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Unlike most excitable cells, certain syncytial smooth mude cells are known to exhibit
spontaneous action potentials of varying shapes and sizesThese differences in shape
are observed even in electrophysiological recordings obtaed from a single cell. The
origin and physiological relevance of this phenomenon areucrently unclear. The study
presented here aims to test the hypothesis that the syncytianature of the detrusor
smooth muscle tissue contributes to the variations in the aon potential prole by
in uencing the superposition of the passive and active sigals. Data extracted from
experimental recordings have been compared with those obtaed through simulations.
The feature correlation studies on action potentials obtaed from the experimental
recordings suggest the underlying presence of passive sigils, called spontaneous
excitatory junction potentials (SEJPs). Through simulatis, we are able to demonstrate
that the syncytial organization of the cells, and the varidé superposition of the sEJPs
with the “native action potential”, contribute to the divesity in the action potential pro les
exhibited. It could also be inferred that the fraction of thegropagated action potentials
is very low in the detrusor. It is proposed that objective mesurements of spontaneous
action potential pro les can lead to a better understandingof bladder physiology and
pathology.

Keywords: urinary bladder, smooth muscle, detrusor, syncyti
neuron model

um, action potential shape, feature correlation,

1. INTRODUCTION

Excitable cells exhibit a variety of action potential (APpgbs but, generally, individual cells
from the same tissue, or region of tissue, tend to display a comiP shape, characteristic
of that cell type. The smooth muscle layer of the urinary blxddall (detrusor) contrasts in
this regard; it is found to exhibit APs of widely varying tenmabpro les (Meng et al., 2008
Remarkably, these variations in AP shapes are observed ewacinophysiological recordings
obtained from a single cell. The physiological basis for tiversity is currently not understood,
and calls for a deeper analysis, as it could pave the way towagttex inderstanding of bladder
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electrophysiology and its contribution to downstream ewnt possess an array of nine or more active channels contributing
e.g., C& dynamics and contraction. Intuitively, there could their generation Brading, 2006; Steers and Tuttle, 2009; Brading
be only two possibilities for obtaining APs of di erent pro les and Brain, 2011; Petkov, 201 Models for the detrusor speci c
(i) multiple AP generation mechanisms, i.e., di erences imio AP that satisfactorily emulate this ensemble of ion chanaeds
channel compositions between cells, or (ii) a single AP géioera yet to be developed. The purpose of the present study has been to
mechanism with variable modulation due to factors linked toobtain a better understanding of their syncytial nature gather
syncytial function, including innervation. A preliminarywly  insights into their role toward the diversity in AP shapeswks
demonstrated the origin of di erent AP shapes from a single basideemed appropriate to employ a “standard” AP shape for such an
underlying mechanismAppukuttan et al., 2019a investigation so as to delineate the contributions arisirgrfithe

Generally, the focus of investigation when analyzing APsyncytial organization of the cells. The classical Hodgkindidy
principally lies in the frequency of spiking, and the charaistizs  (HH) model, being a well-understood AP model, was therefore
of the individual APs are often overlooked. Both are emetgenemployed to explore this computationally.
properties of the tissue depending upon a wide range of The urinary bladder regulates both the storage and voiding
parameters and mechanisms, and in the case of detrusor smoadh urine. Localized contractions help the bladder maintaine
muscle (DSM), also involving the complex cellular environmentduring the storage phase as the bladder increases in voluthe wi
Changes in the underlying factors could potentially resalt i the accumulation of urinelfrake et al., 2003; Andersson, 2010,
pathology such as the overactive bladdéry( et al., 200  201). Whereas, coordinated contractions along the bladder
Though analysis of AP frequency could assist in identifyingvall, along with relaxation of the urethra, result in emptying
abnormalities arising in pathology, we believe that thewidlial  the bladder during the voiding phase. Experimental studies
AP features potentially o er greater insight into changes nya in the past have suggested that spontaneous spiking of the
of the underlying factors, such as ionic mechanisms andyjadc cells causes the localized contractions, while the cooreihat
interactions. contractions are the concerted outcome of nerve-evoked APs

Prior studies have shown that the DSM cells are electricallgAndersson, 201)1 Overactive bladder is an example of bladder
coupled to one another via low-resistance electrical patlswayathology, more prevalentamongst the elderly population, tvhic
formed by gap junctions, thereby resulting in athree-dirsiemal  severely debilitates the a ected. It is characterized by guizat
electrical syncytium Kry et al., 200§ This implies that the urge to urinate, with often an inability to control the urge,
electrical activity recorded from a particular cell in thesytium  thereby hampering lifestyléV{ilsom et al., 2001; Chapple et al.,
need not necessarily have been initiated in that cell, buy ma2005. The etiology is often associated with detrusor overagtivi
have originated at any other cell within its electrical ‘tha  wherein the detrusor undergoes unsolicited contractiorisiag
This also entails that the response of the cell is determineffom aberrant spiking. We believe that the undesirable spread
not just by the biophysical properties of that particular cell,of originally localized contractions, via the propagation of
but also by the properties and location of other cells in thespontaneous APs owing to changes in the underlying syncytial
syncytium. Past studies have demonstrated that the exiiiyab features, could play an important role under such pathlogical
of individually identical cells di er based on the size of theconditions.
syncytium, their location within it, and the extent of gap  The detrusor is known to exhibit spontaneously occurring
junctional coupling between neighboring celfsipukuttan etal., action potentials leng et al., 2008 The spontaneity of the
2017). Further, the electrical syncytium itself can be partigoh action potentials is believed to have both a myogenic and
into sub-syncytia, representing smaller muscle bundles @@ neurogenic origin. While non-smooth muscle pace-making cells,
internally well-coupled, whereas coupling between bundées isuch as Interstitial Cells (ICs), present in the urinary bledd
comparatively poor, as reported for the detrus@rgmich and wall are reported to be responsible for myogenic ARsCloskey
Brading, 199F and colonic smooth muscleSpencer et al., and Gurney, 2002; Hashitani et al., 2004; Kubota et al., ;2006
200). The pattern of innervation further complicates the Shen et al., 2008the spontaneous asynchronous release of
biophysical setting. In the case of the detrusor, a single emerwneurotransmitter packets from the nerve terminals causes th
terminal could innervate multiple DSM cells and each DSM celheurogenic APsYoung et al., 2003 These monoquantal events
could potentially receive inputs from multiple nerve terminals are termed as spontaneous excitatory junction potentials §EJP
resulting in a complex many-to-many mapping between musclas they are not elicited by an AP on the presynaptic nerve
and nerve. These considerations make the interpretation@¥ID terminal. This is evidenced by the inability to abolish them
electrophysiological signals problematic. using TTX, a blocker of Na channels {oung et al., 2008

