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LAY ABSTRACT

Thegutis essential faligestion and absorption of foddhe gut has special catled in-
terstitial cells of Cajal (ICC), wheomtrol thecontraction®f thegutmuscle. ICC are
pacemaker cells, like thtis&t pace heart beal® pace gut muscle contractions, §e@-
erate electrical signals which cause the muscle to contracganaedhythmicmanner,
whichpromotes mixing or propulsion ajutcontentscaledmotility.| usedtiny electrodes
to record electrical activity from ICC or gut muselenprove our understanding of how
ICC pacemaker activity controls motiMy research characterised ion chanmklsh are
microscopi@rotein pores that all cells to make electrical cursghtatenablegeneration
of pacemakesignaldy ICC. | alsanvestigatedctivation of CC electrical activity that
causegpropulsivecolonicmotility. This will hopefully lead to treatment improvements for

patients wi motility disorders in the future.



ABSTRACT

This thesis focuses on elucidating the electrical mechanismsgredanitgtion of small
intestinabnd coloit smooth muscle initiated by interstitial cells of Cajal @C@)e ICC
subtypes are involved in the orchestration, generation, and/or transmission of electrical sig-
nals to smooth muscle to pace gut motor patterns. Some ICC types have intrinsic activity
leading to omnipresent rhythmic changes in smooth musclelgycatiers respond to

stimuli, inducing pacemaker activity as required. Together they orchestrate motor patterns
such as propulsion and segmentation, essential functions of the gut. To study ICC electro-
physiology, | utilized patch clamping to recordh@amnel currents from single intestinal

ICC and sharp microelectrodes to record colonic smooth muscle membraraspbte

have made sevedidcoveries contributing to our understanding of ICC electrophysiology.
Firstly, my research increasedumgierstanding of the properties of intrinsic paceraaker

tivity. | showed that maxi®@hannels from small intestinal ICC make a significant contribu-
tion to slow wave depolarization triggered by intracellular calcium. Sesloniyd that
colonicintramuscular ICC (IC@M) selectively express K5 channels, which are sup-

pressed by cholinergic agonists, meaning that excitatory stimuli triggering acetylcholine re-
lease deactivate’K5 channels, leading to increased excitability. Thirdly, | have shown tha
the bile acid chenodeoxycholic acid and the nitric oxide donor sodium nitroprusside both
induce pacemaker activity, rhythmic transient depolarisations in mouse colonic muscle,
which led to the hypothesis that nitrergic nerves are involved in gemelatibeimyen-

teric plexus ICC (IG®P) pacemaker activity. It is only when ICC are suitably stimulated
by intracellular processes such as rhythifficr&@wsients or extracellular signalling from
neurotransmitters or small molecules, that ICC produceramengimtential rhythmicity,
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required for generation of intrinsic slow wavesfrémuency rhythmic transient depolarisa-

tions and transmission of excitation into the muscle.
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CHAPTER 1: GENERAL INTRODUCTION

1.1Gastrointestinal Motility and Interstitial Cellsof Cajal

Normal motility is required for proper digestion, absorption and excretion. Motility is often
affected in diseases that involve the gastrointestinal (Gl) tract. Interstitial cells of Cajal (ICC)
were first proposed as gastrointestinal pacemb&én tee late 1970s and early 1980s
(Rumessen, et al., 1982; Huizinga, et al., 2011; Thuneberg, 1982; Faussone Pellegrini, et al.,
1977) There are several different populations of ICC in both the smatierdestithe co-

lon. They differ in location, morphology, role and protein expr@dsiaimga, et al., 2011;

Komuro, 2006)Small intestinal ICC associated with the myenteric plextMRP)GEe the

best studied ICC subtype; they generate rhythmic depolarising electrical activity called slow
wawes which pace rhythmic muscle contractions required for riithiditgsen, et al., 1998;
Barajad.opez, et al., 1989; Kito and Suzuki, 2003; Huizinga, et al., 1998; van Helden, et al.,
2010) ICC associated with the colonic submasgplgxus generate rhythmic slow waves
analogous to those generated by small intestinBMPqRluja, et al., 2001; Huizinga, et al.,

2011; Yoneda, et al., 2002)C-MP from the colon, on the other hand, may pace the pro-
pulsive motor pattern of the colon associated with content mo\(elaiziniga, et al.,

2011)

Evidencdor the role of interstitial cells of Cajal (ICC) in motor patterns in the stomach and
small intestine is stramgdividual small intestinal ICC with functionkitca tyrosine ki-
nase receptor that is a selective marker of ICC required for theimdentetod differenti-

1



Ph.D. Thesi$ G.W.J. Wright
McMaster UniversiyMedical Sciences

ation(Huizinga, et al., 1995; Ward, et al., 1§84¢rate slow way@homsen, et al., 1998)
which occuat the same frequency as associated peristaltic contfBeti@imphetet al.,
1998) Animals with heterozygous mutations leading to loss of funckanalceptors
(W/WVY mice) do not exhibit slow way@&bomsen, et al., 1998; Ward, et al., D9Sw
wave driven peristaltic contractigDser-Silaphet, et al., 199Bleutralizing antibodies
against-&it administered to neonatal mice disrupt development of theitPG@tworks
and their small intestines lose electrical rhythifioiifashi, et al., 199%) the stomach
ICC-MP are not lost ilV/WY mice, but intramuscular ICC (ID@) are abser{Hirst and
Edwards, 2004Lonsequently, slomaves are observed in the antd/bf/Y mice, but the
secondary component generated byIML@as not recorded from mouse gastric muscles

(Dickens, et al., 2001; Hirst, et al., 2002)

Nerves and interstitial cells of Cajal are closely connected in the myenteric plexus and within
the muscléHirst and Edwards, 2004)any research papers have been written with the as-
sumption that nerves alone can generate the rhythmicity required for gut motqr patterns
however, it is well established that pacemaker orchestrated rhythmicity continues in the pres-
ence of neuronal Nahannel blockers like lidocaine and THFawelka and Huizinga, 2015;

Keef, et al., 1997 onsidering several studies on neuronal activation or modulation of ICC
activity(Zhu, et al., 2011; Bayguinov, et al., 2010; So, et alth20@8rplay between

nerves and ICC is very important. Attempting to explain the complex motor patterns of the
gut solely invoking neuronal activityhgsimisguided. Therefore, investigating how nerves

and ICC interact to generate different motility patterns, especially focusing on the electro-

2
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physiological mechanism underlying changes in pacemaker activity, is essential for under-

standing how gut motiliis orchestrated.

12 Intrinsic ICC Pacemaler Activity

Determining the contributions of ion channels to-MFCpacemaker potentials is essential

for understanding how intrinsic pacemaker activity is generated. Prior to my thesis, studies
had focused on the roles of Feelective cation chann@fomsen, et al., 1998; Koh, et al.,
20@), Anol(Zhu, et al., 2009%thera-go-go related gene (ERG) Bhannel§McKay and
Huizinga, 2006)arge conductance?Gactivated Kchannels (BK) (Corrias and Buist,

2008) SCN5A Nachannel¢Strege, et al., 200R)1.1 K channel¢Hatton, et al., 20Q1)
dihydropyridine insensitive voltagged Ca channelgKim, et al., 2002and transient

outwad K* channel¢Parsons and Huizinga, 20bdhe ICCMP pacemaker potential (Fig.

1.1). I wanted to determine the role of maxi chloride channels in the generation of the pace-
maker potential upstroke and prove or disprove that it is the fundamental pacemaker channel
(Fig. 1.1). IC®/P pacemaker pentials occur at the same frequency as rhythmic intracellu-
lar C&* transientgLowie, et al., 2011; Torihashi, et al., 2002; Lee, et alth2@0W)is

likely that ICEMP possess a €alock like sinoatrial node cells (SANCs) which are the
pacemaker cells from the h¢bakatta, et al., 20100 link the C4 clock to the mem-

brane potential depolarisations required for theME@acemaker potential, the pacemaker
channel crucial for the pacemaker potential upstroke should be sensitive to the intracellular
C&"* signalling pathway. If theaxi Cl channel is Caactivated, then its role as the {E

pacemaker channel would be solidified.
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Figure 1.1 Schematic diagram of ion channel involvement in the interstitial cells of Cajal
associated with the myenteric plexus-MEE pacemakgotential. Top trace represents a
slow wave pacemaker potential generated BYIRCBelow, triangles represent current
contributions from: dihydropyridimesistant (DHPR) €achannels, SCN5A Nahannels,
nonselective cation channels (NSCC), voltage ifachannel 1.1 (K..1), large conduct-

ance CA-activated Kchannels (BK), etherago-go related gene (ERG) Ehannels,

anoctamin 1 (Anol) €activated Clchannels, and transient outwarcKannels (K).

The maxi Clchannel is possibly involved in the upstroke of pacemaker potential, which oc-
curs in concert with rhythmic intracellulaf* @ansients in ICBP (bottom trace)Down-

ward triangles indicate inward currents and upward triangles indicate outward currents.
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ICC pacemaker mechanssmay have some commonalities with the primary cardiac pace-
maker system provided by sinoatrial node cells (JR&N@jta, et al., 2018)echanisms of
cardiac pacemaking are better understood than those of ICC. It is important to make com-
parisons between the pacemaker systems of SANCs and ICC to develop testable hypotheses
about ICC pacemaker maaisms. Lakatta and colleagues have suggested thalalCa

is inextricably linked to a membrane delimited clock (see Figure 1A of2@i@)thoth

are vital for pacemaker function. Central to the coupled membrané afatiCachema is

the Nd/Ca?* exchanger (NCXBogdanov, et al., 2001; Lakatta, et al.,.201@n NCX

blocker, vas shown to inhibit action potential firing in SANCslko affected €ahan-

dling, reducing Catransient magnitud8ogdanov, et al., 200lt)seems that electrogenic

NCX activity is required for adequate depolarization for vghéepk C4 channel activa-
tionand in turn NCX reduces cytosoli¢*@am rhythmic C4 transientgLakatta, et al.,

2010)

NCX also has an impontarole in small intestinal I&@@P pacemaking; reverse mode NCX
is required for sarcoplasmic reticulufi §are refilling after €aransients since the NCX
inhibitor KB-R7943 reduced Eascillation frequendizowie, et al., 201 Rhythmic Ca
transients are not blocked by niqgangd or mibefradil,type and ftype C& channel

blockers, suggesting that vokgged Ca channels do not play a major role in these transi-
ents(Lowie, et al., 2018lthough NCX is involved in the €alock,it is unclear how the

electrogenic properties of NCX are involvd@@MP pacemaker potentialiere may be
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more parallels and contrasts between SANCs and ICC that provide promising avenues for

pacemaker research.

1.3Interactions of Multiple Pacemakers Generat&ut Motor Patterns

Unlike small intestinal IG@P, not all ICC subtypes possess intrinsic pacemaker activity.
Small intestinal ICC associated with the deep muscular plexD8A@PEGenerate low
frequency electrical activity when stimulated by decanoic acid or bufFanestidh and
Huizinga, 2015 he lowfrequency electrical activity evoked by decanoic acid caused the
amplitude of the ICMP slow wave (Fig. 1.2A) to wax and wane (Fig. 1.2B). Continuous
wavlet transform (CWT) analysis (see secii@) Was used to determine that there were

two frequency components in the waxing and waning electrical recordings at ~2 cpm and
~32 cpm(Pawelka and Huizinga, 2015; Huizinga, et al., @it %boratory went on to

show that these two frequency components interacted with each othez bynpliagie

coupling.

Whole small intestine contractility experiments in the organ bath showed rhythmic
propulsive contractions paced byd@E slow waves (Fig. 1.2C). After addition of decanoic
acid, the activity changed to a-poopulsive segmentatipattern charaterised by
ochecker edo s pvhdrethe slevivpypmced dontratiang waxed and waned
in amplitude (Fig. 1.2[Hluizinga, et al., 2013he reason that the segmentation pattern
became nopropulsive was because the phase of thiedquency activity modulated the

amplitude of the high frequency. Wiitese small intestinal pacemaker properties in mind, |

6



Ph.D. Thesi$ G.W.J. Wright
McMaster University Medical Sciences

wanted to determine how the inducible pacemaker in the colon is activated and whether or
not phase amplitude coupling is a method of motor pattematimmemployed by the

colon .To fully understahthe different types of ICC, their functions and how they interact

to generate distinct motor patterns, we need to understand the characteristics of the
pacemaker activities (intrinsic or inducible) of the different subtyptes in the different organs

of the gut, and how these activities interact.

A Control Slow Wave B Waxing and Waning Slow Wave
—p
1 mM DA
T s
C Control Spatiotemporal Map D Waxing and Waning Spatiotemporal Map

Proximal ‘ ‘ ‘

11T R

»

»
» »

Time Time

LCPLPRLCRRRTR

| —
I TR Y

Distance
Distance

Figure 1.2:Pacemaker interactions in the small intestine. A) Cartoon trace depicting slow
waves recorded in control conditions from small intestinal circular muscle using intracellular
microelectrodes. B) Castotrace depicting waxing and waning slow waves evoked by 1 mM
decanoic acid (DA) recorded from circular muscle. C) Simulated spatiotemporal map typical
of those generated from video recordings of whole small intestine contractility, depicting

rhythmic preulsive contractions paced by slow waves like those in (A). D) Simulated spatio-

tempor al map typical of contractility reco

contractions exhibiting amplitude modulation leading to-prapulsive, mixing garn
7
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called segmentation. Dark lines on spatiotemporal map represent more contracted intestine

(smaller diameter) and white areas represent more relaxed intestine (larger diameter).

14 Three Research Questions and Hypotheses
The following sections comtahe three main questions | tried to answer in my thesis. | will
give some specific background to the questions and give the hypothesis that determined our

methods of study.

