oocytes [26, 28] but rectification in endoge-

nous DRG neurons is not yet studied. Even though the intracellular milieu including the Ca2+

release and uptake mechanisms might be different in recombinant cells as compared to DRG

neurons, the evidence that rectification is an intrinsic property of the SKCa channel [26] sug-

gests that this feature might also be present in DRG neurons. Rectification is caused by the

presence of charged amino acids in the transmembrane domain S6 of the SKCa channel [26].

Jenkins et al. [122] found that serine-507 and alanine-532 residues in the inner pore region

when substituted by threonine and valine, respectively reduced the rectification in human KCa

2.3 (hSK3) channels. In addition, in view of the finding that SKCa inward rectification is an

outcome of block by intracellular divalent cations like Ba2+ and Mg2+ [24, 25], it is highly likely

that it is also found in the native DRG neuron including the bladder DRG neurons. The effect

of this property on the electrical activity of neurons therefore merits considerable attention.

Contribution of BKCa and SKCa to AHP

The role of different KCa (BKCa, SKCa and IKCa) channels in shaping the AP is not studied in

detail in the bladder DRG neurons while there are numerous studies on other somatic and

non-bladder DRG (sensory) neurons such as the cutaneous DRG neurons and vagal sensory

neurons [54, 120, 123]. Pharmacological studies using blockers and openers of BKCa, SKCa and

IKCa channels in bladder small DRG neurons have been reported to change their electrical

excitability [30, 52]. Hougaard et al. [30] tested the effects of SKCa blocker (apamin) and

opener/positive modulator (1-EBIO and NS4591) on bladder small DRG neurons. The SKCa

channel positive modulator NS4591 at concentration of 1 μM hyperpolarized the RMP. In our

simulation, application of channel opener was mimicked by augmenting the conductance of

the SKCa channel which also resulted in hyperpolarized RMP (See Fig 22A). Apamin decreased
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the amplitude of the AHP recorded after one AP [30], an effect similar to that seen in simula-

tions by removing SKCa channels from the model (Fig 21B), the change being very small

(*0.1 mV). Similarly, minimal increase (<0.1 mV) in AHP amplitude with increasing SKCa

conductance in our simulation (Fig 22D) is in line with the experimental observation that

AHP amplitude does not change on applying 1-EBIO and NS4591 [30]. The application of

these drugs (NS4591 and 1-EBIO) reduced the number of APs recorded during a 500 ms long

current clamp stimulus from 8 to 2 APs. This effect may be correlated with our studies on the

effect of SKCa on a train of APs where an elevated SKCa conductance decreases firing rate in

the neuron (See Fig 23A).

Unlike our observations of an enhanced AHP decay time (AHP80%) with raised SKCa con-

ductance (Fig 22F, Filled triangles and Fig 15F, SKCa with IR), Hougaard et al. [30] did not

observe significant change in AHP decay time on application of SKCa openers in bladder small

DRG neurons. The difference in AHP decay time in experiments and our simulations of DRG

model with SKCa endowed IR (Fig 22F, Filled triangles) can arise because of the hyperpolarized

holding potentials (−70 mV, −62 mV) used in the experimental work before applying blockers

and openers while the RMP is close to −50 mV. The RMP reported for L6-S1 spinal level rat

bladder small DRG neuron is generally between −48 to −53.5 mV [5, 10, 34] whereas the

hyperpolarized holding potential used by [30] could lead to activation of channels currents

such as slow KA, Nav1.9 and HCN channels. These channels have activation parameters that

operate at more hyperpolarized potentials compared to those of other channels (See Fig 3A for

n1 of slow KA and Figs Aa and Ga in S2 Text for m1 of Nav1.9 and HCN). These channels

could affect the amplitude of the AHP as well as recovery from it to the RMP. Some neurons

tested by Hougaard et al., [30] also fired tonically to a 500 ms suprathreshold current clamp.

Bladder small DRG neurons usually fire just a single AP for such a stimulus (Fig 9B) while the

medium-diameter bladder DRG neurons show tonic firing with many spikes [3, 34, 49]. A

BKCa channel blocker, A-272651 increased the AP duration in L6-S1 spinal level capsaicin-sen-

sitive small DRG neurons from rats [52], some of which supply the bladder [3, 85, 86]. The

effect of BKCa channel block in our model did not result in an appreciable increase in AP dura-

tion (Fig 21D). A probable reason for this inconsistency could be that the neurons tested repre-

sent a different subpopulation of bladder small DRG neurons. Our model reproduced the

behaviour obtained by BKCa block of Isolectin B4 (IB4)-negative cutaneous small DRG neu-

rons (Fig 8B of [54]). Compared to IB4-positive neurons, IB4-negative neurons have fewer