In view of the above, a computational approach mightThis is in contrast to excitatory junction potentials (EJPs)ath
assist in unraveling how DSM action potential proles areinvolve the synchronous release of neurotransmitter packet
determined. We employed a previously established passivelmodem the nerve terminals following presynaptic activationdan
of the detrusor, developed using the compartmental modelingre thereby aected by TTX. These underlying dierences
technique Qppukuttan et al.,, 2019h and incorporated an translate to di erences in the evoked postsynaptic potentials,
identical action potential generation mechanism in each DSMuvith the SEJPs re ecting very rapid spatial and temporal decays
cell in order to study the initiation, propagation, and modutai  in comparison to EJPs'pmita, 1967; Appukuttan et al., 201)5b
of AP shapes in the detrusor. The detrusor has not been found th is pertinent to highlight that the above does not hold true f
follow any single AP template, and the DSM cells are known tesEJPs in the intestinal smooth muscle, which di er from other
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autonomic neuromuscular junctions via their sensitivityTTX,  dislocation. E orts were undertaken to minimize the number
wider spatial spread and being produced from the synchronousf animals used and their su ering. After removing the uriyar
activation of a population of enteric motor neuron§igencer bladder, the connective tissue surrounding the bladder was
etal., 2001 withdrawn, while the urothelium was left intact. The veritra
We have in the past proposed that the diversity in AP pro leswall of the bladder was opened longitudinally from the neck
arises predominantly from varying levels of superposition ofposterior) to the top of the dome (anterior). Tissue strips,
a more or less stereotypical “native” AP with a second moreontaining a few bundles of smooth muscle, 3—4 mm long and 1-
variable component. The latter being contributed by junotio 2 mm wide, were cut. Strips were pinned out on a Sylgard-lined
potentials with a broad range of amplitudes and dynamicglate at the bottom of a shallow chamber (volume, approximately
(Padmakumar et al., 20),2as illustrated inFigure L A similar 1 ml), which was mounted on the stage of an upright microscope.
observation was made earlier in skeletal musclesdiyand Katz ~ Preparations were superfused with warmed (Bpphysiological
(1951) They have shown that the shape of an AP changes whesaline solution (PSS) (composition, mM: NaCl, 120; KCI, 5.9;
it propagates away from the site of initiation (see section 4)MgCl, 1.2; CaGl2.5; NaHCQ, 15.5; NaHPO;, 1.2 and glucose,
with the foot of the action potential notably changing from 11.5; gassed with 95%@nd 5% CQ) at a constant ow rate
convex-upwards to concave-upwards. As smooth muscle cel|$00 mi/h), maintaining a pH of 7.2—7.34@shitani and Brading,
form electrical syncytia, it is probable that an AP generatiszthe 2003
cell could assume di erent shapes as it propagates to other cells Preparations, once pinned, were allowed to equilibrate for
In the present work, we test this hypothesis by comparing resulia minimum of 30 min before initiating electrophysiological
obtained from experiments and simulations. Accordinglye th recordings. Individual DSM cells in muscle bundles were imgale
focus of this study has been restricted to the subset of ABPsawi with glass capillary microelectrodes, lled with 0.5 M KCIp(ti
neurogenic basis. It is pertinent to emphasize that the ainhef t resistance, 100-300+\). Changes in membrane potential were
work presented here is to demonstrate that syncytial inttisas  recorded using a high input impedance ampli er (Axoclamp-2B,
can be an important factor for AP diversity, and that someAxon Instruments, Inc., Sunnyvale, CA, USA), digitized using
potential insights could be availed by analyzing the indidldAP ~ PowerLab/4SP (ADInstruments, Chalgrove, UK) at either 1 or 4
pro les. We do not seek to dismiss other possible factors le;adinkHz, and stored on computer for later analysis.
to AP diversity, such as variations in ionic channel composs
and/or other mechanisms. This study is particularly impottan 2.2. Model Development

in view of the diversity in AP proles observed even from A previously established three-dimensional passive model of
a single cell during a continuous recording, without ex@@n smooth muscle syncytium Appukuttan et al., 2019bwas

interventions. adopted and extended for this study. Modeling was undertaken
employing the compartmental modeling technique on the
2. METHODS NEURON simulation environme_nt Ccarnevalc_a ar_1d _Hines,
) _ _ 2006. Development of the syncytial model primarily involved
2.1. Electrophysiological Recordings the following steps: (i) development of a template model