15 How is the Maxi CI°Channelfrom ICC-MP Activated?

Previous studies identified a high conductance chloride channeMR idtich has several
conductance states, and may be able to generate the initial depolarisation required for the
upstroke (Fig. 1.1) of the pacemaker potéHiigeinga, et al., 2002; Parsons and Sanders,
2008; Wang, et al., 2008)G-MP exhibit spontaneous rhythmi¢‘GansientgLowie, et

al., 2011; Torihaskt, al., 2002; Lee, et al., 20@R)ch occur at the same frequency as the
ICC-MP slow wave. As introduced above, the magh@&hnel is a candidate for the pace-
maker channel for intrinsic IENIP pacemaker activity, but to drive péciatembrane po-
tential depolarisations with the rhythmitt €ansients, the pacemaker channel requires sen-
sitivity to intracellular €aor its effector§Zhu, et al., 20097 his led to theesearch ques-

tion: howisthe maxi Clchannel from IC@AP is activated@ur hypothesiswas that the

maxi Cl channel is activated by increased intracelléfatf@soved true, then the max?Cl
channel would respond to the rhythmi¢ @ansients in ICMP and drive rhythmic mem-

brane potential depolarisations required for the upstroke of the pacemaker potential underly-

8
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ing the small intestinal slow wave. To ansvgeglestion, we utilized patch clamp electro-

physiology, Caimaging and immunohistochemistry, discussed in the next section.

15.1 Patch Clamp Electrophysiology Methods

Since my aim was to test the hypothesis that the fnehddiel from IC@IP was aotat-

ed by intracellular €al needed to choose a technique to accurately detect and measure cur-
rents flowing through specific types of ion channels. Therefore, | used patch clamp electro-
physiology to record the ion channel activity from individual €c@yge it is a uniquely

powerful technique that uses fine glass microelectrodes to record tiny electrical currents from
single celléHamill, et al., 198I)his is possible due to the formation of a high resistance
gigaohm seal between the glass electrode and the cell membrane, which insulates the ion
channels such that picoamp currents can be recorded with high signal to noise ratios, with
the help of apecialized amplifier and softw@elleman, 2003)

| used celhttached patches and insidé patcles, which enabled measurement of currents
from a few ion channels at a time-§). CeHattached patch clamping is unique in that the
intracellular machinery remains intact such that pharmacological activation of receptors or
modulation intracellular patays (such as increasing intracellutéy &m be tested to de-

termine effects on ion channel activity. Since the cell membrane is intact-atthehesll
configuration, the cell maintains its resting membrane potential. Therefore, the potentials
thatthe ion channels in the eaftached patch experience are the sum of the command po-
tential applied by the voltage protocol and the membrane potential. | chose to use repeating

ramp protocols to provide a snapshot of channel voltage dependence andreatirake
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current/voltage plots and calculating reversal potentials easier than using voltage steps. |
used ion substitution to eliminate the contribution of ionic currents other than those which
we wished to record. | used NMDGCI pipette solution to remey contribution of inward
monovalent cation currents (i.e front Blaannels), since NMD@ an impermeant ion.

The specific protocols | used to increase intracelldtan G&CGMP to test the effects on

maxi Cl channel activation were the followimgding the Gaselective ionophore, ionomy-

cin (1 in Fig. 1.3), which is a small molecule that facilitates transptraaio€a cell mem-
branes, and cyclopiazonic acid (2 in Fig. 1.3), which is a sarco/endoplasmic reticulum Ca
ATPase inhibitor. | b used a solution with Neubstituted with Lj and containing Ea

which prevents Caefflux by the NgCa?* exchanger (4 in Fig. 1.3) and blockgP

ATPases including PMCA (5 in Fig. 1.3), respectively. Another goal of my study was to settle
a controversy about the rectification properties of the riakia@hel; if maxi channels

were outwardly rectifyirthe magnitude of inward®Clrrents required for depolarisation

would not be very large, which would affect its ability to generate the pacemaker potential
upstroke. Outward rectification means that channels allow outward current more readily than
inwardcurrent. Outward current throughl €hannels means that ©hs enter the cell,

since current direction is defined as the direction of positive charge flow, due to convention.
When Clenters the cell, it makes the interior of the membrane more nbygpéyeolaris-

ing the cell, which is the opposite of the depolarisation required for pacemaker potential up-
stroke initiation. Therefore, if the maXidblannel was inwardly rectifying, meaning that it
allows inward current more readily than outward,tthemiid be more likely to generate

the inward depolarising currents required to be the pacemaker channel. One way | used to
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test the maxi €thannel rectification was recording them in the {iastdgatch clamp con-

figuration. The insideut patch clamponfiguration involves pulling a edtiached patch

away from a cell (3 in Fig. 1.3), allowing access to the intracellular face of the channel.
oF

o“o 'oi
% % ° ' <’°3 Li'

LI ® »'
ICC-MP . “ . '
Ionomycm
% /f \ MaX| channel
=CPA

@ =Ca” ® [} . . © s
e=cr
®=Na’ @ %IE

—]=inhibits o ® ©®

> = activates

o ©
O{/ = patch excision g

Figure 1.3:Schematic diagram depicting strategies by which maxi chloride channels could be
activated by intcallular C4. We investigated whether ionomycan C3' ionophore (1§

or cyclopiazonic acid (CP&a Sarco/endoplasmic reticulunt'@erPase (SERCA) inhibi-

tor (2)8 could activate maxi chloride channels by increasing intracetfulteGalso want-

edto elucidate the effect of patch excision into the iosideonfiguration on channel acti-

vation and rectification properties (3). Another method we used to increase intraéellular Ca
was a solution with Naubstituted with Lito prevent Ca efflux via the N&/Ca* ex-

changer (NCX; 4) and ¥do block Ptype ATPases, including the plasma membrdhe Ca

ATPase (PMCA; 5).
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15.2Cd&" Imaging Methods

Dr. Sean Parsons and | used AudM C&" dye to measure relative’Cfuorescence in

ICC. The Fluet wth acetoxymethyl ester (AM) groups is not fluorescent and they enable
loading of the dye into the cells. Once loaded, the AM groups are cleaved4tlhd-luo

lates C4, and then fluoresces when excited by light with a wavelength of 488 nm, enabling
measurement of changes in relativé ftmrescence in the cells. | used this technique to

confirm whether ionomycin and CPA could increaseME @tracellular Ca

15.3Immunohistochemistry Methods

Dr. Xuan Yu Wang performed the immunohistochemistoyr studies to selectively stain
various cell surface proteins to differentiate nerve cells from ICC and show which proteins
are colocalized with selective markers of ICC. We also used it to determine the structure of
ICC networks and how they conneceach other. In our study of maxi €lannel activa-

tion, we used an antibody against Anol, which &-adfleated Clchannel and a selective

marker of ICGGomezPinilla, et al., 2009 stain cultured cells and confirm their identity.

16 How is the Cholinergic Agonist Carbachol Able to Excite Intramuscular ICC

An important factor linking inducible and intrinsic pacemaker activities in ICC is the possi-
bility of neuronal stimulation orodulation of those activities. ICC networks are highly in-
nervatedZhang, et al., 2011; Ward and Sand§; 2Vard, et al., 2008)d can be mod-

ulated by excitatory neurotransmitters, like acetylcholine (ACh) from cholinergic nerves,
which causes changes in intrinsic pacemaiuty €80, et al., 20Q9nd possibly ICC ex-
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citability and inducible pacemaker activity. However, the ion channels potentially modulated
by cholnergic activity to alter ICC excitability and activate inducible pacemakers require
more study. Due to the primary culture technique | used to isolate cells for patch clamping,
both ICGMP and ICGM were present in cultures. We wanted to test whethaclvalba
nonthydrolysable ACh analogue, could activate colonic ICC maxi chloride channels. A pre-
vious study showed that carbachol could modulate the activity of small inteskitiavI&C

Ms acetylcholine recepto(So, et al., 2009Colonic ICEMP do not generate intrinsic
pacemaker activity, but we hypothesized that cholinergic nerves are able stimulate them to

generate inducible pacemakeriagctiv

Colonic intramuscular ICC (I&M) are found between the smooth muscle cells, as op-
posed to associated with a nerve plexus like other ICC ndtmrkso, 2006)They are
involved in the transmission of neuronal stimulation to the smooth (Wadalg, et al.,
2003) but the electrical mechanism underlyingIMC@\creased excitability in response to
cholinergic stimulation was unknown. Our second aim was to determine HdrécC
sponded to carbachol. This led toAbsearch questionhow is the cholinergic agonist car-
bachol able to excite colonic KO? Therefoe, it was important to determine from which
ICC subtype | was recordirdiypothesizeathat carbachaictivate maxi Cl channels and
inhibis Ky7 K" channel$rom ICGIM. To test this hypothesis, | utilized-atthched patch

clamp electrophysiologingle cell PCR and immunohistochemistry.
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16.1 Patch Clamp Electrophydetiogys

The patch clamping methods | used for this study were largely the same as those discussed
above in sectionHl1 for the study of small intestinal KMP maxi Clchannels, but with a

few key differences. The pipette solution | used was 150 mM KCI, chosen because it en-
hances the amplitude of KurrentgShibasaki, 1987; Block and Jones, 1997; Parsons and
Huizinga, 2010Jsing a K concentration in the pipette that ishieigthan that inside the

cells will reverse the normal concentration gradient from outward to inward. This is helpful
because inward currents observed could only be carrieddnyCK and pharmacology

could then be used to determine the identity ofufrerds. If physiological extracellular
solution with K (~5 mM) and Na(~140 mM)wasused one would not be able to elimi-

nate the possible contribution of outward blarrents to the outward*Kurrents without

the use of additional pharmacological agent

To test thehypothesis that carbachwhibits K* channés (1 in Fig. 1.4) and activatesxi

CP channels (5 in Fig. 1.4), | recorded currents from cell attached patches and applied car-
bachol. | used XE991, a selectivé Bhannel blocker, to teshether the Kcurrents | rec-

orded were from those channels. | tested whethehahnel blockers (XE991) in the pi-

pette (2 in Fig. 1.4) or added to the bath (3 in Fig. 1.4) could blockdineeits. | was

also interested in the effects of patch ercisto the insid®ut configuration on Kcur-

rents (4 in Fig. 1.4) and | hypothesized that it would turrt afirikents, based on previous

studies of small intestinal 184 (Parsons and Huizinga, 2010)
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Figure 1.4:Schematic diagram depicting strategies to investigate the effects of carbachol on
K* and Clcurrents from ICC. | tested whether canbbs a norhydrolysable cholinergic

agonis® could inhibit K currents from ICC (1). Next, | used selective blockers to deter-

mine the identity of the channels responsible for carrying ther&nt by adding them to

the pipette (2) or the bath (3).daalvanted to determine whether patch excision would turn

off K* currents (4). In addition, | wanted to assess whether muscarinic acetylcholine receptor

(mAChR) activation by carbachol could activate maxi chloride currents (5).

16.2 Single Cell PMIRthds

To confirm the cultured cells from which | was recording were ICC, RatV dlemca

performed single cell PCR on them. | collected singi@ d€l€cted using the same criteria

as those that were chosen for patch clanddiggaspiration with lowesstance patch pi-

pettes. Then Raul extracted the genetic material by lysing the cells and created cDNA from

the cell mMRNA with reverse transcriptase. With the cDNA synthesised, Raul amplified both
15
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c-Kit 8 a selective marker of I@&nd K, channel genes, timis case 7.5, with PCR.
Showing that-it is transcribed in cells chosen for patching would support the cell selec-
tion criteria; showing that both are transcribed would be valuable supporting evidence that

Kv7.5 channels are expressed inll@C

16.3 Immunohistocheiisthpds

Dr. Xuan Yu Wang performed immunohistochemistry to shdocalsation of selective
markers for ICC and nerves as well\&sdhkannels. To confirm that at least one member of
Kv7 channel family was expressed in ICC, | gegaitures that Xuan Yu double labelled
with ckit and a selective antibody for one ¢f .B5. She also checked intact tissue for col-
ocalization of K7 channels andkit or a selective cholinergic neuronal marker vesicular ac-
etylcholine transporter, WitCC and nerves arranged with their physiological connections.
This staining was essential to determine which types of ICC exprésdehKel subtypes

(Fig. 1.4), since the cultured cells had both dispersétH@@d ICAM present.

17 How is the Inducible Colonic Pacemaker Activated?

The mouse colon has three networks of ICC, one associated with the myenteric plexus (ICC
MP) and one with the submuscular plexus-88@). The third one is located between the
circular muscle (IG/1). ICGSMP are the source of the intrinsic slow wave in the colon
(Pluja, et al., 2001; Yoneda, et al., Z08RYCCMP of the colon, in contrast to the small
intestine, do not generate intrinsic pacemaker activity, but we hypothesimdréaiite

stimulation in order to generate rhythmic ac{Bayguinov, et al., 2010he colon is the
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waste storage and water reabsorption site ghstintestingGl) tract and in concert

with these roles it does not exhibit propulsive motility all the timg interested in how
inducible pacemaker activity is evoked in response to certain stimuli, which likely underlies
propulsive colonic motility. This led to tesearch questiorhow is the colonic inducible

pacemaker activated?

In our preliminary studies of rabbit colon catifity using spatiotemporal mapping, we
showed that the bile acid chenodeoxycholic acid could evédieglosncy rhythmic con-
tractions in the-Baeniated segment of the colon. A possible mechanism, underlying the
evoked contractility is the activatiom GR5 #TM/G -protein coupled receptors, expressed
on both intrinsic primary afferent neurons (IPANs) and enterochromaffin cells, which are
activated by bile acids (Alemi, et al., 2013). Over 80% of NO sgmrfirassing inhibitory
nerves have TGRS recept@Poole, et al., 2010). Thilgyporhesizeadthat the activation

of inducible ICC pacemaker activity in the mouse colon, fhalmergic (possibly nitrer-
gic) myenteric neurons stimulated by chenodeoxycholic acid, leads to generation of low
frequencyhythmic transient depolarisations. To do this | investigated the actions of che-
nodeoxycholic acid and the NO donor sodium nitroprusside (SNP) on ICC electrical activity
in sitlby using intracellular recording with sharp microelectrodes on mouse colathic sm

muscle.
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1.7.1 Multiple Pacemakers and Their Interactions

Our laboratory has pioneered the concept that many motor patterns are orchestrated via in-
teraction of two different ICC pacemaker activities. For example, ICC associated with the
myenteric plexus (ICKP) interacting with ICC associated with the deep lauptexus
(ICC-DMP)in the small intestine produsegimentatio(Huizinga, et al., 2014a; Huizinga,

et al., 2014bYhe second pacemaker baractivated by decanoic acid (DA) and butyric acid

via different mechanisr{fRawelka and Huizinga, 2016s possible that pacemakers in the

colon interact to produce complex motor patterns, such as segmentation, through phase
ampltude coupling, like the small intestine. The pacemaker networks in the canine colon
produce 6 cpm slow waves, recorded from the circular muscle, as well as 20 cpm oscillations
when closer to the myenteric bor@mith, et al., 1987Mhe authors suggested that the two
frequencies, produceyg ICGSMP and IC@AP, interact by addition in the circular muscle.