Nav1.9 and KA channels and have a less negative RMP [35, 124, 125]. Bladder small DRG neu-

rons, most of which are IB4-negative (*75%, [3]) have a depolarized RMP (−53.5 mV, [10])

than the RMP of small DRG neurons studied in [52] (< −60 mV). The expression of Nav1.9

and KA channels also is far less than that in other non-bladder DRG neurons [35, 51]. More-

over, bladder small DRG neurons generate a single AP for a long duration rectangular clamp

similar to cutaneous IB4-negative small DRG neurons reported by [54] whereas neurons

investigated by [52] gave rise to more than one AP for similar stimulus as also seen for IB4-po-

sitive cutaneous DRG neurons [54]. The firing frequency for IB4-positive cutaneous DRG neu-

rons increased by using BKCa blocker while it did not for IB4-negative DRG neurons. In the

light of these observations, it could be reasoned that neurons in Shieh et al. [52] are IB4-posi-

tive which probably have higher BKCa expression than IB4-negative bladder small DRG neu-

rons. Taking this into consideration, our BKCa channel and bladder small DRG neuron

models possibly represents model of IB4-negative bladder small DRG neurons. The two cate-

gories IB4-positive and IB4-negative neurons could be explored further through simulations

by altering the conductances for Nav1.9, KA and BKCa channels of our model as per the above

observations and could also be explored experimentally by studying the ion channel expres-

sions and electrophysiological properties of IB4-positive and IB4-negative bladder small DRG
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neurons. Although, IB4-positive bladder small DRG neurons represent smaller subpopulation

(* 15-20%) [90] compared to IB4-negative, both seem to be significant in nociception [3, 126,

127]. Electrophysiological and ion channel expression differences in these two subpopulations

of bladder small DRG neurons could be important regulators of excitability as shown in non-

specific small DRG neurons [125, 128], and also merit further experimental exploration.

The precise genesis of the AHP in the bladder small DRG neuron and AHP effects on the

excitability of bladder small DRG neurons [30] is not clear. In rabbit vagal sensory ganglion

neurons, fAHPs generally last a few ms (* 30 ms) and were Ca2+-independent, mAHPs could

last for 300 ms while sAHP rise in about 100 ms and can last or 2-15 s [120]. Both mAHPs and

sAHPs were Ca2+-dependent. In enteric ganglia neurons, BKCa contributes to the fast AHP

[17]. Some differences have been reported for the role of KCa channels in central neurons and

peripheral sensory neurons. mAHPs were blocked by picomolar concentrations of apamin

(SKCa blocker) in CNS neurons [32]. Apamin, even at millimolar levels did not block the

mAHPs in vagal sensory neurons [31], in which and BKCa channels were predicted to underlie

mAHP. SKCa channels, in contrast, were shown to contribute to sAHPs [31, 121].

Based on the above lines of evidence and to clarify the contributions of KCa channels to dif-

ferent AHPs, we hypothesized that the fAHPs receive contributions chiefly from the BKCa con-

ductance while SKCa channels contribute to mAHPs and sAHPs. It was found that BKCa can

regulate the fAHP as they contribute to the fast rise of AHP (< 3 ms) and the AHP amplitude

is augmented on increasing the BKCa conductance. SKCa channels contribute more strongly to

the AHP phase after the fAHP peak, and hence may underlie the mAHP and sAHP.

Effect of BKCa and SKCa on train of APs

Bladder small DRG neurons obtained from rats with bladder inflammation and spinal cord

injury were found to be more excitable than corresponding neurons from controls [1, 5, 9, 10,

35, 49]. DRG neuron somata in the former undergo hypertrophy [3] and exhibit plasticity in

ion channel expression such as for TTX-S, Nav1.8, slow KA and KDR channels [5, 9, 10, 34]

leading to lower AP threshold and thus, greater excitability. Given these observations, we

thought to test the effects of BKCa and SKCa channels on regulating the firing rate of the blad-

der small DRG neurons. It was found that increasing the conductance of BKCa and SKCa chan-

nels, which would mimic application of pharmacological channel openers to bladder small

DRG neurons, reduced the spiking induced by changing channel densities of Nav1.8, slow KA

and KDR channels. We replicated the firing frequency (*20 Hz) as seen in bladder small

DRG neuron obtained from rats with inflammatory cystitis [10] (Fig 17A). Enhancement of

SKCa conductance lead to a larger reduction in spiking than commensurate enhancement of

BKCa conductance, suggesting that SKCa activators could be more effective in controlling

hyperexcitability of bladder small DRG neurons than the BKCa activators.