Mice of the C57BL/6 strain, of either gender, weighingfor individual DSM cells, (ii) designing a gap junctional
18-30g, were sacri ced by head concussion followed by adrviccoupling mechanism to electrically connect two cells, and

A Active B

- Observed AP
— Underlying sEJP
-—— AP without sEJP

Passive Passive

FIGURE 1 | An illustration of our hypothesis for the generation of APst is hypothesized that the convex-upward foot and the aftedepolarization (ADP) are caused
by the presence of an underlying spontaneous excitatory jution potential (SEJP, green curve) which initiates the ABlack curve). The dashed line represents the
shape of the AP that would have been generated solely by the iochannel mechanisms if the underlying sSEJP was absent. It calpe observed that a larger underlying
sSEJP (A) would result in lowered foot convexity with a larger ADP andeduced AHP, compared to that of the APs with smaller underipg sEJP (B). The passive and
active regions of the AP are indicated irfA).
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(iii) building the syncytial topology by creating multiple e 2.3. Measurement of Correlation

using the template, positioning these in three-dimensionaPearson's correlation coe cientrj was evaluated to test the

space, and coupling adjacent cells by means of the gaprrelation between any two parameters of interest. In cdse o

junction mechanismTable S1summarizes the important model experimental recordings, thevalue was calculated for individual

parameters. Individual detrusor smooth muscle cells ariédtra  cells, and the con dence of the correlation trends are meadu

in shape, but were approximated to be cylindrical with ausing Student's one sampldest.

long and narrow prole: 200nm in length and 6 mm .

in diameter Ery et al, 1999; Appukuttan et al, 20)5b 2.4. AP Features and Their Measurements

The number of compartments (segments) per cell was kepAPs of a wide variety of shapes and sizes are discussed in

high (nsegD 51) to benet from high spatial resolution the present study. It is imperative to quanti ably describe

within each cell, leading to each segment being nmm. these AP proles in order to distinguish and dierentiate

Such a resolution permitted localized stimulation of indival ~between them. To accomplish this, we follow the methodology

cells. adopted previously Appukuttan et al., 2015aof evaluating
The original syncytial model was purely passive, with théhe following ve features for each AP shape, as illustrated in

cells possessing no active ion channel mechanisms, and wagure 2

used to investigate passive electrical properties of the DS(II\jI Height

SY”CV“U”‘ @ppukuttar) et .al.,. 20130 As th? present. study measured from the resting membrane potential (RMP) to the
aims to explore the diversity in AP proles in syncytium, we peak of the AP

augmented the syncytial model by endowing every DSM cet WEi) Width (Full Width at Half Maximum) Time (in ms) measured

the HI—_| set of _channels so as to enable the generation of a_ctl_on between the crossing of half the AP height across the rising
potentials. Adjacent cells were coupled by means of resistive ;4 falling phases of the AP

pathways representing gap junctions which allowed biqimﬁﬂ rqii) Convexity Provides a quantitative measure of the AP foot
ow of current between the coupled cells. The magnitude and convexity; the foot of the AP being de ned as the phase from

direction of gap junctional current was determined by the e initiation of membrane depolarization to the AP threshold
potential gradient between the coupled cells, and the extént o The foot contributes in movingVi, from its resting level
coupling. This is illustrated irFigure S1A The gap junctional toward the threshold

resistance, in the standard model, was kept as 30.6(B.68 iv) After-Hyperpolarization (AHP)Di erence (in mV) measured
nS); but this has been varied in certain simulation settings between the RMP and the rst local minimum following the
and described accordingly. The cells were connected to form AP peak

a cubic. lattice arra_ngemeqt of cells, thereby forming aehre(v) After-Depolarization (ADP)Di erence (in mV) measured
dimensional syncytium (séeigure S1B. Under such atopology, ** payyeen the rst local maximum following the AHP and the
each cell in the interior of the syncytium (i.e., non-peripagr RMP

is electrically coupled to six other adjacent cells, two gleach

axis. Experimental ndings have revealed functional syiacig  In a previous study, we have demonstrated that an appropriate
contain up to 100 cellsNeuhaus et al., 2002To approximate technique to measure the AP foot convexity involves evalnat
this, the size of the syncytial model was set as 5-cube acra¥sthe area enclosed between a pre-de ned line and the AP
all simulation scenarios, unless otherwise speci ed. Cedieew foot (Appukuttan et al., 2017b This technique is illustrated
stimulated by means of synaptic inputs, with the location af th in Figure 3 The measure thus obtained is denoted @gy
stimulus being varied across the simulations. Synaptioviagti  indicating the measure of AP foot Convexity evaluated for
was simulated by means of an AlphaSynapse in NEURON depolarization ofY mV over a time frame ofX ms,
which produces a localized conductance change in the menebramwvhere X and Y de ne the line. The values oK and Y for
using an alpha functionGarnevale and Hines, 2006; Appukuttan this study were selected in accordance with the requirement
et al., 2015p The reversal potential of the synapse was kept @f this method @ppukuttan et al., 2017b This approach
the default value of 0 mV. This injects inward current to thehas been shown to be more applicable over other methods
stimulated cell, except when the membrane potential overshoosuch as evaluation of the radius of curvature along the AP
0 mV during an AP. The time constant of synaptic input wascurve.