The 20 cpm frequency appears to increase in amplitude with the depolarisation phase of the
ICC-MP slow wave in their figuré¢2mith, et al., 198%yhich suggests phase amplitude
coupling. Rat colon also exhibits two pakerspl CGVIP produce a lovrequency (2

cpm) high amplitude activity and ¥SRIP produce higher frequency12@&pm) low

amplitude slow wavéRBluja, et al., 2001; Alberti and Jimenez, 2005; Kato, et al., 2009;
Quan, et al., 2015)hus, | formulated the hypothesis thatigiiole pacemaker activity inter-

acted by phase amplitude coupling with intrinsic slow waves or rhythmic pacemaker activity

from ICGSMP.
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1.7.2 Intracellular Recording Methods

To test whether the drugs | selected could activate the inducible pacemat@oim the

used sharp microelectrodes to perform intracellular recording of colonic smooth muscle
membrane potentials. Intracellular recording works by impaling a cell with a sharp microelec-
trode such that the tip of the electrode is inside the cell membwampale a cell, the elec-

trode was brought into contact with the tissue and a large amplitude current was injected into
the cell for 120 ms. Once impaled, setting the holding current at O nA enabled measure-
ment of the potential across the cell mengbas it changed spontaneously or when stimu-

lated pharmacologically. After achieving impalements from circular muscle preparations with
(Fig. 1.5) or without (Fig. 1.6) submucosa attached, | recorded smooth muscle membrane
potentials which are affectedGZ pacemaker activity. To test whether | could evoke activ-

ity from the inducible pacemaker, | added the bile acid chenodeoxycholic acid or sodium ni-
troprusside (an NO donor) during recordings (2a & b in both Figs. 1.5 & 1.6). | chose to use
chenodeoxychiol based on preliminary studies from our laboratory and because it is one of
the most abundant endogenously synthesized primary bilBaoij®t al., 201Che-
nodeoxycholic acid also causes diarrhea when it reaches tiieeepROL5wWhich led me

to hypothesize that it could activate the inducible colonic pacemaker activity. | chose to use
SNP based on preliminary experiments where it evekfrddoiency pacemaker activity in
mouse small intestine (unpublished data). Another reason for using SNP is because NO is
the main neurotransmitter of nitrergic nerves which have TGR5 receptors, which respond to
bile acid¢Alemi, et al., 2013; Poole, et al., 2&1€), in previous studies of dog colon, 0.3

1 uM SNP evoked lefrequency electrical actiVii§eef, et al., 2002)
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Figure 1.5:Schematic diagram depicting strategies to activate the mouse colda inducib

pacemakg(part 1) Gut wall in crossection showing pacemaker activity sources and
possible mechanis to activate inducible pacemaker activity. The interstitial cells of Cajal
associated with the submuscular plexus$IE) are the intrinsic pacemakers of the colon
and in control conditions slow waves from them should be detectable in smooth muscle
intracellular recordings (1). The myenteric plexus contains a highly connected network of
nerves arranged in ganglia, with which a network of interstital cells of Cajal is associated
(ICCG-MP). One possible mechanism underlying activation of the inducitnakasiceay
involve activation of myenteric nitrergic nerves (2a) via TGR5 receptors by
chenodeoxycholic acid (CDCA) or guanylate cyclase by the NO donor sodium nitroprusside
(SNP). Alternatively, CDCA and SNP may act directly oM activate inducible
pacemaker activity (2b). It is also possible that intramuscular IGR)I6&y generate
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electrical activity detectable in circular muscle (4). If pacemaker activities from (1) and (3) are

present at the same time, it is possible that they could Inygrhase amplitude coupling.

Longitudinal Muscle

CDCA . ICC-MP

Circular Muscle
ICC-IM

:

Figure 1.6:Schematic diagram of dissected colonic muscle depicting stoadetjieste

the mouse colon indutéypacemaképart 2) Gut wall in crossection wittsubmucosa and
interstitial cells of Cajal associated with the submuscular plex@MeL@moved. Thus,

we do not expect to see KBAP intrinsic slow waves in recordings from these preparations.

It is possible that intramuscular ICC ({IBA} may generatdectrical activity detectable in

circular muscle (1). One possible mechanism underlying activation of the inducible
pacemaker may involve activation of myenteric nitrergic nerves (2a) via TGR5 receptors by
chenodeoxycholic acid (CDCA) or guanylate eymfate NO donor sodium nitroprusside

(SNP). Alternatively, CDCA and SNP may act directly oM activate inducible

pacemaker activity (2b). If pacemaker activities from (1) and (3) are present at the same time,

it is possible that they could inetay phase amplitude coupling.
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1.7.3 Frequency Component and Phase Amplitude Coupling Analysis

| used continuous wavelet transform (CWT) analysis to dissect the frequency components
from membrane potential recordings containing signals suspectedai® dragn multiple
pacemakers. The reason that | chose to use CWT analysis in addition to fast Fourier trans-
form (FFT) analysis is because CWT enables one to determine which frequency components
are present over time. In contrast, FFT decomposes tharittierf of a signal, only show-

ing which frequencies were present and not when they occurred (Fig. 1.7B), or how strong
they were at a given timepoint. The analysis program | used was programmed in MATLAB
with tab delimited excel files as inputs, contaantegumn with time in ms and a corre-
sponding column with membrane potentials in mV. The program used the predefined Mor-
let wavelet function and it divided the continuous time function of the membrane potential
recordings into wavelets, decomposing tleedieg into its component frequencies. These

frequencies were then plotted versus time on contour plots (Fig. 1.7C).
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Figure 1.7:Explanation of fast Fourier transform (FFT) and continuous wavelet transform
(CWT) analyses. A) Membrane potential recording from mouse colon without submucosa

exhibiting rhythmic transient depolarizations evoked by chenodeoxycholic acid (EDCA). A
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rowsndicate occurrence of 8 cpm depolarizing actipiéyy arromdicate occurrence of

rhythmic transient depolarizations. B) FFT analysis revealed the strength of the frequency

components present from the membrane potential recording in (A), one at biemin- (

cled peak; open arroysimdAanother at ~8 cpmréen circled peak; arrow€)CAVT anal-

ysis revealed the time course of the frequency components present in (A) and their relative

strength as indicated by colour intensity on the conttu pé recording exhibited a con-
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sistent lowfrequency (2 cprbjue circled hamdl an intermittent 8 cpm activdyegen circled

peaks; arrows jn A

Phase amplitude coupling analysis was used to determine whether two different frequencies
from membraa potential recordings were interacting such that the phase of the low
frequency modulated the amplitude of the high frequency, other than by addition. The analy-
sis software | used was an ImageJ plugin with tab delimited text files as inputs, containing
membrane potentials in mV. The parameters required for the analysis were stipulating the
frequency ranges in which one expected to find theahifowfrequency components in

the membrane potential recordings. Once those ranges were defined, thélseridare

out frequencies outside of those ranges and then calculated the phase of the frequency com-
ponent in the lovirequency range. The amplitude of the-figdfuency component was
calculated from the membrane potential recording. The phase offtlegjl@mucy and the
amplitude of the higlmtequency were then plugged into the phase amplitude coupling func-

tion to determine if there was an interaction between the two signals.

1.8 Summary of Research Questions and Hypotheses

The research questions for siydies on ICC electrophysiology were the follotvivgis

the maxi Clchannel from IC@/P is activatedow is the cholinergic agonist carbachol able
to excite colonic ICOM, andhow is the colonic inducible pacemaker actagcypoth-
eses regardjnthese questions wehe followingthe maxi Clchannel is activated by in-
creased intracellular’Caarbachol activatenaxi Cl channels and inhibiK\7 K* channels
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from ICGIM, andthe activation of inducible ICC pacemaker activity in the mooselnol
noncholinergic (possibly nitrergic) myenteric neurons stimulated by chenodeoxycholic acid,
leads to generation of ldrequency rhythmic transient depolarisatiimsse questions and

corresponding hypotheses are adeli@sshapters 2, 3 and dspectively.
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CHAPTER 2: CA** SENSITIVITY OF THE MAXI CHLORIDE CHANNEL IN

INTERSTITIAL CELLS OF CAJAL

2.1Preface

The body of this chapter was reproddoa ajournal article, published in Neurogastroen-
terology and Motility, of which | am the first autioth permission frorine publisher

John Wiley and So0@s2012:

Wright GW, Parsons SP and Huizinga JD (2012)s€asitivity of the maxi chloride chan-
nel from interstitial cells of Cajdleurogastroenterol2dogi?21e234. DOI #
10.1111/5.1362982.2012.01881.x

Asthefirst author of this papemplanned the study, perforn&% of the patch clamping
experiment§1191 48 and7%% of the C& imaging experiments14/153)analyzedillthe
data preparedllthe figureswrote the manuscriphd editedt during reviewSean Parsons
initiated and planned the study, perfor@@d of the patch clampiegperiment§29/148)
and2%% of the C& imaging experimen{89/153) taught me the techniques, and assisted

with the analysis. Jan D Huizinga supervised and planned the study, provided the funding,

and editedhe manuscrigduring review
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2.2 Paper Full Text

Neurogastroenterol Motil (2012) 24, e2234doi: 10.1111/].1368982.2012.01881.x

Ca-+* sensitivity of the maxi chloride channel in interstitial cells of Cajal

G. W. J. WRIGHT, S. P. PARSONS & J. D. HUIZINGA

Department of Medicine, Farncombe FaBifestive Health Research Institute, McMaster
University, Hamilton, ON, Canada

Abstract

Backgroundnterstitial cells of Cajal (ICC) associated with the myenteric plexus of the small inte
express maxi chloride channels. Our aim was to investigate whether or not these channels wou
by increases in intracelfijasGhat would strengthen evidence for their potential role in ICC pacet
ing. A further aim was to examine whether inwardly and outwardly rectifying maxi chloride curre
different chaniédéghodsWe used FHdM C&*imaging and patch elactpophysiology (cell

attached and irmitleon isolated ICC in short ternKeylResu/tsincreasing intracellutar Ca

by three functionally distinct mechanisms (blocking sarcoptasdilcngtinelangmembrane

C&* pores angalution designed to block plasmaleximei@sg was followed by inwardly rectify-

ing maxi chloride channel activation assesdttiretheargiuration. Furthermore, 1outhe inside
configuration, increased outwardly recfifiyintg whaainnel activity followed an inéraage in Ca
mmoatat the cytoplasmic face of th&€Cohanmsebns & /nferencedncrease in intracelldar Ca

will activate the maxi chloride channels. Maxi chloride currents are inveatfityactetdying in the
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patch clamp configuration under physiological conditions and are outwardlytreatifigng in the insi

ration. The same channel is responsible for b&tbargnentspPaar to regulate the rectification.
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Accepted for publicatlamuary 2012

KeywordsCa&*imaging, chloride channel, cyclopiazonic acid, gastrointestinal motility, patch clan

physiology.

Abbreviations: CPA, cyclopiazonic acid;Ereversal potential; HS, HERBRSfered sa-

line; ICC, interstitial cells of CajalNiGX, Li* and L&' containing NCX blocking solution;
NCX, Na'/Ca?* exchanger; PBS, phospHauéfered saline;,,Popen probability; PMCA,
plasma membrane{CATPase; SR, sarcoplasmic reticulum; SERCA, sarco/endoplasmic

reticulum CaATPase

INTRODUCTION
Slow waes are rhythmic depolarizations recordable from smooth muscle cells throughout

most of the gastrointestinal (Gl) tract. They are the basis of certain rhythmic motor activities
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of the Gl tract. Interstitial cells of Cajal (ICC) are the pacemaker celidicbralow

waves originaféand they pace the musculature into its rhythm. The complete mechanism
behind ICC pacemaker activity is still unresolved, but we know that rhythmic intracellular
C&*transients in ICC occur at the same frequency as the sactirity®® These Ca

transients likely take part in activating the channels involved in slow wave generation. The
objective of this study was to investigate potentiad@aation of ICC chloride currents;

firstly in the celattached patch clarmapnfiguration, with the intracellular machinery intact,

and secondly

in the insideut configuration, with direct access to the cytoplasmic face of the channel. One
of the channels likely involved in slow wave generation is the high conductance chloride
channelThis chloride channel had oscillatory activity hattadhed patches similar in fre-
guency to slow wave activity suggesting an association with the si@hev@déesensitiv-

ity of this channel has been insufficiently explored.

Several papghave appeared on high conductance chloride channels in different patch
clamp configuratiori€! The type of rectification these channels possess needs clarification.
Because both strong outward and strong inward rectification is observed, theagsestion
whether more than one type of channel is described in these studies. In the fitls¢ paper,
rectification properties were not emphasized but the figures show an example in the inside
out configuration of outward rectification and another exafglenear current voltage

relationship betweef0 and +80 mV. In another study on insidepatches, outward recti-
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fication was clearly domin&tn the wholecell configuration, inwardly rectifying chloride
currents were observed that were assowrdted high conductance chloride channel, partly
because inward rectification was observed in ta¢taetied configuratiétOur most re-

cent study again showed dominant inward rectification in thetaxdled configuratiofA

second objective ofdlpresent study was to clarify whether differences in rectification prop-
erties relate to different channels or to the patch clamp configuration used. We will refer to
these channels as maxi chloride channels/currents distinguishing between inyvand (MCI

outward (MGCJ) rectification.

MATERIALS AND METHODS

Cell preparation and culture

Primary cultures of ICC were prepared as described preévilphpcedures were carried
out in accordance with regulations from the Animal Research Ethics Bo8HqARE
McMaster University. Briefly, pieces of small intestine muscle from 5 to 15 day old CD
mice (Charles River Laboratorie€ @tstant, QC, Canada) were incubated for 15 min at
36°C in HEPES buffered saline (HS) with the addition of 1 mtyp#_Fcollagenase, 1

mg mL*bovine serum albumin, 0.5 mgiphpain, 0.5 mg misoybean trypsin inhibitor
and 0.2 mg mt())-1,4Dithio-L-threitol (all from Sigma Aldrich, Oakville, ON, Canada).
The muscle was then triturated to give a cell suspensiowe@eiisttled on collagen
coated cover slips and cultured fist @ays before use, using the Clonetics Sth&Mtem
(Lomax; supplied by Cedarlane, Burlington, ON, Canada). Cells were identified by their

roughly triangular shape with a process at eacHapekin small networks or singly. This
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study focuses on maxi chloride channels that have been identified by us in in situ prepara-

tionsyhence cannot be construed as being present as a consequence of culturing.