Slow KA current has 2 components

Slow KA currents are found in bladder small DRG neurons while the medium diameter blad-

der DRG neurons express fast KA currents [7, 49]. Slow KA currents appear to be important

currents in bladder small DRG neurons, as a drop in their current density in spinal transected

rats [34] as well as in rats with chronic bladder inflammation [10, 36] has been reported to aug-

ment the excitability of the neurons.

Though several studies have been carried out to investigate the molecular components of

these slow KA currents [34–36], the contribution of different Kv components to the slow KA

current is not clear. We showed by optimization of our slow KA current model that the inacti-

vating phase of experimental slow KA currents under voltage clamp in bladder small DRG
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neurons were best fit by a biexponential decay, comprising of a fast-decaying exponential

(τh,fast) and a slow-decaying exponential (τh,slow). This could indicate the existence of at least 2

current components which in turn could mean 2 separate molecular components.

The molecular identity of the slow KA channels expressed in these neurons is still not clear.

KA channels in some non-bladder DRG neurons can form both homomers and heteromers

[129]. In non-bladder DRG neurons, expression of Kv1.1, 1.2, 1.4, 4.1 and 4.3 KA channel

forming subunits has been reported [35, 36, 129]. Yunoki et al. [35] showed that phrixotoxin 2,

a Kv4 channel blocker was able to block the KA currents in IB4 (isolectin B4)-positive non-pep-

tidergic somatic DRG neurons and not in the IB4-negative peptidergic bladder DRG neurons.

From these data we conclude that Kv4 subunits are highly unlikely to contribute to bladder

slow KA currents. Moreover, the steady state half-inactivation parameters of Kv4.1, 4.2 and 4.3

subunits (−44, −44 and −32 mV, respectively) expressed in Chinese hamster ovary cells [35]

are more depolarized than that of bladder slow KA channel (−74.2 mV) [10]. Hayashi et al.

[36] reported a preferential expression of Kv1.4 α subunits in bladder small DRG neurons.

Takahashi et al. [34] and Hayashi et al., [36] also suggested that Kv1.1 or Kv1.2 could form het-

eromers with Kv1.4 to form slow KA currents in bladder small DRG neurons.

Kv1 subunits expressed in HEK-293 cell lines showed different current inactivation profiles

[130]. The Kv1.2 channels exhibited a slow inactivation with an inactivation time constant

close to that of the slow component modelled in our study (200-800 ms, τh,slow Fig 3C) while

the Kv1.1 channel expressing cells do not seem to inactivate discernibly within 1000 ms. Kv1.4

expressing HEK cells showed an inactivation which is much faster than Kv1.2 and is close to

the value for the fast component of the KA channel model in our study (25-100 ms, τh,fast, Fig

3C). The similarity of values of inactivation time constants of Kv1.2 and Kv1.4 to those of our

model suggests that the subunits most likely to form the slow KA channels found in the bladder

small DRG neurons are heteromers of Kv1.2 and Kv1.4.

Another possible reason for two different phases in the inactivation of slow KA currents of

bladder small DRG neurons can be the existence of dual inactivation mechanism as mediated

by the same molecular unit comprising the slow KA current. Kv1.4 subunits could show such

phenomena [131], displaying two inactivation mechanisms: (i) N-type, a fast inactivation (50-

350 ms) which is caused by binding and blocking of channel pore with N-terminal ball, and

(ii) C-type, a slower inactivation (2-3 s) which is believed to be caused by intracellular and con-

formational changes of the channel [131]. Bett et al. [131] showed that the coupling between

N-type and C-type inactivation in Kv1.4 channels can explain experimentally recorded Kv1.4

currents in inactivation time constants with intermediate values of fast and slow inactivation.

A similar coupling could also explain the biexponential decay found in the slow KA currents of

the bladder DRG neuron. Considering all the arguments above, a more detailed molecular

analysis of slow KA channels of bladder neurons will shed light on the unresolved questions.

Limitations and avenues for further exploration

Contributions HCN, KCNQ/M and slow KA channels to different AHPs were not studied as

we only focussed on the contribution of BKCa and SKCa channels. Moreover, the expression

and the contribution of HCN and KCNQ/M channels in the bladder small DRG neurons com-

paratively smaller [8, 42] than other currents and may have minor effects on AHP.

The effect of neurotransmitters such as ATP and certain channels such as TRP (transient

receptor potential) vanilloid 1 and ASIC (acid-sensing) channels were not added to the model.