set to 10 ms, which is within the experimentally reported range

of 5-89 ms {oung et al.,, 2008 We chose a value closer 3, RESULTS

to the lower bounds in accordance with the shorter width

of HH APs, thereby ensuring that an sEJP would not overlyElectrophysiological recordings from DSM cells demonstrated
dominate the AP prole. Peak synaptic conductance, in thehat important di erences can be observed in the temporal
standard model, was adjusted to the minimal supra-thresholgro le of the individual APs. As illustrated irFigure 4, these
stimulus corresponding to the centroidal cell in the synagt;  variations include di erences in their height, width, the sgte

the centroidal cell being the least excitable owing to itaton. of the AP foot and extent of hyperpolarization, and after-
In certain simulation settings, the synaptic peak conducgancdepolarization. The most common active signals observed in
was varied, and these changes have been highlighted wheretlee DSM can very broadly be classied into two categories,
applicable. as reported earlierNeng et al., 2008; Hayase et al., 2009

Maximum membrane depolarization (in mV)
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The rst type has a fast rising phase (“spike-type”) whereas.1. Analysis of Electrophysiological
the second type has a much slower ramp-like depolarizatioRecordings

phase (‘pacemaker-type”). For our study here, the actiolfter having removed APs of the pacemaker type from the
potentials of the pace-maker type were ignored as these agga|ysis, recordings containing a minimum of 30 APs were
believed to originate from non-smooth muscle pace-makinghortlisted. APs contaminated by the interference of other
cells, perhaps the Interstitial Cells (ICsM¢Closkey and jndependent APs or SEJPs were also removed from the study. This
Gurney, 2002; Hashitani et al., 2004; Kubota et al., 200gssylted in a collection of 11 cells from 6 animals with a tofal o
Shen et al., 20080ur focus here lies in spontaneous action712 Aps recorded in them. The overlapped plots of the APs in two
potentials of the spike-type—which is of neurogenic originof the cells are shown iRigure 5. Note the striking correlation of
Padmakumar et al. (2018denti ed neurogenic and myogenic the foot and tail features of the two highlighted APs. The Athw

SAPs based on features evaluated from SAP proles. Fqfwider, more convex foot has a larger AHP and smaller ADP, and
pooled data, they estimated that around 83% of the SAPRgce versa.

were of neurogenic origin. But the relative contributiomrsrh According to our hypothesis for diversity in AP shapes, every
neurogenic and myogenic origins could vary signi cantly fo Ap with a convex foot will have an underlying SEJP that elicited
individual cells. it (Figure 1). This underlying sEJP, via superposition, accounts

for the observed pro les of the passive and active regions ef th
corresponding AP. As seen Figure 1, the e ect of sEJP would
be present in the foot as well as in the tail. This implies thatehe
should be a correlation between the features of the foot aild t
of the AP.

The features, previously described in section 2.4, were
determined for each of the APs. Once the features were abdain
the Pearson correlation coe cients between the featuresewe

Height | 50% ) calculated. Correlations were deemed statistically sogmit if
|l<— Width

the 99% con dence interval excluded zero. Strong correfetio
were found to exist between: (i) Height and Width@.63 0.29

P < 0.01), (ii) Convexity and AHP (0.74 0.08 P < 0.01), (iii)
After-Depolarization Convexity and ADP ( 0.63 0.16 P< 0.01), and (iv) AHP and
ADP ( 0.77 0.14 P< 0.01). These correlations for all the 11
-------------------- : cells are shown iffable 1

“TFC T The Inter-Event Interval (IEI) histogram was computed
for the collection of APs from each of the cells. One such
example is shown inFigure 6. For all 11 cells tested, the
trend was not signi cantly di erent from a single exponential
function (Kolmogorov—Smirnov test wittP > 0.05 for each

After-Hyperpolarization T

FIGURE 2 | A schematic gure showing the key features of the action potetial
pro le which were used in the study. Adapted fromAppukuttan et al. (2015a)

FIGURE 3 | Method adopted to quantify convexity of AP foot. The shaded eea indicates the area between the AP curve and the straighirle joining the two
pre-de ned points. Area below the straight line is considerd as negative area and that above, if present, as positive (aent in above cases). Here, the signal in
(A) has a greater value of convexity than that iB).
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20mv|m
F
N .

—

FIGURE 4 | Diversity in action potential shapes observed in detrusormsooth muscle. (A—G) action potentials recorded from a single detrusor smooth mscle cell. All

of these have convex-upward feet, indicating that they are foneurogenic origin.(H) An example of “pace-maker” type action potential, given focomparison. Note the
ramp-type foot and the lack of after-depolarization. Theseypes of APs are believed to have a myogenic origin.

0 20 40 60 80 100 120 140 160
Time (ms)

FIGURE 5 | Collection of all APs observed in two of the cells superimpa over one another. Examples of strongly contrasting shapehave been highlighted in each
case.

cell), signifying that the APs are independent, stochastents. produced in the model, with an evident gradation from one type
The occurrence of any AP does not in uence the occurrence oto anotherFigure 7illustrates a few of these AP pro les recorded

non-occurrence of others APs. at di erent locations in the syncytium. The AP pro les were
analyzed by quantifying the ve features discussed in se&id.