Electrophysiology

Two patchclamp rigs we employed. The first consisted of an Eclipse FN1 microscope
(Nikon, Mississauga, ON, Canada), Axon MultiClamp 700B amplifier (Molecular Devices,
Sunnyvale, CA, USA), Axon Digidata 1440A, AxciiEENeadstage and PE®O0 mi-
cromanipulator (Burleigh, Thaiok Inc., Newton, NJ, USA). The second consisted of a Ni-
kon Diaphot inverted microscope, Axon 200B amplifier, Axon Digidata 1322A, Axon CV
203BU headstage and an MH3\WWhicromanipulator (Narishige International Inc., East
Meadow, NY, USA). Acquisition sadte was Clampex (Molecular Devices). Currents were
filtered by the amplifier with a 2 kHz-offt low-pass, $ole Bessel filter and digitized at 5

kHz. Pipettes had resistancesddDavVIW.

The bath solution was HS, containing (mmpl135 NaCl, 5 KCILO glucose, 10 HEPES,

2 Cad 1.2 MgGl The pipette solution (referred to as NMDG pipette solution from here-

on) contained (mmol*: 140 NmethyiD-glucamine chloride, 10 glucose, 10 HEPRS.

some experiments the DNCXH, sal sbili abhi wascoha
L%): 110 LiCl, 25 Cagb KCI, 10 glucose, 10 HEPES, 1 La%l solutions were adjusted

to pH 7.35 with Tris base. NaCl, glucose, HEPES and Tris base were from BioShop Canada
Inc., All other chemicals were purchased 8myma Aldrich (Oakville, ON, Canada). The

drugs ionomycin (a €@nophore that forms channels in the plasma membrane that allow
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for the entry of extracellular?Cato the cell) and cyclopiazonic acid [a mycotoxin derived
from members of the Aspergilland Penicillium fungal genera and a potent and selective
inhibitor of the sarcoplasmic reticulum (SR)AJ2Pase (SERCA)] were used to increase
intracellular Ca Drugs were prepared by dilution in bath solution to concentrations speci-

fied in the restd from stock solutions in DMSO.

Voltage protocols were adjusted according to the junction potential between the pipette and
bath solution§:*#For experiments in the eattached configuration, potentials are expressed

as relative to resting membrpogential throughout the study.

C&*imaging

Interstitial cells of Cajal was loaded with 5 priéluio-4 AM (Invitrogen Canada Inc.), a
fluorescent Caindicator, for 15 min before experiments! iBeging experiments were
performed using the FN1 misompe rig as above, with a QuantEM 512SC camera (Photo-
metrics, Tucson, AZ, USA) and a LambdadD&@non arc lamp (Sutter Instruments, Nova-
to, CA, USA). Images were acquired with NIS Elements AR 3.0 imaging software (Nikon).

All procedures were performe®2atC in a dark room.

ANOL1 staining

Staining protocols were adapted from those described prévidweskells were rinsed

three times witbhosphate buffereshline (PBS, pH 7.4) to wash away the culture medium,
fixed in 4% paraformaldehyde in 0.1 migdHosphate buffer (PB, pH 7.4) at room temper-

ature for 10 min and rinsed three times with PBS agahspBaific staining was blocked by
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incubating the cells with 5% normal goat serum for 1 h at room temperature. The cells were
then incubated overnighit 4°C with artANO1 antibody 1: 100; AbCam Inc., Cambridge,

MA, USA). On the second day, the cells were washed three times in PBS, and immunoreac-
tivity was detected by incubation for 1 h at room temperature ¢orfy@ated antabbit

IgG (1:500; Jdeson Immuno Research Laboratories Inc., West Grove, PA, USA). For nega-
tive controls, cells were treated only with the secondary antibody. All PBS for rinsing and
antibody dilution was 0.05 mdiRBS with 0.3% TriteX 100. The cells were washed three
times with PBS and cover slips were mounted usifigdingg GEL/MOUNT (Biomeda,

Foster City, CA, USA). Reactions were examined with a confocal microscope (Zeiss LSM

510, Germany) with an excitation wavelength appropriate for the Cy3 (595 nm).

Analysis

Currents were evoked using voltage ramp protocols8@oim +80 mV for 1200 ms every

6 s (Fig. 1B). Current and voltage traces were inverted to account for current direction ac-
cording to convention. The reversal potentia),(Bbsolute conductance apan proba-

bility (R) of the currents were calculated with the aid of programs written in C++. Current
traces were smoothed with a boxcar function seven samples in width. The mgasured E
the potential where the current is 0 pA. The absolute corwuatagiven voltage:\gvas

le/(E -Erey). RWas g/gmax Where giwas the maximum conductance. Valuesldf gV

either side of the &were excluded because they are prone to artifacts. Theaqsetadal E

ues were calculated using the Nernst eguetged on assumed ICC intracelluldrdiCl0

or 30 mmol Eand the [C]in the pipette solution. In current over time plots, the mean cur-
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rents during the 200 &0 and +80 mV sections of the ramp protocol were calculated for
each sweep (every 6T$)e traces in Figs 2, 4, 7 and 8 and Supplementary Fig. S2 represent
currents for each experiment and/or the mean values of each corresponding sweep from all

experiments. Both the positive and negative traces display one point per sweep.

Initial analysief C&*imaging data was performed as described pre¢Ewsher analysis

was performed using a program to calculate the normalized fluorescence. Data were
smoothed with a boxcar function eleven samples in width. For CPA alone and CPA and Li
NCX expeninents data were normalized to the first minute of record8@<)) for iono-

mycin experiments dat@re normalized to the 20 samples before ionomycin application.
These regions were defined as FO. Each fluorescence measurement was transformed into a
perentage of FO fluorescence. Then the maximum, onset and area abwerhath

(and below the curve) were calculated for tHér&ssients. The derivatives of fluorescence

were calculated from the normalized fluorescence.
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500 ms
+80 mV
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Figure 1Activity in the absence of protocols that increase intracelfildACmwardly

rectifying maxi chloride (Mturrents recorded in the esdliached configuration. No
pharmacological agents or strong depolarizing protocolsseer® evoke this activity.

Break markers exclude 4.5 s segments where voltage was 0 mV; all ramps are sequential.
Dotted line indicates rhythmic variation in current magnitude. (B) Enlargedri¢@is

from A and ramp protocol used to evoke curr&htged lines drawn by eye indicate 206 pS

conductance, typical of the maxi chloride channiii) (@Gimunohistochemical staining of
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interstitial cells of Cajal using an antibody against ANO1 (red). Interstitial cells of Cajal are

typical of those patctién this study.
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Figure 2 Effects of ionomycin. (A) Effects of ionomycin on Futuorescence over
time. (B) Derivatives of Fl4bfluorescence in A. (Ci, ii) lonomycin activated maxi chlo-

ride (MCI) currents a0 (dark blue) and +80 mV (orange) portions of the ramp over
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time (see Materials and methods). Panels show currents from individual cells (i) and the
mean of all cells (ii= 18). (D) lonomyciactivated (1 pmof). MCl; currents. Sloped

lines drawn bgye indicate conductance states. Break markers exclude 4.5 s segments
where voltage was 0 mV. Inset: ramp protocol used to evoke currents. (E) Comparison of

C&*transient and M@turrent onsets.

Half the maximum fluorescence andftifienvidth at half maximum of the Taansient

were calculated to find the area above half maximum (Fig. S2 insets for graphical representa-
tion of analysis). Onsets ofGeansients and currents were calculated from the beginning

of solution/drug perfsion; 20 s was subtracted from each value to account for perfusion

system latency.

Satistics and data presentation

Excel was used to calculate-twa i | e d -t8sts.uOdigenr/ 10 graphing software

(OriginLab Corporation, Northampton, MA, USA) wasl is perform ongvay ANOVA

when comparing three groups for the same variable. Post hoc Bonferroni corrections were
used to determine true differences between means. For both tests P < 0.05 was considered
significant. Data are expressed as mean + SEMrsitcenumber of cells. Current traces

for figures were inverted and filtered in Clampfit with a 2@0itd#, lowpass, $ole Bes-

sel software filter. Figures were created using Origin 7.0 (OriginLab Corporation, Northamp-

ton, MA, USA) and Corel Draw XGorel, Ottawa, ON, Canada). Images of ICC frain Ca
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imaging were from slices of the NIS Elements recoathdgsseudaolored with ImageJ

software (National Institutes of Health).

RESULTS

Activity in the absence of protocols that increase intracellulars&

Voltage ramps fror80 to +80 mV were applied to esllached patches of cultured ICC.
NMDG * was the only cation in the pipette solution, thus any inward currents were carried by
Cr.*61% of patches (90/148) exhibited transient outwacdrkentslg, a voltage

dependent potassium chanfté) 6% of patches (9/148), inwardly rectifying maxi chloride
(MCI) currents, previously termeslkel,*>were observed within the first 2 min of recording

(Fig. 1). However, chloride currents wergresdent in most ramps. Thus, when the cur-

rents were present the ramp voltage change itself was not the only contributor to activation
of channel activity. Ramps with activity showed a high degree of variation in current ampli-
tude; the turning off and on thfe currents suggested changes in intracellular activity, possi-
bly C&', affecting the chloride currents (Fig. 1A). Inwardly rectifying maxi chloride currents
transitioned between conductance states; 211 and 180 pS were dominarit{lRig. 1B).

these déattached experiments the reversal potentialv(gs 8.2 + 3.8 m\iE 5). The

calculated &is-2.1 mV with assumed {Gt 10 mmol [*and 25.8 mV with assumed][ClI

= 30 mmol I} (T = 22°C and pipette [k 140 mmol ). Cells identified nnphologically

as ICC stained positive for ANO1, a selective marker B{FZLC 1C).
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Effects of ionomycin

lonomycin [0.5n(= 20) and 1 pmolt(n= 19)] caused €dransients in all ICC tested (Fig.

2A and B, Fig. S1). Inwardly rectifying maxiidelaurrents were activated by 1 pmol L
ionomycin in 5/18 patches while @gthched (Fig. 2C and D). Channel activity after patch
excision was observed in 7/18 of the patches, including three experiments where maxi chlo-
ride currents were not activabgdonomycin in the celttached configuration. Inwardly

rectifying maxi chloride currents, activategattathed, transitioned to MGhce inside

out. The onset of Caransients caused by 1 pumbidnomycin was significantly sooner

than the onsaidf currents activated by ionomycin (Fig. 2E).

Effects of CPA

Cyclopiazonic acid (CPA; 10 umé)l ¢aused Caransients in an ICC network (Fig. 3A).

Note that once Catransients reached their maximum they decreased before washout of
CPA.Cyclopiazonic acid caused'@ansients in all ICC tested=(24 cells; Fig. 3B). The
derivative of Flud fluorescence shows that the rate of change increased dramatically after
CPA was applied and decreased before CPA was washed out (Fig. 3Cmiihe fukx

width at haimaximum, area above half maximum é&ft@asients caused by CPA were
significantly larger than those of*@ansients caused by 1 mdldnomycin (Supplemen-

tary Fig. S1A and B).

Inwardly rectifying maxi chloride currentsevestivated by CPA (10 uma) in 13/36

patches with control conditions exhibiting on(filg. 4A and B). The MCurrents had
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large conductance stafefg. 4BD) characteristic of maxi chloride curréHf8ominant
conductances were 211 andd80Current activation occurred after 15 s in some experi-

ments but in others a substantial amount of time elapsed before channel activity was seen
(Figs 4Ei and 2E). Inward currents remained active when a 1.5 s hyperpolarizing voltage step
followed differat depolarizing steps (Fig. 4E, 10) indicating no timéependent inactiva-

tion. The relationship between current and voltage as well as open prob)adoildyv (-

age for CPA activated M@lrrentsif= 13) are shown in Fig. 5. TheanRs highest a80

mV and decreased to its minimum at +80 mV (Fig. 5A) and the 1/V plot displays inward
rectification (Fig. 5B). The.for CPA activated M@urrents was 12.7 + 2.5 mv=(8).

The onset of Catransients caused by CPA was significantly sooméhéhanset of MEI

currents activated by CPA (Fig. 2E).

Effects of LI-NCX and CPA

To investigate if sustained intracellul&rtamsients would cause sustained activity of chlo-
ride channels, INCX solution (see Materials and methods) was introdli&@X has

low Na and high Caand ispredicted to prevent Eaxtrusion by the plasmalemmal
Na'/Ca?*exchanger (NCX}lt also has *athat blocks Caextrusion by the-B/pe

ATPases (which include SERCA and the plasma membtah€Rzae or PMCAY.

Using Flue4 C&*imaging with LNCX applied at 0 s, 10 umolCPA applied at 240 s
caused Catransients in ICC networks (Fig. 6 @anained elevated in 39/90 cells after
the peak of the CPA induced transients (Fig. 6B), in contrast to GP&mo8B). The

derivative of Flud fluorescence shows that the rate of change increased dramatically after
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CPA was applied and decreased when CPA-&eX were washed out (Fig. 6C). Before
the application of CPA,-NCX caused Céatransients in hatff the ICC (48/90, Fig. 6B
and D). C# transients caused by CPA #NIGX were significantly larger than those caused

by CPA alone (Fig. S1B and C).

Li-NCX activated MGturrents in 5/26 patches, with control conditions only showing |

(Fig. 7A and B).

A 0s 60s 136s 240s 489 s

g 3001 c 51
2751 i I
250 f
2251 [ |
200+ |
175+ “

1501 |

% FO fluorescence
(\
df/dt of % FO fluorescence
-

1254 | -1- '1 /

1004 -2 \V

75 L L Ll L] L Ll 1
0 200 400 600 0 200 400 600

Figure 3 Effect of cyclopiazonic acid (CPA)*@ansients. (A) Flué fluorescence intensi-
ty images of a network of ICC illustratingf ansients caused by CPA (10 urmphp-

plied at 60 s) at time points indicated. Blue/daldcation represents areas of low fluores-
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cence while white/light coloration represents high fluorescence. (B) Average effect of CPA
on Fluoe4 fluorescence over tinme(24). Note the rapid onset of‘Ctaansients caused by

CPA. (C) Derivative of Flubfluorescence from B.