These mechanisms are activated by specific stimuli (such as capsaicin and abnormal pH)

which assume greater importance in pathological conditions. Likewise, the effect of the satellite

glial cells (SGCs) on the soma were omitted for similar reasons. On the morphological level, a
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complete model with axon and its sensory terminals in the bladder (including various recep-

tors e.g. for noxious stimuli) can provide a finer-grained understanding of sensory information

transmission from the bladder. Few studies have reported effects of the geometry of the T-

junction of the DRG neuron and ion channel densities in stem axon and soma on the electrical

activity [11–13]. Taking these considerations into account, conduction of sensory information

can be understood in greater depth. We have commenced work on several of these fronts such

as modelling the TRPV1 channels [39] and SGC interactions with the DRG neuron soma [38],

and they will be taken up in future studies.

Conclusions

Our detailed and biophysically constrained computational model of bladder small DRG neuron

soma presented here was able to reproduce experimentally observed signals such as the action

potential and cytoplasmic Ca2+ transients. By exercising our model in appropriate ways we

were able to (i) corroborate our hypothesis concerning the effect of inwardly rectifying SKCa

channels on neuronal excitability; (ii) gain several insights into the roles of BKCa and SKCa chan-

nels in bladder small DRG neuron such as the contributions of these channels to the genesis of

different types of AHP and the relative efficacies of BKCa and SKCa channels in the regulation of

repetitive firing in these neurons, thus casting light on hitherto unresolved biological questions.

In addition, we suggest a difference in expression of BKCa in IB4-negative and IB4-positive pop-

ulations of bladder small DRG neurons which could determine the repetitive firing similar to

that seen in cutaneous small DRG neurons [54]. We also suggest that the slow KA currents

could be made up of 2 components; a fast inactivating and a slow inactivating current which

could either be a result of heteromeric KA channel formed by Kv1.4 and Kv1.2 subunits (both

found in bladder small DRG neurons, [34, 36] or a result of interaction between 2 different inac-

tivation states exhibited by Kv1.4 subunits (C-type and N-type). These insights can be tested

experimentally, for instance by the use of drugs to remove the inward rectification of the SKCa

channel. The consequent reduction in spiking frequency may in some conditions hold promise

as a potential intervention such as in mitigating hyperexcitability of bladder small DRG neu-

rons, thus having implications for certain types of pathology. Our work thus provides heuristic

predictions that can lead to a deeper understanding of bladder small DRG neuron function, its

role in the regulation of bladder physiology and its possible involvement in pathophysiology.

Supporting information

S1 Fig. Schematic of the bladder small DRG neuron soma model. The model consists of 22

membrane mechanisms including Na+, K+, Ca2+, Cl-, and some non-specific ion channels

such as TRPM8, HCN and passive channels as well as pumps such as Na+/K+-ATPase Pump,

PMCA pump and Exchanger (NCX). The description of mechanisms is given in Methods and

S2 Text. The soma is intracellularly divided into 12 concentric shells which facilitate diffusion

of Ca2+ and IP3 (inositol 1,4,5 triphosphate) as well as in creating separate Ca2+ pools for dif-

ferent mechanisms.

(TIF)

S2 Fig. Ca2+ dynamics in an intracellular shell in bladder small DRG neuron soma model.

In each shell, 81% of the total volume is cytoplasm, 12% is occupied by endoplasmic reticulum

(ER) and mitochondria make 7% of the total volume. Ca2+ and IP3 can diffuse from one shell

to the another. Ca2+ coming in the cytoplasm to a shell via diffusion is buffered immediately.

The ER has 4 mechanisms: SERCA is responsible for replenishing the ER Ca2+ concentration

[Ca]ER caused by release from ryanodine receptors (RYR) which are activated by increase in
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cytoplasmic Ca2+; IP3R (IP3 receptors) which open on activation by IP3 molecules and Ca2+

ions; and the ER leak channel helps to maintain a steady resting state [Ca]ER. Ca2+ ions enter-

ing the ER as well as mitochondria is also buffered. Mitochondrial calcium entry occurs via

mitochondrial uniporter (MCU) and calcium is released by mitochondrial sodium-calcium

exchanger (MNCX). See Ca2+ dynamics in Methods.

(TIF)

S3 Fig. CaCC and SOCC coupling with endoplasmic reticulum in outermost shell in blad-

der small DRG neuron model. The Ca2+-activated Cl-s (CaCCs) are activated both by mem-

brane potential and intracellular Ca2+. They are more potently gated by IP3R Ca2+ release in

the outermost shell than by Ca2+ influx from voltage-gated Ca2+ channels on the membrane.

The store-operated Ca2+ channels (SOCCs) are activated when there is a depletion of Ca2+ in

the ER. The Orai1 and STIM1 proteins are responsible for store-operated Ca2+ entry in small

DRG neurons. See S2 Text for more details.

(TIF)

S1 Text. General description of the modelling methods.

(PDF)

S2 Text. Additional membrane mechanisms in the model.

(PDF)

S1 Table. Table for ionic mechanism parameters.

(PDF)
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