3.2. Analysis of AP Diversity in Simulation All ve features were found to exhibit a notable spread actbss

Studies ensemble of AP pro les. The AP height varied by over 35 mV

To analyze action potential shapes computationally using outrange: 68.2 to 105.4 mV) with APs recorded at the vertex cells
model, we (i) stimulated the centroid cell in our syncytium being the largest, and reduction in the height when movingefo
and recorded the APs generated at each cell in the syncytiut@ the interior of the syncytium. The stimulated cells proddce
for di erent sizes of syncytium, and (ii) stimulated eachldal the APs with smallest heights, but with largest widths, as see
a 5-cube syncytium, one after another, and recorded the AH®r cell A in Figure 7 (pink trace). Also, only these cells, and
recorded at speci ¢ locations within the syncytium. This veas  t0 an extent their immediately neighboring cells, produced APs
extension of the simulations undertaken previoushppukuttan ~ With convex AP feet. The majority of the cells in the syncytium
et al., 2015g with a requirement for more detailed analysis. It €xhibited a more “concave-upwards” rise to the AP peak, as
was observed that APs of a variety of shapes and sizes wé@&s been reported previoushjgpukuttan et al., 2017b This
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TABLE 1 | Correlations observed between the features measured from
experimentally recorded data for 11 cells. 40r A
— B
Cell No. Heightvs. Width C 5530 vs. AHP  Cp5 30 vs. ADP  AHP vs. ADP —C
1 0.54 0.81 0.88 0.95
2 0.04 0.74 0.75 0.91 ; <
3 0.62 0.70 0.76 0.89 e '
s P @
4 0.90 0.78 0.64 0.64 £ : "
5 0.78 0.83 0.69 0.75 SE :
6 0.79 0.74 0.46 0.73 .
7 0.86 0.86 0.59 0.62
8 0.72 0.66 0.75 0.82
9 0.80 0.63 0.39 0.51
10 0.73 0.81 0.57 0.80
11 0.13 0.63 0.44 0.83 : > 5 3 5
30 40 50 60 70
Time (ms)
Mean 0.63 0.74 0.63 0.77
Sb 0.29 0.08 0.16 0.14 FIGURE 7 | Examples of variety in AP shapes observed in a 5-cube syncyiin
when stimulated at the centroid cell. The cube illustrateshe location from
The mean and standard deviation of the correlations are also shown. where each recording is obtained. The APs have been aligned ¢he instant of
AP initiation.
& ' ' ' ' TABLE 2 | Correlation between AP features from simulations for syntia of
o | varying sizes, when stimulus is applied at the centroid cefind APs are recorded
at every cell.
35 1 . . . . .
Correlation Stimulated at centroid, Syncytium size:
[0}
O <
5 & 3-Cube 5-Cube 7-Cube 15-Cube
=3
g 25 1 ; ;
5 Height vs. Width 0.94 0.92 0.93 0.93
g2 | C25,10 VS. AHP 0.93 0.88 0.89 0.76
[)
ag; 15 | 025110 vs. ADP 0.96 0.91 0.90 0.85
i AHP vs. ADP 0.99 1.00 1.00 0.95
10 1
5 ] TABLE 3 | Correlation between AP features from simulations for a syrytium of
: =0 size 5-cube, when stimulus is applied successively at eachall and APs are
00 20 40 60 80 100 recorded at speci ¢ locations.
Inter Event Interval (s)
Correlation Stimulated at all cells, Recorded at:
FIGURE 6 | Inter-Event |nterv_al histogram fzor APs recorded from a singlcell. Centroid Surface Edge Vertex
Red line shows the exponential t to data R D 0.99).
Height vs. Width 0.88 0.94 0.86 0.83
C2s5,10 Vs. AHP 0.88 0.74 0.69 0.66
) L. C25110 vs. ADP 0.92 0.79 0.74 0.7
is seen for cell C irFigure 7 (green trace). The extent of after- 5,5 < app 1.00 1.00 1.00 1.00

hyperpolarization (AHP) and after-depolarization (ADP) also
varied across the syncytium, depending on the syncytiatioca
of the cell in which the AP was recorded. The stimulated cells

and its neighbors, produced APs with a lower level of AHP anatonvexity shares a strong negative correlatio®.66 to 0.93)

a higher ADP, while the trend was opposite for the more distantvith the extent of AHP, and a strong positive correlation (0tG0
cells. 0.96) with the level of ADP.

From the above observations, it is discernible that the ve Itcan be observed thatthe correlations obtained for Coityex
AP features evaluated here share strong correlatitatsles 23 vs. AHP and Convexity vs. ADP, are contrary to those evatlate
summarize the correlation coe cients between the AP featur from the experimental studies. Such a contradiction couldnste
under di erent settings. As expected from above, the AP heightrom the lack of propagated APs in the bundled detrusor and
shares a strong negative correlationQ.83 to 0.94) with the the abundance of the same in the simulated undi erentiated
AP width. Similarly, a strong negative correlation .95 to syncytium. This was tested using another simulation setting

1.00) exists between the extent of AHP and ADP. However, ARhich all the cells in the syncytium were stimulated sudvess
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TABLE 4 | Correlation between AP features from simulations for synéia of values whereas the panels involving convex@y ¥ vs. AHP;
varying sizes, when stimulus is applied successively at eaacell and APs are Cx y vs. ADP) show signi cant variations in correlation values
recorded only from the stimulated cells. even displaying a reversal of the sign of correlation coe ¢ifem
Correlation Stimulated at all cells, Syncytium Size: very low values ngap

Another study involving a heterogeneous variation in the

3-Cube 5-Cube 7-Cube 15-Cube gap junction coupling is described in theection S2 of
Height vs. Width 1,00 0.98 0.99 0.99 the sgpplementary dogume_nt. A summary of all simulation
Cos 10 vs. AHP 0.81 073 0.67 0.65 experiments conducted in this work is tabulatedTiable 5
C25.10 VS. ADP 0.95 0.93 0.94 0.97
AHP vs. ADP 0.90 0.83 0.75 0.71