Cyclopiazonic acid enhanced MGirents in the presence ofNCX and evoked MEtur-
rents in an additional 5/26 patches where there was no activatididX alone (Fig. 7C).
Ramps again show several channels with conductaeseygical of MgEhannels (Fig.

7D). Inwardly rectifying maxi chloride currents activated by CRN@XLivere larger in
magnitude than those activated BMCKX alone (Fig. 7E). When CPA andNIGX were
washed out, channel activity continued ahtneased level or continued to increase (Fig.
7E). The E,of currents after CPA was applied was 4.2 + 2.59mYX (). The onsets of
C&*transients caused by eitheNOX or CPA were significantly sooner than the onsets of

MCI, currents activated hy-NCX or CPA (Fig. 2E).

Effect of La®**

We investigated if #aa component of tNICX, could activate M@urrents. L5 (1 mmol

L) activated MGturrents (Fig. S2A) in 4/15 ICGd@creased as potentials increased simi-
lar to the other treatmer(i&g. S2B). The I/V relationship shows inward rectification similar
to those recorded in the eattached configuration with other treatments (Fig. S2C). The
magnitude of inward and outward currents activated*iy slzown in Fig. S2Di,ii (com-

pared withFig. 7D). The k,of L& activated MGturrents wasl.0 £ 5.6 mVii= 4).
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Figure 4 Effect of cyclopiazonic acid (CPA): maxi chloride currents. Currents in A and B

were recorded from the same cell. (A) Control conditions show transient ottward K
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rents (b). Inset: ramp protocol used to evoke the currents. (B) CPA activated reaardly
tifying maxi chloride (MG currents. (C) Enlarged M@Qlrrents from B recorded at 0

mV. Note conductance states at O1 and O2 as wellesslulctance states between

them. (D) Enlarged M@urrents from B. Sloped lines drawn by eye indicatectamncke

state. (Ei and ii) CPA activated M@frents at botF80 (blue) and +80 mV (orange) por-

tions of the ramp over time (see Materials and methods). Panels show currents from indi-
vidual cells (i) and the mean of all celts<iB6). Note the inwdrrectification. (F) CPA
activated MGturrents, which did not turn off during the hyperpolarizing voltage steps.

Inset: voltage steps used to evoke currents.

f B I(pA)
Il 10 pmol L™' CPAn =12 20

d L-NCXn=5
104
1 B CPA+LI-NCXn=10 D prrerrr i
A -
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Figure 5Maxi chloride current open probability and current/voltage relationship. (A) Open
probability (F) vs voltage from-80 to +80 mV voltage ramp. Values within 10 mV of the
E...0f each treatment were removed (see Materials and methods). (B)vCltagela-
tionship for MGlcurrents from80 to +80 mV voltage ramp. Note that currents from all

treatments were inwardly rectifying. Key in A also applies to B.
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Rectification of maxi chloride currents in the celattached vs inside out configuration

As shevn above, all of the CPA induced maxi chloride currents in thtaaded configu-

ration were inwardly rectifying. In another set of experimesatamied patches exposed

to CPA, in which MGturrents were activated (14/26), were subsequentidertosthe
insideout configuration. Currents became either outward rectifyirg Fig. 8A), linear

(6/26) or turned off (4/26). The currents had sharp transitions as different channels or sub-
conductance states opened and closed (Fig. 8A). Theeerkea difference in rectification
between currents recorded in theatédiched and insiadeit configurations (Fig. 8B and C),
indicating that a single channel type shows different rectification properties, dependent on

the patch configuration (see Dg&sian).

Effect of Ca&* on maxi chloride currents in the inside out configuration

Outwardly rectifying maxi chloride currents were present in 6/18 irounspdgches.

These include experiments where,M@k activated by excision or when there waisyactiv
prior to excision that continued afterwards. LotwH=is HS without added ar Mg,

but C&" content of water and €aontamination in other salts used may add up to 10 pmol
L*C&***When the inside of the patch was subsequently exposada R Ca*, the
MCl,current magnitude at +80 mV increased 2.9 £ 0.6 times-8aamat increased 1.7
0.5 timesn(= 6, Fig. 8D). Outwardly rectifying maxi chloride currents increased in magni-
tude and were active in more sweeps when 2 m@éel tontaining HS was applied (Fig.
8E). In 2/18 patches where no channel activity was present, exposure to 2@athol L

evoked MGJactivity.
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DISCUSSION

The present data show that activation of the maxi chloride channel follbwsasi@amt in

ICC asociated with the myenteric plexus of the small intestin®@E®Ve have shown

that, in thecell attachedonfiguration with the inside of the channel in a physiological intra-
cellular environment, a?Cianophore (ionomycin), inhibition of the sarcal@plasmic re-
ticulum C& ATPase (SERCA) by CPA, blockade of tHéQ¥d" exchanger (NCX) and the
plasma membraneCATPase (PMCA), and CPA in the presence of NCX and PMCA

blockade, all cause*Qeansients followed by chloride channel activation.

Our data are consistent with (but do not prove) the hypothesis that the fluctuating current
amplitude seen when M@lrrents are recorded in the-aéhiched configuration without
manipulation to increasdracellular calcium, is due to fluctuations iadaetiular Ca

The fact that the fluctuating activity is lost whéhéels are sustained in the presence of

CPA is in line with the hypothesis.

The activation of the maxi chloride channels may be due to direct interaction bétween Ca
ions and thehannel because*Cactivated MGlcurrents without delay in the insoole

patch configuration. In the eattached configuration, in some experiments, channel acti-
vation was rapid, with CPA alone as well as wMiCKi The delay between?Caansi-

erts and channel activation seen in other experiments (although not measured in the same

cells) may be due to delay i& @maching the channels in the patch.
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Figure 6 Effect of LENCX and cyclopiazonic acid (CPAY@ansients. (A) &b-4 fluo-
rescence intensity images of a cluster of ICC illustratimg@aents caused by CPA (10
umol L, applied at 240 s) in the presence-bidX at time points indicated. Blue/dark
coloration represents areas of low fluorescence while whitmlayhtion represents high
fluorescence. (B) Effect of CPA andNIGX on Flue4 fluorescence over time. Blue traces
represent individual cells in whiciNIGX caused Catransients prior to those caused by
CPA. Acquisition frequency was 0.5 Hz. (CyvBiare of Fluet fluorescence from average

value in B. (D) Flud fluorescence intensity images of ICC illustratfig&@sients caused
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by Li-NCX (applied at 20 s) at time points indicated. Colouration and scale are the same as

A; white arrows indicatells at highest fluorescence in sequence of four images.
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Figure 7 Effect of LENCX and cyclopiazonic acid (CPA): maxi chloride currents. (A) Con-

trol conditions show transient outwardckirrents () (compare with Fig. 4A). Inset: ramp

protocol used to evoke currents. (BNCX activated inwardly rectifying maxi chloride
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(MCl) currents. (C) CPA andMNCX activated MGturrents (compare with Fig. 4B). Trac-
es A and C were obtained from the sasthe(D) Enlarged M@turrents from C. Sloped

lines drawn by eye indicate conductance state. (Ei asldiX laind CPA both activated

MCI; currents at botk80 (blue) and +80 mV (orange) portions of the ramp over time. Pan-
els show currents from indival cells (i) and the mean of all cells£iE6). These traces
represent experiments where currents were activated eitRC{ dsi by both CPA and

Li-NCX.
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Figure 8 Maxi chloride current rectification

azonic acid activated inwardly rectifying m

and effect éf\@iaileinsideout. (A) Cyclopi-

axi chloridg @4€ents while cedktached

with an onset of 16 s. Currents became outwardly rectifying with distindfeshgpgmthe-

size that maxi chloride channels are situateddsetiie sarcoplasmic reticulum (SR) and the

plasma membrane as they are activated by*$8e2ae. Hence, the chloride channels will
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be associatezhannel transitions after patches were excised into th@utsidafiguration.

The first and last ramphow background currents while-agiched and insiaeit, re-

spectively. The 4.8 s segments where voltage was 0 mV were removed. (B) Erlarged MCI
current from A. (C) Enlarged outwardly rectifying maxi chloride)(dM@lent from A.

Scale bars in Bsa apply to C. (D) Maxi chloride current magnitude increased on application
of 2 mmol ' C&*. Traces show both currents& (blue) and +80 mV (orange) portions

of the ramp over time (see Materials and methods). (E¢WI@ht magnitude increased

after 2 mmol 2 C&* was applied to insidit patches. The 4.8 s segments where voltage

was 0 mV were removed.

We hypothesize that maxi chloride channels are situated between the sarcoplasmic reticulum
(SR) and the plasma membrane gsatteeactivated by SRCGalease. Hence, the chloride
channels will be associateth the superficial buffer barrtéand access from the general
cytoplasmic compartment may be restricted, which explains differences in channel activation

times obserkin this study.

The brevity of MGhctivity in ionomycin experiments may relate to the brevity ofthe Ca
transients in corresponding experiments. Compared with CPA and CGREX, IG&*

transients caused by ionomycin were smaller in magihuadien and area above half
maximum. Another explanation of the weak channel activation by ionomycin is that the pi-
pette access to Taom ionomycin may be different to pipette access?tir@a another

source such as blocked intracellular storé®rBzring through an ionomycin pore may
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have restricted access to the inside of the patch as well as the cytosolic face of the channel
(possibly because of the buffer barrier). It is possible that maxi chloride channels are store
operated similar to TRRACchannel$This hypothesis is consistent with the fact that Li

NCX and CPA both interfere with store fill status but ionomycin does not. In this study we
identified all patches where a good seal was maintained and the baseline noise level was less
than 0.8 rms. In 76/139 patches, no maxi chloride channel activity was observed under con-
ditions of increased intracellular calcium. We assume that no channels were present in these
patches indicating that one h&9% chance of getting maxi chloride channel patch.

When no channel activity was observed we cannot exclude that channels refractory to Ca

were present.

In the present study we show that exposing ICCNE€Ki solution, that blocks the

Na'/Ca?* exchanger, causes & @ansient andctivation of chloride currents. This suggests
that the NCX is important in ICC €homeostasis. Indeed, we observed that the ICC plas-
ma membrane is rich in the NCX protein and that inhibition of the exchanger in reverse

mode abolished rhythmic’Caansents in sitdThe LINCX solution also blocks the

PMCA, which will contribute to the observed increase in intracelttifar Ca

Although examining inactivation or deactivation properties of the channel was not an objec-
tive of the present study, a numtfesbservations are worth noting. MQkrents do not
often turn off in the presence of CPA, even though higlis@at sustained under these

conditions. Also, washing out CPA antlCiX does not turn off MGturrents. Hence,
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there does not appeartie a simple linear relationship between levé&laf@aactiva-
tion/deactivation of the channel. This study shows that maxi chloride currents were predom-
inantly inwardly rectifying in the @gthched configuration whereas this became predomi-
nantly outwally rectifying in the insigit configuration. Published studies on the maxi
chloride channel have shown either inward rectification or outward rectification, usually as-
sociated with a specific patch clamp configuration (see Introduction). A podaid&axp

is that when the insigit configuration is formed, a cytoplasmic component is lost that

caused inward rectification in the-agtfiched configuration.

It is also possible that changing the ionic gradients affects the rectification. Thetyahgsent
gives no reason to assume that outward and inward rectification suggests different channels.
It may be similar in principle to the cardiac myocyte inwardly rectifghmnKels; its recti-

fication is influenced by changes in internal or exterray Kemoval of intracellular ¥g

and can be switched on and off by physiological changes in intrac&lfdEneCarecise

regulatory mechanisms of the maxi chloride channel rectification are yet to be investigated,
but the present study suggestsithsinot C& as rectification properties in both configura-

tions did not change when marked changeg‘iatGae inside of the channel were intro-

duced.

Changing the exposure of ingidé patches from 10 umotto 2 mmol [ C&* activated
the MCl,channels markedly. Interestingly, in a previous study, changing the exposure from

<10 to 100 nmol tor 2 umol L did not increase M&turrent magnitudéHence it ap-
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pears that the concentration needed to activate the current is in the milligeoldhran
may in part explain the delay in channel activation in tagamied configuration because
of the time to reach critical fJat the mouth of the channel. A high concentration is
quickly achieved in the space between SR and plasma menuaiapkysiological condi-

tions of SR Caextrusiont’

The precise role of chloride channels in slow wave generation is not resolved (see Introduc-
tion). One view holds that an initial depolarization (primary component) is generated by
voltagedependent ioohannels acting either as pacemakers or in response to depolarization
by a propagating slow wave. Some of these vidtpgrdent channels pas$ Gahich

then causes furtherCa el ease from the | CCds #*@divatechi ch i
chloride channels. This results in a secondary, plateau depofiAratibar view is that

the initial slow wave depolarization is causedbai@ated channels (including chloride
channels) activated by rhythmié' @dease from the SR withoug theed for voltage de-

pendent Caentry®This C& could activate channels that take part in the initial phase of de-
polarization as well as the plateau potential. One pacemaker channel candidate in ICC is the
protein ANOZ2*#which gives a €activateathloride current when expressed in several
cells®?Possibly associated with ANO1 was a voltage dependent chloride current recorded
from freshly isolated ICC by whole cell patch clamping, which was dependent on extracellu-
lar C&*2Another pacemaker chaat candidate, the focus of this study, is the high conduct-
ance (or maxichloride channéThis chloride channel has oscillatory activity in cell

attached patches similar in frequency to slow wave activity suggesting an association with the
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slow wavéThe present study strengthens the evidence that the maxi chloride channel is ac-

tivated in ICC by Caransients.