4. DISCUSSION

In the current study we have restricted our focus to spontarseo
and only the APs elicited at the stimulated cells were reedrd action potentials. The origin of these signals is still opendbate.
This ensured that the propagated APs were eliminated from thBrevious studies have indicated that most of the APs obsgerve
analysis. The correlation values obtained from these sitiaris  under resting conditions are driven by sEJP&(ng et al.,
are tabulated iriTable 4 It can be noted that the contradicting 2009. However, there are other studies which suggest a myogenic
feature correlations, i.e., Convexity vs. AHP and Conyex#. origin for these signalsHashitani and Brading, 2003 Our
ADP, are now ipped, and match the correlation trends obtainedunderstanding is that regular/periodic action potentialng is
from the experimental APs. likely to be myogenic in origin, perhaps generated by pacengakin

The above simulations indicated that when an underlying sEJeells electrically coupled to the smooth muscle cells, whereas
was present, the correlation of convexity and ADP was negativasynchronous/stochastic action potential ring may be érivby
while that of convexity and AHP was positive. These trendswerspatio-temporally random ATP release from autonomic nerve
ipped around in the case of propagated APs, which had nderminals. Studies excluding the possibility of a neural bé&si
underlying sEJPs. The variation in the three features—odtwe these signals tested the e ects of drugs such as tetrodotmndn
AHP, and ADP—for di erent amplitudes of underlying sEJP areatropine, and found that the signals were not inhibitéthEhitani
shown in Figure 8 The red traces show data for APs elicitedet al., 200). Tetrodotoxin inhibits nerve AP-based, but not
at the centroid cell by a range of synaptic conductances. Thgpontaneous, neurotransmitter release and atropine blolc&s t
green traces show data for APs elicited at a vertex cell, arAflCh receptors on the post-synaptic side. As the varicosities in
subsequently propagated to the centroid cell in the presence tiie detrusor co-transmit both ATP and ACh, it is possible that
an underlying sEJP of varying synaptic conductance levetbeAs the spontaneous release of neurotransmitters, evidenceteby
correlation trends are opposite in these two cases, theseece®m s presence of SEJPs, is responsible for eliciting the spontaneous
as indicators for determining the nature of the APs origin. action potentials.

The observation of the discrepancies between the features Action potentials are commonly referred to as all-or-none
of experimentally obtained and simulated APs indicate thasignals as they are found to propagate without any change in
the model does not accurately re ect the true biophysicaemplitude or shape, setting them apart from graded potentials
environment. One aspect where the real detrusor syncytiursuch as junction potentials and electrotonic potentials. Big th
and the computational model employed here could dier isdoes not always hold true, and fails under certain condgion
the intensity of the gap junctional coupling between the <ell It is reported that in long continuous axons or muscle bers,
In order to investigate the e ect of variations in gap-junatio di erences are observed in the AP proles when recorded at
coupling on the correlation values between the AP featuresiarying distances from the site of initiatior-¢tt and Katz,
another set of simulations were conducted. 195). They also demonstrated that with increase in the distance

In one such study, the strength of gap junctional conductnc from the site of stimulus (i.e., the end-plate), the heightlod
Ggap Was varied in the range of 5-250 nS while maintainingAP increased and the AP foot progressively transformed from
the homogeneity of the syncytium. This range is a subset dfeing convex-upwards to concave-upwards. Also, at recordings
the experimentally reported range @3gap values. For each taken closer to the end-plate, a “hump” is seen following the
conductance level, all the cells in the syncytium were satiplly  peak indicating the underlying end plate potential (EPP; skéle
stimulated via synaptic input of su ciently large intensitpsas muscle equivalent of sEJP) due to the continued action of the
to elicit an AP at every cell in the syncytium, for all valuds oneurotransmitter.

Ggap in the range. Thus, the stimulus intensity was maintained The AP, though considered an active signal generated by the
constant throughout this set of simulations. For each vadfie membrane, has passive components as well. The part of the
Ggap the features of the APs observed at speci ¢ locations of th&P starting from the instant at which the membrane voltage
syncytium were evaluated and their correlation coe ciemiere  reaches threshold, to the end of the repolarization phase &tlyno
determined. The plots of the correlation coe cients obtathior  governed by the properties of the active ion channels present
each of theGgap values are given ifigure 9. It can be observed in the cell membrane. However, the rest of the AP, namely
from the gure that the panels AHP vs. ADP and Height vs.the foot and the end of the tail—shown by the shaded regions
Width shows strong correlations throughout the range@fz,  in Figure 1A—are predominantly in uenced by the passive
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FIGURE 8 | Variations in(A) convexity, (B) AHP, and (C) ADP with change in underlying sEJP. Red traces show data forfs elicited at the centroid cell by a range of
synaptic conductances. Green traces show data for APs propgated to the centroid cell in the presence of an underlying sEP of varying synaptic conductances. The
maximum and minimum value of synaptic conductance for the gren and red traces, respectively, corresponds to the minimm conductance required for eliciting an
AP at the centroid cell.

FIGURE 9 | The change in correlation coef cient between various paramiers with respect to the gap junction coupling between the smoth muscle cells in the
syncytium. The intensity of suprathreshold stimulus was matained constant across all simulations.

properties of the cell membrane. Our hypothesis predicts strongecordings are in accordance with expectations. This stsong
correlations between the Convexity, AHP, and ADP of the APssupports the hypothesis that there is an sEJP underlying these
From Figure 1, it can be observed that the taller the underlyingAPs.

sSEJP, the smaller the convexity. A tall SEJP would result in a But in simulations using our computational model of the
more depolarized AP tail as it has a more lasting in uence.sThismooth muscle syncytium, a strong negative correlation was
results in a positive correlation between convexity and AHfRe  found between the convexity and AHP, and a strong positive
ADP, according to the hypothesis, is created by the undeglyincorrelation between convexity and ADP. This is caused by the
sSEJP and would not be seen in the propagated APs. The ADRBct that in the simulations, all the APs measured, except for
is measured in the direction opposite to AHP. Hence when thehe one at the site of stimulus, were propagated APs. As these
AP tail rises, the ADP increases and vice versa. So a negathave no underlying sEJP, the convexity would be low, with a
correlation is expected between the convexity and the ADRoncave upwards AP foot, while the AHP would be maximum—
and also between the AHP and ADP. The strong correlationgesulting in a negative correlation. In addition, these prgaged
obtained between convexity, AHP, and ADP from experimentasignals would not exhibit an ADP. Such propagated APs were
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not frequently observed in our experimental recordings. ASABLE 5| Summary of the various simulation scenarios employed.

explained below and backed by experimental ndings, this doul
be attributed to the pattern of innervation and the size of
the syncytium containing the recorded cell. Thus, the natur
of correlations between the convexity and ADP/AHP is able
to provide an indication of the nature of the APs—whether
propagated, or originated at the recorded cell (or in close

Table 2

Varied parameter:
Stimulated at:
Recorded from:
Data analysis:
Number of sims:

Size of the syncytium
Centroidal cell

All cells

Collated by syncytial size
4; one per syncytial size

proximity to it). Table 3
Our interpretation is that all the APs observed in the
experimental recordings are either locally generated withe
cell, by neurotransmitter release from a nearby varicosity
propagated to it from such a cell in very close vicinity. Thisase

Varied parameter:
Stimulated at:
Recorded from:
Data analysis:
Number of sims:

Recording site

Each cell; one at a time
Speci ¢ locations

Collated by location

125; one per stimulated cell

of neurotransmitter would not be nerve-evoked, but arigenir  Table 4
the asynchronous release of neurotransmitter packets fioen t
nerve terminals. This random nature of occurrence of APs is
con rmed by the exponential trend of the Inter-Event Inteldva

(IEI) histogram. If such is the case, then to explain the wide
variety of shapes observed from the intracellular recordiags

Varied parameter:
Stimulated at:
Recorded from:
Data analysis:

Number of sims:

Recording site, Size of the syncytium
Each cell; one at a time

Stimulated cell

Collated by syncytial size

3870; one per stimulated cell per
syncytial size

their high frequency of occurrence, it is expected that thiésce Figure 9
are densely innervated. Studies have shown that the detruso
tissue is densely innervate@ébella, 1995; Drake et al., 2000,
2003, with around 3 to 4 varicosities per celbfniel et al., 1983
consistent with this idea. To verify the experimental caatign
trends computationally, we modi ed the simulation analysis t
only include APs recorded at the site of stimulus. Every icell

Varied parameter:
Stimulated at:
Recorded from:
Data analysis:

Number of sims:

Strength of gap junctional coupling
Each cell; one at a time

Speci c locations

Collated by location per coupling
strength

30750: one per stimulated cell per
coupling strength

the syncytium was successively stimulated and the APseelici Table S1

at these cells were recorded. It was found that the cormati
trends for convexity with AHP and ADP now ipped to match
those observed experimentally, with the other correlatiemés
remaining similar. For example, in a syncytium of size 5-gube
convexity and AHP had a positive correlation of 0.73, while

Varied parameter:
Stimulated at:
Recorded from:
Data analysis:

Number of sims:

Number of coupled cells
Each cell; one at a time
Stimulated cell

Collated by con guration of coupled
cells

750; one per simulated cell per
coupling con guration

convexity and ADP had a negative correlation d3.93 (Table 4.
Also, passive signals decay quickly with distance, and tieys t