The following schema is consistent with the current data and data observed in previous ex-
periments. Inwardly rectifying maxi chloride chaanelactivated by Caelease from the

SR in the narrow space between SR and plasma membrane. The channel has little activity in
very low C& and is activated by exposure t& i@ahe millimolar range. It does not nec-
essarily inactivate wherf'@awashed out. All this obviously does not exclude other factors

that might influence chloride channel opening and closing. Our data are consistent with cal-
cium activating the channel directly, however it cannot be excluded that an intermediary step

is invdved.
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the online version of this article:
Figure S1Properties of Catransients. (A) The maximums of'@ansients caused by
ionomycin, cyclopiazonic acid (CPA) and CPANGX in % FO fluorescence. (B) The
full-width at haHkmaximum (FWHM) of Céatransients caused by ionomycin, CPA and CPA
+ Li-NCXin s. (C) The area above the half maximum liné‘df&eients caused by
ionomycin, CPA and CPA +-NCX in % FO fluorescences 21Key applies to panelsiyA

C). Insets beneath each panel represent diffefétra@sient parameters.

Figure S2.Effect of L&": maxi chloride currents. (AFL@ mmol ) activated inwardly
rectifying maxi chloride (MEturrents. (B) MEturrent open probability jR/s voltage;
average= 3. (C) L& activated MGthannel curre@voltage relationshipyeragen = 3.
Note that currents exhibit slight inward rectification. (Di and"igdtevated MGEturrents
at-80 (blue) and +80 mV (orange) portions of the ramp oveman&)(Panels show cur-

rents from individual cells (i) and the mean of &ll(tgl = 15).

Please note: Wildjackwell are not responsible for the content or functionality of any sup-
porting materials supplied by the authors. Any queries (other than missing material) should

be directed to the corresponding author of the article
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CHAPTER 3: CHOLINERGIC SIGNALLING -REGULATED K 7.5 CURRENTS
ARE EXPRESSED IN COLONIC ICC -IM BUT NOT ICC -MP

3.1Preface

The body of this chapter waproducedrom a journal article, publishedPiitigersArchiv
European Journal of Physiology, of which | amrsteafithor, with permission from the
publisheiSpringeiVerlagBerlin Heidelber® 2013:

Wright GWJ Parsons SP, Loevalencia R, Wang XY, Bardjapez C, and Huizinga JD
(2013) Cholinergic signalegulated K7.5 currents are expressed in colonielNCBut
not ICGMP. Pflugers Aré66:18051818. DOI # 10.1007/s004B1314257

As the first author of this paper | planned the study, perfaihtieelelectrophysiologgx-
perimentscell culture and cell isolation for Brugll PCRanalyzedllthe datapreparedll
the figures, wrote the manuscapt editedt during reviewSearP Parsongontributed to
the electrophysiology analysis and interpretR&u Loer&alencia performed the single
cell PCRand provided the gel images for figuxesn Yu Wang perimred the immuno-
histochemistry angtovided thémage®f stained celfer figures Carlos BajasLopezsu-

pervised Raul LoekéalenciaJan D Huizinga supervised and planned the study, provided

the funding, and edited the manuscript during review.
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ION CHANNELS, RECEPTORS AND TRANSPORTERS
Cholinergic signalling-regulated Ky7.5 currents are ex-

pressed in colonic ICCIM but not ICC -MP

George W. J. WrightSean P. Parsonfaul LoeraValenciaXuanYu Wang -Carlos
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Abstract Interstitial cells of Cajal (ICC) and the enteric nervous system orchestrate the vari-
ous rhythmic motor patterns of the colon. Excitation of ICC may evoke stiepdasient
pacemaker activity and will therefore have a profound effect on colonic Tinatibtyjec-

tive of the present study was to evaluate the potential rdlelafriels in the regulation of

ICC excitability. We employed the-attiched patch clamp technique to assess single chan-
nel activity from mouse colon ICC, immunohistochemistigtéomine ICC Kchannel
expression and single cellRIR to identify Kchannel RNA. Single channel activity re-
vealed voltageensitive Kchannels, which were blocked by the tlocker XEQ91nES8),

which also evoked inward maxi channel activity. Museaetylcholine receptor stimula-

tion with carbachol inhibited Khannel activity¥8). The single channel conductance was
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3.4£0.1 pSrE8), but with high extracellular Kt was 18.1+0.6 p8-2). Single cell

RTPCR revealed Angqbsitive ICC that &re positive for 7.5. Double immunohisto-
chemical staining of colons feKit and K,7.5 in situ revealed that intramuscular ICC-(ICC
IM), but not ICC associated with the myenteric plexusME)Cwere positive for&.5. It

also revealed derd®linerge innervation of ICAM. ICC-IM and ICGMP networks were
found to be connected. We propose that the pacemaker network in the colon consists of
both ICGMP and ICG@M and that one way of exciting this network is via cholinefgis K

channel inhibition ilCC-IM.

KeywordsInterstitial cells of Cajal - Pacemaking - Colonic motility cti@annels - Intra-

muscular ICC - XE991

Abbreviations
Gl Gastrointestinal
ICC Interstitial cells of Cajal

ICC-MP Interstitial cells of Cajal associat
with the myenteric ptas

ICC-IM Intramuscular interstitial cells of
Cajal

ICC-SMP Interstitial cells of Cajal associat
with the submuscular plexus

Kv7.5 Voltagegated K channel 7.5

MAChRs Muscarinic acetylcholine receptc

rrmp Relative to resting membrane pc
tial

VAChT Vesicular acetylcholine transpor

Electronic supplementary materialThe online

version of this article (doi:10.1007/s00323

14257) contains supplementary material, wh

available to authorized users.
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Introduction

Interstitial cells of Cajal (ICC) were proposed as gastrointestinal (Gl) pacemaker cells in the
late 1970s and early 1980s based on correlations between electrophysiological studies and
ultrastructural observations by electron microscopy [12, 18, BberELhre several popula-

tions of ICC in every organ of the Gl tract that differ in location, morphology, role and pro-
tein expression [18, 23]. With respect to the colon, although initial physiological studies were
carried out on dog colonic circular mysulest subsequent studies on ICC pacemaker
mechanisms and ion channels have focused on small intestine and stomach [17, 36, 42].
Hence, our knowledge of the colonic pacemaker mechanisms and ion channels involved is
still limited. ICC associated with theemgric plexus (IGBIP) of the small intestine gener-

ate the omnipresent slow waves [40] that orchestrate rhythmic propulsive muscle contrac-
tions in the proximal intestine. In the colon, the omnipresent slow waves are generated by
ICC associated with thebsouscular plexus (IGEMP) in the canine [27, 39], rat [32],

mouse [47] and human [33]. HUIR from the rat [32] and mouse [47] colon do not generate

omnipresent slow waves, but generate rhythmic transient depolarisations of low and variable
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frequency, thianight depend on activation cfype calcium channels. Based on these find-
ings, it was proposed that KBAP can be induced to generate the pacemaker activity gov-
erning a propulsive motor pattern of the colon at that frequency [8, 9, 18]. Carbachol strong-
ly promotes this rhythmic activity, even in the presence of TTX [8, 9]. The objective of the
present study was to find mechanisms of excitation of tHdPCOur specific hypothesis

was that cholinergic inhibition of ghannels is involved.

Materials ard methods

Cultured cells

The preparation and electrophysiology for the cultured cells were the same as those de-
scribed previously [29, 46], except that colons frriB8dayold CD-1 mice were used
instead of small intestine. All procedures were apdrgtbe Animal Research Ethics

Board (AREB) of McMaster University.

Solutions, drugs and electrophysiology

Carbachol and XE991 were purchased from Sigma Aldrich, Oakville, ON, Canada. Drugs
were prepared by dilution in bath solution to concentratianBespa the results from

stock solutions in DMSO. Voltage protocols were adjusted according to the junction poten-
tial bet ween the pipette and bath &gdl ution
is the summation of the cell membraneriateE..) and the potential applied to the patch

relative to resting membrane poterahy.

Epatch: Errmp+ E cell
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In the results, potentials are expressed.g@®llowed in parentheses By, assuming an

E«0f T 60 mV [1X3 the confepteof bhth &nd jgipette solutions.

Data analysis and statistics

Current traces for figures were filtered with adB4€ightpole Bessel filter on Clampfit

(Molecular Devices, Sunnyvale, CA, USA) and a notch electrical interferaviverélter
necessary. The Oforftie eharmel tcapsition etweenrome eutrént l€vel

and another at a certain potential was measured, and this was repeated for channel transitions
at di f f er en tlvalpes platedtvarsad peiahtvefeHitted With linear regres-

sion, the slope of which was used to determine the conductandeteifeept was used to

determine the reversal potential of the currents. Mean reversal potentials and conductances
were calculated from the linear fits lodalues from individual experiments; pooled data are

shown in the figures fitted with linear regression.

Current voltage plots were created by averaging the currents evoked by the voltage ramps
from control sweeps or from sweeps after inhibitionugsdFor control sweeps, the linear

sl ope of the current fr om I‘&Mannéldweré cjive,t o 1 2
was subtracted from the current evoked by
For sweeps after inhibition by drugs, thealine s| ope of the current f
(20) mV was subtracted. A&t for proportions was used to determine differences between

proportions with a significance | evel of a
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ICC RNA extraction and reverse transcription

RNA was obtained fro@D-1 mouse brain tissue or single cultured ICC to perform RT

PCR. For tissue, the RNA extraction was done using the RNAeasy RNA isolation kit (Qi-
agen, Toronto, ON, Canada), according to the manufacturer's instructions. Brain RNA (1

Qg ) was u stemscription: Asia measure soeontrol for gDNA PCR products, an

RT minus control was used. To collect single cells, the patch clamp rig was used with unpol-

i shed, |l ow resistance gl-BGRsmixg20p efRNlasesn-c ont a
hibitor,23 OM ol i go (dT), 150 OM daNdlIBxsRT Buffer2 mM ¢
(Life Technologies Inc., Burlington, ON, Canada)). The same parameters used to identify

ICC for electrophysiology were used to select single cells from primary cultures. After collec-
tion, we used NBO detergent (1:100) to lyse the cells and release the genetic material. Tissue
samples and single I CC were DbRCRmgand200 0 a f
U of Superscript Il RT. Then the samples were incubated at 50°Q@nioc Biter the

cDNA synthesis, the RT enzyme was deactivated by freezing overnight and subsequent

thawing.
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Solution Na* CI K*  NMDG* Mg®* C&' HEPES pH Glucose
Bath 135 1464 5 o} 1.2 2 10 7.35 10
KCl pipette & 150 150 ¢ 0 o 10 7.0 10
NMDG pipette 8 140 o} 140 o} o) 10 7.35 10

Table 1Contents of solutions
NMDG* N-methyiD-glucaminellEPES4-(2-hydroxyethyl)piperaziieethanesulfonic acid

¥H adjusted with Tris base

Nested PCR protocol

PCR was performed using Platinum Tag DNA Polymgites&echnologies Inc.). To de-

tect transcripts coding fok K5 channels, we used the primeis K5 EDGTGR 5 h
TCGGCGTCTATCACTG. A nested PCR was carried afterwards with internal primers

Kv7 . 5 {iGEBCGAGAGECAT TAAGAGCAGACandkK . 5 + nt R 5h
ACTCTTGAGCG TATGAGG. To amplify Anol, we first
TGTACTTTGCCTGGCTTGGAGC and AncEx t R 5 h

CACCTGGCAATGCAGCCGTA, in the same way as with potassium channels, a nested
PCR was performed next -CAACTACGGATEGGGAQ@ATI mer s A
CAC and AnAATAGGETGRGAAMCGGTCC. To control for gDNA PCR

products from the single cells, the external primers were designed to span at least one intron
of the analysed genes. No additional bands of higher size were detected. We omitted the

templatdor negative controls. The PCR protocol was performed as follows on a CFX96
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thermal cycler (BiBad Laboratories Canada Ltd., Mississauga, ON, Canada): initial denatur-

ation for 3 min at 94 °C, then 30 amplification rounds with denaturation for 18G,at 94

alignment for 15 s at 50 °C and extension for 1 min 45 s at 72 °C per round. The final exten-

sion was 5 min at 72 °C. For the nested PCR, the same protocol was used with 36 cycles and

annealing temperature 0868 °C per cycle. The resulting produetevanalysed by elec-

trophoresis in agarose gels (1.5 %, Invitrogen, Burlington, ON, Canada) stained with 1

Qg / mL

et hi di u sldrizh). dnmages veere ClBaingdrwah-Bet 2000 docu-

mentation system (BRad Laboratories Canada Ltd.). The resbkinds were cut then

sequenced by MOBIX Laboratories (McMaster University, Hamilton, ON, Canada).

a

10 pA

. .80 -60 -40 -20

—~0.59

<0
e

05 LGRS
Control Al (n=6) = e

5

Fig. 1K* currents recorded from cattached patches of ICC. Up to four channels were

active around @ 60) mV.adc Control inward K currents evoked by ramps and &t@D)
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mV. Simultaneous multiple openings were presert@®)OniV. For this and all subse-
guent figuregrey lineshow current levels a@depresents the level where all channels are
closedV is the potential appli¢d the patch relative to resting membrane potdatratf)

and values in parentheses are patch potdapatst{) assuming a cell membrane potential
of I 60 mV (seéMaterials and methabiandoResult§). D Currendvoltage plot of average

K* currents evked by ramp protocah£6). e Single channel current amplitudes from
pooled experiments<6); grey linas a linear fit of data with slope=17.9 pSxanterept=

56.7 [ 3.3) mV

Immunohistochemical staining

Cell culture preparations were the same #gefetectrophysiological study. In addition, the
whole (proximal, mid and distal) colon was removed for frozen sections and musculature
wholemount preparations. Wheatgunt specimens were prepared by peeling away the mu-
cosa and submucosa. Frozen seaotiens made by embedding the tissues in Tiskue

(Miles Lab., Naperville, IL, USA) and freezing in liquid nitrogen. Ten micrometer sections
were cut with the cryostat and mounted on the coated slides. Stairifigvi@scper-

formed since it is a selgetmarker of ICC [19]. For whateunt tissue and culture stain-

ing, specimengere fixed in iceold acetone for 10 min and then processedKirstain-

ing. After eKit staining, specimens were fixed again with 4 % paraformaldehyde for 10 min
and then prcessed for 7.5 staining or vesicular acetylcholine transporter (VAChHT) stain-
ing. For frozen section staining, sections were only fixed with 4 % paraformaldehyde for 10
min and processed for, K5 and then-Kit staining. The nespecific binding wésocked

with 5 % normal goat serum in all immunohistochemical staining, excépt/YXOAChT
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staining, in which 2 % bovine serum albumin was applied. Tissues were then incubated over-
night at room temperature in the following two groups of primary aesiad an-Kit

(1:200, Cedarlane, Oakville, ON, Canada) and rabbi7Zam{k 100, Santa Cruz Biotech.,

Santa Cruz, CA, USA); rat arfiitand goat anti VAChT (1:100, Santa Cruz Biotech.). For
c-Kit/K 7.5 double labelling, secondary antibodies@y&conjugated goat aimét 1IgG

(2:400, Jackson Immuno Research, West Grove, PA, USA) and AlexadaBed goat

antirabbit IgG (1:200, Jackson Immuno Research)-KtWAChT double labelling, sec-

ondary antibodies were Alexad88jugated donkewntarat IgG (1:200, Jackson Immuno
Research) and Cy3conjugated donkegaattigG (1:400, Jackson Immuno Research). All
antibodies were diluted in 0.05 M PBS (pH 7.4) with 0.03 %X d@h Negative controls
included the omission of primary antibofim® the incubation solution. All of the im-
munostaining was examined using a confocal microscope (Zeiss LSM 510, Goéttingen, Ger-
many) with excitation wavelengths (595 nm and 488 nm) appropriate for Cy3 and Alexa488.
Confocal micrographs shown were digdaiposites of Zeries of d4 optical sections

through a depthofd@2 O m.