cannot be recorded in distant cells. The sEJPs can be detected

only at cells in the immediate vicinity, as reported in our lear

charge dissipation, resulting in a slower rate of depolarrati

work (Appukuttan et al., 2019b Therefore, in smaller sized and a much reduced AP height. This may be further accentuated
syncytia it is likely that the AP recorded at each cell woudd b by the fact that an increased latency in attaining its thmddh
in uenced by the passively propagated sEJP to varying extentsjll result in the inactivation and activation of a higher &t&on
whereas in larger syncytia the majority of the cells would bef NaC/Ca® and K€ channels, respectively. In addition, the
una ected by the sEJP and exhibit a purely propagated AP. Thisynaptic conductance at the stimulated cell acts as a shunting
is exempli ed inTable 2where we can see that the correlation ofpathway, resulting in a lowered input resistance and thereby
convexity with AHP and ADP deteriorate with increasing sife reduced membrane potentigtétt and Katz, 1991
the simulated syncytium. In the case of the detrusor, expenital With the help of above inferences, it is now potentially
studies suggest that the bundles are quite small in sizel{itani  feasible to characterize the cell environment by evaluatiey t
et al., 2001; Neuhaus et al., 2D(ence it is expected that there sAP pro le. For example, large amplitudes suggest that the cell
is a lack of propagated APs, characterized by their low cotywexiis located near the periphery of the DSM bundle, whereas smalle
and high AHP, in the experimental recordings. Correspondjngl amplitudes are indicators of being located near the center and
in pathology characterized by stronger couplingil(s et al., being well connected with the neighboring cells. Presence of
2000 and thus greater electrical reach, there is a likelihood t&ADP along with foot convexity would indicate that the cell
observe a greater proportion of APs with concave-upwards footeceives neurotransmitter input from a nearby varicosity. On
analogous to propagated APs. the contrary, if the sAP does not exhibit foot convexity and
A strong negative correlation exists between the AP heighADP, it implies that the cell exhibits a propagating sAP, which
and width. This is also observed in the simulation studieishw in turn reveals that the cell is part of a larger bundle and
the APs having smaller height recorded closer to the site dfeing well-coupled to the neighboring cells. From the width of
stimulation. Several factors may contribute to this trefithe the stimulus evoked sAP, the gap junction connectivity can b
site of initiation has to depolarize a larger volume, as evergstimated. Cells well-coupled to neighboring cells would exhibi
other cell connected to it is at rest, and hence undergoegirapsAPs having a larger width, and vice versa. The above are
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preliminary interpretations, and would need to be further ned The ensemble of ion channels and associated calcium
following enhancements to the model as proposed ahead. dynamics appropriate to reproduce the detrusor AP is another
The simulation studies involving modication of gap such mechanism. Such a model has not yet been satisfactorily
junctional conductance of the computational model helpeddeveloped. Inthe past, a model for uterine smooth muscle AP has
reinforce our reasoning for the observed discrepancy betweebeen reported{ong et al., 201)1by demonstrating its electrical
the correlation trends observed in the experimental andesponse in a single cell environment. Some of us are currently
simulation studies. This is elaborated furthersaction Sfthe involved in developing a similar detrusor specic AP model,
supplementary document. One of the objectives of exploring which when embedded in the current syncytial model would
wide range of values is to explore the e ect of variations inhsuc render it biologically more accurate.
parameters over a wide range of biologically plausible ggttin  The current model could be further elaborated by endowing
in order to study the e ects on bladder functioning both in it with spatial heterogeneity. Such heterogeneity is known
physiology and disease. The range of gap junctional coupling exist physiologically, as evidenced by the presence of
values explored here cover a broad range of experimentalgmooth muscle bundlesB(ading, 199y, and varying degrees
reported valuesChrist et al. (2003)have reported a range of electrical connectivity between celBrémich and Brading,
between 5 and 20 nS for the rat bladder. Other studies have99§. Certain outcomes of heterogeneous coupling within
reported intercellular coupling strengths in biological tiss to  the syncytium have been presented in the supplementary
be as high as 250 nsvifurer and Weingart, 1987; Lin and document gection S?. The existence of cell bundles that
Veenstra, 2004 and even higherameyama, 1993It may be dier in size constitutes another source of heterogeneity.
inferred from the simulations that the non-monotonic vatien ~ Variations of such nature can be relatively easily accormatex
of the convexity parameter with respect to the amplitude ofn the syncytial model employed here, with the capacity
the underlying SEJP causes a reversal of correlation vdlbes. to closely evaluate the outcomes, but this requires awgitin
indicates that the “convexity” parameter, on its own, may bet the availability of relevant experimental data indicatingcls
an accurate indicator for the underlying sEJP amplitude. heterogeneity.

4.1. Limitations of the Study 4.3. Conclusion
While the results presented here reinforce our hypothesistfer Our study has demonstrated that a homogeneous syncytium
AP generation mechanism, and is capable of explaining sesferalconsisting of smooth muscle cells with identical membrane
the observed AP shapédggure 4), however, we believe that other properties can produce APs of varying shapes. The variations
factors and mechanisms could also be involved in in uencingn AP features obtained through simulations were similar in
AP shapes, such as the pacemaker typeFAgufe 4H) and APs hature to those observed in the experimental APs. Closer
with a prolonged after-hyperpolarization phaséidure 4B). It ~ examination of the dierences between the experimental
is therefore relevant to reiterate here that we do not seek tand simulated AP features and their correlations provided
dismiss other possible factors as contributing to AP divgysi insight into the biophysical environment of the detrusor
such as variations in ionic channel compositions and/or othesyncytium, such as the size of the bundles, the density
mechanisms. of innervation, and the strength of gap junction coupling

As stated earlier, we have opted for a simpler and wellbetween cells. It could also be inferred that the fraction
understood AP model in the current study. The HH model Of the propagated action potentials is very low in the
employed here basically considers two ionic specie§ (Alad ~ detrusor.
K€) and de nes a voltage-gated channel mechanism for each. It The work presented here provides a di erent approach to
should be borne in mind that the detrusor smooth muscle gyste exploring the properties of a smooth muscle syncytium. In view
involves several ionic species with a wide ensemble of ion®f the diversity in AP pro les observed even from a single ¢iéd,
channels. These include both voltage-gated (e.g., L-tyfe,Ga  ndings reported here hold much signi cance. Since it has now
type C&C) as well as ligand-gated (e.g.,Eactivated BK, IK, been demonstrated that the variations in AP shapes observed i
SK) channels. Moreover, the intracellular®€adynamics holds the syncytium are in uenced by syncytial properties, one can
potential to exert a consequential in uence over the funotigy ~ analyze the intracellular recordings from individual cellsdan
of these channels. Thus, there potentially exists an eveyerdar potentially infer the syncytial environment in which thatlcs
scope for diversity in the AP pro les observed in the detrusor.  located. By classifying the cells based on the variationsagiegl

in their electrical activities, an understanding of di eresspects

4.2. Extensions to the Model of the syncytium could be obtained. Further, this mapping
With our current level of understanding, we believe it isbetween the AP shape and the syncytial properties could also
inconceivable to predict the relative contributions of therieus  be used to delineate the syncytial changes during disease and
factors toward the observed AP pro le. We believe it is nemgss Provide a better understanding of pathological conditions.
to reduce these down into simpler intelligible units and itign
their individual contributions, before attempting to expthe ETHICS STATEMENT
interplay between the various mechanisms. The present study
sheds light on one such mechanism, namely the syncytiafeatuThe Institutional Animal Care and Use Committee (IACUC)
of the detrusor smooth muscle. covering the Department of Pharmacology, University of Odfor
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