72



Ph.D. Thesi$ G.W.J. Wright
McMaster University Medical Sciences

+ GG\
B WWW%
<
Q
N

: 80 mV S ———
-/: omv 1s
: e

V (mV)
-SRI 0 20 40 60 80 g

Pooled Al (n=8) =

-120 -100 -80 -60 -40 -20 20 40 60 80 OmV— . _
Fig. 2 Outward K currents while cedittached in 140 mM NMDGCI pipette soluten.

Outward K currents evoked during depolarising portion of the a@gprrendvoltage

plot of aerage outwardurrents recorded from ramp protocats3j. ¢ Single channel
current amplitudes from pooled experimant8)( grey line is a linear fit of data with
slope=3.3pSandixnt er cept =1 1 1dbh Cairre(ts récdrded féojn deTr¥asing

depol arising voltage steps (inset) and
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Fig. 3 Effect of carbachol on‘current while cedittached. a Control'Kurrents evoked

by the ramp and at 0 (160) mV. MNaCa i nwar d
bachol ( CCh; *aurrentsb)Redorded iL8bsiaftereCCh d€lditoowas 114 s

afterb. d Currendvoltage plots of average currents show inhibitiori airkent by CChre

Single channel current amplitudes from pooled CCh comt®)isdey line is a linear fit of

data with slope=18.6 pS anthtercept= 60.4 (0.4) mV
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Results

Colonic ICC display channel activity

The potenti al Ephgastthe summatignaftthe bell mesnbrane gotergtial

(Ece) and the potentialpplied to the patch relative to resting membrane poténtial (

EpaictE rmgt E cew Potentials are expressed agfBllowed in parentheses byds assuming

anEgqof 160 mV. For example, 20 (Il 4®)atmV. One
DI20 (180) mV when a ramp protocol from [80
celtattached patches of cultured colonic ICC, using a 150 mM KCI pipette solution. The in-
ward currents were most acti dveltagelV)pil& (T 50)
(Fig. 1d). The inward currents turned off upon patch excision to theutistdafiguration

(without changing the bath solution; data not shown). Based on single chanfiel activity
singl e channell) wensusvokaget (Figafidle Irelersal pbtential was

56.7( 1 3. 3) N1. 0 mV a ooddudahce was 1704019 @SBjcAssamimge |
symmetrical Kbetween the cell and pipetté ciirrents would reverse at a patch potential

of 0 mV. Therefore, the reversal potential of 56.7 mVsugypests a cell membrane poten-

tial of EdfB6hEfz mUT 66. 7 mV=156.7 mV), confir

160 mV.

The current was outward when a 140 mM NMDGCI pipette solution was used and activated
at approximately the same voltage in ramgpsteps, consistent with the current being car-
redbyaKc hannel ( Fi @V plo2shows atitivdrd‘currett latepositive po-

tentials (Fig. 2b). Based on !l versus vol
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was | 112. 3 Y andthesinge)cianel 2onductance was 3.3+0:8pSig).
2c¢). The current turned off when patches were excised into theunsidefiguration (data

not shown).

a d
" C\
5K ,\50*
Control
< c

lD  e— 3
I

/-580 mV

: 1s

T

-80 mV
b
XE991 (bath)
Cﬂiw
Control (n=7) — 097
XE991 (20 pM; n=7)— "\ 1
—-1.
=
c T 1.5
XE991 (bath) 1
o - i T 2.0
] V (mV)
-80 -40 0 40 80
(-140) (-100) (-60) (-20) (20)
f g 1.0
0.5
-2.04 V (mV) : 01 V (mV)
80 = 40 o | 4 ' 8 -80 = 40 0 40 80
(-140) (-100) (-60) (-20) (20) (-140)  (-100)  (-60) (-20) (20)

Fig.4 Effect of bath applied XE991 ort Burrents while cedittacheda Control K cur-

rents evoked by the ramp and at 0 (160)
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ramp. b, ¢ XE9 9turrédnBwaxétprdetl 138 calktez XJEOK. addition,

c was 96 s aftdér. d Ramp traces where XE991 blockéd€rents. The firdive traces are
sequential from the control with &urrents active. The next 15 traces were recorded after
XE991 addition at 1 min intervals; note the absencecoftentse Currendvoltage plots

of average currents show inhibition 6tirrents by XB91.f Single channel current ampli-
tudes from pooled XE991 contratsg); grey line is a linear fit of data with slope=16.8 pS
andx nt er cept =5g8inde cliahn@l .arBpjitudes\from pooled controlk

rents (incl udi ng3eland4fiw22).Grey ins & Ineaniit oFdatg with 1 e

slope=17.4pSandxnt ercept =58.4 (11.6) mV

Effects of carbachol on"Kurrents

Carbachol ( CCh; *durrefts/compietelir whbn atidedito theHmeeh ( K

Fig. 3alc) . tulddecremsed (Fige 3b) comparedltd control (Fig. 3a), before

the onset of full inhibition (Fig. 3c), which implies that current inhibition began to affect the
resting membrane potential, reducing the a
thatinnar d currents were most active at 10 (15
Based on !1 versus voltage, the reversal p
channel conductance was 19.1+0.8¢f8 Fig. 3e). These data imply that theutent is

carried by a cholinergic signalling regulated channel; hence, we tested whether or not the cur-

rent was carried by Kengy K channels, which are the channels responsiblectordnt

[5].
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Effects of XE991 on Kcurrent

XE991 ( 207 chahg)blocker [1K21], completely blocked the currerit6;(Fig.

4&c). As with CCh, current amplitude was reduced after the addition of XE991 before the
onset of complete blockade (Fig. 4a, b). Current blockade by XE991 was sustained as is
shown by the abace of the Kcurrent from ramps recorded at 1 min intervals after XE991
addition (Fig. 4d). Thé¥ pl ot shows that i nward current :
and were blocked by XE9Q9&8 ) . Based on \/durremtehadareversalo!| t ag
potential of 55.1 (14.9)N2.3 nm¥&; alhidgt h4f ton
versus voltage when all controls were pool
mV and a conductance of 18.1+0.6rp2%; Fig. 4g). XE991 blocks Kcurents from the

ICC causing them to depolarise, leading to activation of a large, inwardly rectifying current

(m15; Fig. 5alc).

In order to confirm that XEQ91 was blockingthekhannel s directly, 20
added to the KCI pipette solutidimedependent block was shown in Figc6H there

were no Kcurrents at the beginning of an experiment, we could not determine whether the
channels were blocked rapidly, or whether there were no channels present in the patches.
Therefore, many expeents were performed to gain a sample population large enough to
accurately determine the effects of XE991 on cultured 1@@rknts. Only 30.0 % of

patches exposed to XE991 exhibitedutrentsi=30), in contrast to 57.1 % of patches

with control 150 Ml KCI pipette solutiomE35). There was a significant reduction in the
proportion of patches exhibiting &urrent when exposed to XE991 (9/30) compared to

control (20/35), as determinedby-a 2 st f or proportions (z=2.1
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Thus, XE99Dblocks the Kchannels directly when applied to the extracellular side of the

patch.

o
LD

/' i 0mv
e 1s

-80 mV

b
/ XE991 (20 M)
(o3

XE991 (20 uM)

a

40 pA

Fig. 5 Activation of an inwardly rectifying current by XE&@%dward K currents were ac-

tive prior to additi on ofcurrkrnispwasreordedir-E9 91 (
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mediately after switch to XE991 bath solution, which takescD2B391 activated inward-

ly rectifying currents after 24 s andas recorded 360 s after addition of XE991

0 mV

Fig. 6 Effect of XE991 in pipette solution o &urrentsa K* currents active prior to onset
of XE991 (20 OM) bl oc kkaTinedependent lackdoécdrrerdt 4 4

by XE991, 102 s aftarc Complete current inhibition 18 s afier

Kv7 single cell PCR

Since XE991 blocked thé &urrents in colonikCC-IM, we looked for K7.5 using RT
PCR. We isolated single cold@iC-IM and found that two out of six Angbsitive cells
were also KK7.5 positive (Fig. 7). The identities of the Anol aiAdbHCR products were
confirmed by sequencing.
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c-Kit and K,7.5double immunohistochemical staining

At the level of the myenteric plexus (Fig. 8a).5«eactivity was found in the enteric neu-
rons of the myenteric ganglia (Fig. 8a2), which were frequently surrouriegbbgitive
ICC-MP that were negative fot K5 (Fig. 8a3). In the circular muscle layer (Fd),8b

Kv7.5 was cexpressed withKit in ICC-IM (Fig. 8b3d3), both in multipolar and bipolar
ICC-IM (arrows in c3). Weak/K5 reactivity was also found in the smooth muscle cells
(Fig. 8b, c2). Trangse sections confirmed that the colonic ICC network expredsgs K

not at the level of the myenteric plexus, but in the ICCIM in the circular muscle (Fig. 8d).
Kv7.5positive ICGM formed contacts with W.5negative ICB/P (Fig. 8d3). We also
staineddr Kv7.284, all of which were negative in the two ICC networks. However, enteric
nerves were positive foy KB4 and the smooth muscle was weakly positive

(Supplementary Fig. 1).

Immediately after cell isolation, most cells were rounded and theypgaifiedisapes after

a few days in culture. Thrée4-dayold cKit-positive cultured cells were either multipolar
(Fig. 8e, f) or bipolar (Fig. 8g, h). Both bipolar and multipolar ICC were found amongst the
cells that were positive for’K5 (Fig. 8e3oh; solid arrow in h), which is consistent with

the observation of W.5positive ICEGM of both morphologies in situ-Kit-positive but

Kv7.5negative cells may be I8AP (Fig. 8h, opeheaded arrow).

Vesicular acetylcholine transporter akd double immunohistochemical staining
In the mouse colon, amesicular acetylcholine transporter (VAChT) antibodies labelled all

the cholinergic nerve varicosities within the myenteric ganglia (Fig. 9al, b1) and the nerve
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fibers in the muscle layer (Fig. 9¢}., eKit-positive ICCMP were densely distributed

around the myenteric plexus ganglia forming a network (Fig. 9a2, b2, a3 and b3). ICCIM
were observed in both longitudinal and circular muscle layers, parallel to neighbouring
smooth muscle cells, connectagh other to form networks (Fig. 9c2, d2). Intimate apposi-
tion between cholinergic varicosities andINL@rocesses occurred over lengths as long as
250 Om (Fi g. 9 c-BIR, whlcB only shbwedl poikteontach vath dnt€ric
nerves, IC@M (both their cell bodies and processes) contacted nerves with varicosities over

long distances.

ICC-IM and ICGMP networks are connected

In order to search for structural evidence for communication betwebiPl@al ICAM,

we conducted whoehaount eKit immunohistochemistry. ICI®, running at a 90° angle

from the ICGMP network parallel to the circular muscle cells, were ejplodarior mult

polar in shape, with branches occurring from their cell bodies or major processes (Fig. 10).
ICC-IM were not indpendently scattered in the musculdtutayere connected to each

other to form a network, although the density of their network was not as high as that of
ICC-MP. ICGIM and ICGMP were connected (arrows in Fig. 10), providing structural evi-

dence for coomuni@tion between the two networks.
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— _ _ e
+ sci sc2 sc3 sc4 sc5 scb NC -

Fig.7 Expression of K7 channels in single I@&. Two of six Anoipositive cells were

positive for K7.5: single cell 1 (sc1) and single cell (sc4). No cell, positive and negative con-

trols are indicated by NCatn d |
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Fig. 8 Double labelling of-Kit (regland K7.5 gregnn mouse colon whetaount édc),
frozen sectiongl] and cultured cellsd h). ald3) cKit-positive ICEMP network and

Kv7.5 positive myenteric neurons. Ndamalization was found at the level of myenteric
plexusb1-3) cKit-positive ICAM and K,7.5positive enteric nerves at the level of circular
muscle layer. Merged figure shows thexisbence of 7.5 and it within ICGIM. c133)
Enlarged images to showlooalization of k7.5 and it in ICC-IM that were either bi-
polar &rroyvor multipolar ppen arrpim shaped133) Transversal sections show the circular
muscle, myenteric plexus and longitudinal muscke Eemositive ICEMP surrounded
Kv7.5positive myenteric neurons; botkitand K,7.5 immunoreactivities were seen in
ICC-IM. Smooth muscle cells also expressed weak immunoreactiwi®/3ad Cul-

tured cell stainingZd3 A triangleshaped ICC ith three processes was positive fat. K

foh Merged images show a multipslaped ICC that was K5positive {), a spindle

shaped bipolar ICC that wag/ks positiveq) and a muHlpolarshaped ICC that was'K5

negativedpen arrpwand a spinelshaped ICCafrowthat was K7.5 positiveh(
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ail VAChT

az2 c-Kit a3 Merged

b1

ci

di

Fig. 9 Double labelling of-Kit (gregrand VAChT redl in mouse colon whetaount prepa-

ration.ald3) VAChT-positive nerve varicosities within the myenteric gangligand c
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positive ICEGMP encompassing the gangli®3 Enlarged images (single scan confocal mi-
crographs) from the boxes in figuad33. Three ICEMP @rrowsconnecting to each other

to form network closely aligned the boundaries of the ganglia but neveedensita the
ganglia. The processes of IIE were not seen lining along the VA@bSitive varicosi-
ties.c183) VAChT-positive nerves anekat-positive ICEIM within the circular muscle lay-
er.d1a3) Enlarged images (single scan confocal micrograph#)dérboxes in figure4o

3). Three ICAM (arrowswith different shapes were all running along cholinergic nerves

within the circular muscle layer. Both their cell bodies and processes were surrounded by

dotted cholinergic varicosities

Fig. 10Combinel conf oc al i mages with scanning thioc
nections) showing direct connections betweeANCGetween ICAMP and between IGC

IM and ICGMP in mouse colo®n the right sideir ICGIM in the circular muscle layer
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close to tk level the myenteric plexus were bipdtarble astedisksnultipolar (single as-
terisk) in shape. They were directly connected to eaclaothgsand to nearby IGRIP
(arrowhead®n the left side, several AP with multipolar shape were clpsssociated

to each othedpuble arrptesform a dense netwoat the myenteric plexus level

Discussion

Our hypothesis that IGMIP excitation was regulated by cholinergic inhibition afdf-

nels was not substantiated. Instead, evidence is provithedrégulation of IGOM excit-

ability by cholinergic inhibition of, K5 channels. Therefore, our hypothesis is thatMCC

have a special role in neurally mediated regulation of pacemaker activity, since we provide
evidence that IGOM communicate diotly with ICGMP. The notion that ICP and

ICC-IM collaborate is well established in the stomach where they cooperate in the generation
of pacemaker activity [11018]. In the stomach, the IENIP appear to generate the pri-

mary pacemaker, and when &rgd by the primary pacemaker, the ICCIM appear to gener-

ate a secondary component of the slow wave; this was substantiated by the observation that

calcium transients occurred in thed®dollowing this activity in ICOP [13.

Identity of the K.7.5postive cells

Immunohistochemistry showed that in tissuelNI,ut not ICGMP, were positive for
Kv7.5. ICGMP are primarily branching cells, whereadNMC&e a mix of branching and
bipolar cells. This was corroborated in the cultured cells where werémahehg and bi-
polar cells, positive both foKat and K,7.5. Although cells in the shtetm culture may

differentiate in unpredictable ways, the composition and structural featiliegpositive
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cells in culture were similar to that in tissoex @f branching and bipolar cells with some,
but not all, branching cells positive fo7 . We confirmed using single celPER that
in our culture, all of the\R.5positive ICC were positive for Anol. Thereforé,appears

to identify mouseolonic ICGIM when used in conjunction with Anol.

Cholinergic stimulation of ICC: relationship betweerM@nd ICAM

ICC-IM were shown to be heavily innervated by cholinergic neurons (much more so that
ICC-MP) and have the\K.5 channel; inhibitiorf &7 channels by cholinergic neuro-
transmitters will enhance cell excitability. When an ICC becomes excited, it is possible that
pacemaker mechanisms are activated. Cholinergic stimulation calbhdekpo@risation

since current amplitude decreased®éii@ onset of full current inhibition by CCh or

blockade by XE991. Cholinergic stimulation leads to depolarisation and increased intracellu-
lar C&", which activates maxi chloride channels in small intestinal ICC [46], which may be
involved in generatirige ICC pacemaker potential [20, 30, 44, 49]. In the present study, we
show that high conductance inwardly rectifying currents were activated in coldnibylCC
XE991. This strongly supports the hypothesis that cholinergic signalling actiudidsyICC
inhibition of K,7 channels, resulting in increased cell excitability. We hypothesize that depo-
larisation caused by blockade of Bhannels by XE991 led to activation of the inward cur-
rents. The currents resembled inwardly rectifying maxi chloride tatemeshave previ-

ously recorded from small intestinal4@E [20, 30, 31, 44, 46, 49]. In neurons, XE991 en-
hances cell excitability as evidenced by more frequent action potentials observed during in-
tracellular microelectrode recordings [6]-MECand IC-IM may cooperate in the genera-

tion of pacemaker activity; their excitability may be regulated by cholinergic inhibition of
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Kv7.5 in ICGIM and cholinergic modulation of IEMP pacemaker activity may occur

through ICCIM.

Comparison to other systems

M-current was first isolated and described in frog sympathetic neurons [4], and subsequently
expression in skeletal muscle [34], blood vessels [48] and other smooth muscle cells has been
reported. Previous studies have shown expressioi.bfikthe mi@array analysis of

small intestinal ICC [7]vK5 is also expressed in mouse colonic smooth muscle{22]. K
currents have also been found in ICC from the guinea pig bladder [1]. The features of the
Kv7.5 channel activity described in the present studiyraliar to those of K channels in

Chinese hamster ovary cells transfected with human KCNQ5, wisergl¢hehannel con-
ductance waa 2+0.1 pS [25], which is close to our observation of 3.3+0.1 pS (in NMDGCI
pipette solution). TheK single channeatglitude versus voltage relationship we reported

was similar to that reported for transfectedl \gchannel25]. The activation B 20

(T 80) ¥ cuodnts Kecorded from Q@ was the same as observed in neurons

[6]. The conductance of the/K5channel currents increased dramatically when high extra-
cellular K pipette solution is used. This is because extracellular monovalent cations (such as
NMDG* or Na' etc.) can block \&channels [3, 29, 38], reducing their conductance, which is
why studies oKy currents are often performed with higtploette solutions.

Kv7 channel regulation

There are five members of theZKamily; channels composed o7 K5 are responsible

for M-current [5, 22, 24Y1-current is often carried by heteromeri¢ Bhannelsomposed
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of Kv7.2 and k7.3 [37], k7.3 and k7.5 [24] or k7.4 and k7.5 [2]. However, currents we
recorded were likely carried exclusively/BypKiomomers since we provided negative evi-
dence for the expression af B4 proteins in ICAM and ICGMP. 1t is not known

which subtype(s) of muscarinic acetylcholine receptors (MAChRS) are involved in the inhibi-
tion of Ky7.5 currents in colonic ICCIMyKchannel inhibition can occur via,B#&rada-

tion [5, 6] or Ca-calmodulin [10, 26]; the relative dbntion of the two K7 inhibition
mechanisms requires investigation. Close proximity of mMAChRs to the sarcoplasmic reticu-
lum, as proposed for small intestinal-NIIZ, may favour Gadependent inhibition in IGC

IM because of the superficial buffer baj4igy 46].

In summary, colonic IGIM have a voltageensitive Kcurrent, activated around the rest-

ing membrane potential of the cell, inhibited by cholinergic stimulation and blocked by a K
channel blocker. These data imply inhibition,@fdkannelssaa possible mechanism for
excitation of colonic IGOM by enteric cholinergic nerves. The close association-flICC
with ICGMP and the presence of the maxi chloride channeliiMGaggest the possibil-

ity that ICGIM and ICGMP cooperate in generatiand regulating colonic pacemaker ac-

tivity associated with propulsive motility [8, 18].
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Supplementary Fig. 1Double labeling of-Kit (green) and ¥7.2/7.3/7.4 (red)n mouse

colon. Top three groups of figures were from cross sections, bottom group from muscula-
ture wholemount preparation. Enteric nerves at the level of myenteric plexus (MP) were pos-
itive for K,7.2 and K7.4. Enteric nerves and smooth muscles in tggudimal muscle

(LM) layer were positive for’ K3. No ceocalization was found betweeyvR/7.3/7.4

and eKit. CM: circular muscle.
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CHAPTER 4: CHENODEOXYCHOLIC ACID ACTIVATES THE MOUSE CO-
LONIC INDUCIBLE PACEMAKER VIA STIMULATION OF NITRERGIC
NERVES

4.1 Preface

The body of this chapter was reproduced from a journal article, sulonittedurnal
of Neurogastroenterology and Motjldaf/which | am the first authd®ermission to use

this material is mine as | hdb@ tcopyright until it is transferred e publisheThe Ko-

rean Society of Neurogastroenterology and Maiitite the article is published.

Wright GWJ Parsons SP, Zhu YF and Huizinga JD (ZDX&)odeoxycholic acid acti-
vates the mouse colomducible pacemaker via stimulation of nitrergic nériesirogas-
troenterol M¢8Lbmitteyl

As the first author of this paper | planned the study, perfalhtieelelectrophysiology
experiments, analyzaitthe data, wrotthe manuscript, preparea thgures and edited

the manuscript during reviesean P Parsons provided the phaggitude analysis Im-
aged plugiand helped with interpretatiorong Fang Zhu taught me intracellular record-
ing and provided tHdATLAB continuous wavelet transform asiagnd fast Fourier
transform analysmogramand helped with interpretatialan D Huizinga supervised and

planned the study, provided the fundamgl edited the manuscrutring review.
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4.2 Paper Full Text

Chenodeoxycholic acid activates thenouse colonic inducible pacemaker

via stimulation of nitrergic nerves

George WJ Wright, Sean P Parsons, Yong Fang Zhu and Jan D Huizinga
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Abstract
Background/Aim s The mouse colon has networks of interstitial cells of Cajal (ICC) associ-

ated with the myenteric plexus (i€) and with the submuscular plexus {83°). Our
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aim was to determine stimuli that could evokdrémuency rhythmic depolarising activity

from the mouse colon inducible pacemaker, putatively found-MPCi@ethods We rec-

orded mouse colonic smooth muscle membrane potentials with sharp microelectrodes from
preparations with or without submucd®asults In control conditions, preparations with
submucosa exhibited slow waves at 19.9 + 3.0 cpm (n=17). In preparations without submu-
cosa and associated SMP a rhythmic depolarising activity at 8.0 £ 0.6 cpm (n=29) was
present in the absence of ~20 cpm slow waves. The bile acid chenodeoxyc{&i@ acid
UM) evoked lovirequency rhythmic transient depolarisations (n=9); in submucosa intact
preparations at 3.6 + 0.9 cpm (n=5), and at 2.5 £ 0.8 cpm (n=4) in preparations without
submucosa. With submucosa intact, rhythmic transient depolarisationiedintgttache
ICC-SMP slow waves by phase amplitude coupling, with submucosa removed the rhythmic
transient depolarisations interacted with the 8 cpm slow wave by phase amplitude coupling.
Chenodeoxycholic acid evoked rhythmic IJPs at 22.5 £+ 11.8 cpninfplyg the activa-

tion of nitrergic nerves. The NO donor sodium nitroprusside (1 uM) evoked rhythmic tran-
sient depolarisations at 1.7 £ 1.3 cpm (n=7) in preparations without sub@anoks.

sions This study highlights a mechanism by which ICC geretimic transient depolari-
sations, which contribute the creation of motility patterns in the colon. It provides the hy-
pothesis that chenodeoxycholic acid evokesdgwency pacemaker activity in4@E via

TGRS receptor activation on nitrergic nerves.

Key Words

Colon; Interstitial cells of Cajal; Chenodeoxycholic acid; Nitric oxide, Nitrergic nerves
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Introduction

Ever since interstitial cells of Cajal (ICC) were proven to be pacemaker cells for gastrointes-
tinal motility(Huizinga, et al., 1995; Thomssnal., 1998)understanding the relative roles

of ICC and enteric nerves in generating motor patterns has been a major focus of research.
With respect to the colon, this has been reinforced by studies that identify ICC dysfunction
as a potential causecob | oni ¢ dysmotility; Farrugia wr ol
is the only consistent pathology finding irepts with chronic constipatid(Knowles and

Farrugia, 2011l is not assumed that ICC lesions are the only cause, but their importance
was also highlighted by a higholution colonic motility study that showed a correlation
between the absence of ICC and the inability to generate propulsive contractile activity in
chidren with chronic constipati¢@iorgio, et al., 2013h many caseshe role of ICC in

motor pattern generation is uncontested, such as the regular 3 cpnvmmiisctions

in the stomackEdwards and Hirst, 2006; Koch, et al., 188d)the role of ICC in generat-

ing the 40 cpm propulsive contractions in the maasé@mal inéstine are also without dis-

pute(Der-Silaphet, et al., 1998)

Dissecting tissues to isolate a specific ICC network, together with associated muscle layers,
has given us much insight into the role of those ICC networks. For the colontdtis star

with studies in the canine that showed theS®I® to be the source thie dominant slow

wave activitySabourin, et al., 199@any confirmatory studies followedi and Huizinga,

1993; Liu, et al., 1998; Smith, et al., 1B&¢gnt studies in tmeouse and rat colon have
confirmed this role of IGGMP, and they gave further insight into the potential role -of ICC

MP in generating a second Hoequency stimustdependent electrical actiioneda, et
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al., 2002; Yoneda, et al., 2004; Pluja, 20@1; Huizinga, et al., 20I0H)e second pace-

maker activity of the colon, generated byMEChas several characteristics that are differ-

ent from the primary pacemaker. The activity is not omnipresent, is abolished by calcium
channel blockers, and heritappears to be dependent on driving the membrane potential
above threshold for calcium channel activation, thus, its occurrence will then be dependent
on a stimulus. Stimuldependent pacemaking also occurs in mouse small intestine and it
was shown tinteract with the primary pacemaker system to generate the typical segmenta-
tion motorpattern of the small intestift¢uizinga, et al., 2014; Pawelka and Huizinga, 2015)
This opened the research field of interactions between different ICC networkssgsra ba

the generation of certain motor patt€khsizinga, et al., 2015)

The elucidation of the precise role of ICC has been hampered by the fact that ICC and the
enteric nervous system (ENS) are so closely intertwined. Not only are ICC esslamtial for
transmission of certain neural excitatory or inhibitory pathways to smooth(\Wiast|et

al., 2000; Wang, et al., 2003; Ward and Sanders, 2006; Zhu, et al., 2014, Lies, et al., 2014)
neurotransmitters might also be the prime stimulators for treméhgdacemaker activity of

certain ICC networks. An excellent example of this was sh@agdawnov and colleagues

(2010) who utilized Ca imaging to record from colonic I€MP, which are under tonic

inhibition by nitrergic nerves, but respond to mechlastimulusnduced release of acetyl-

choline and substance P with rhythmi¢ €ansients.

Bile acids are endogenously synthesized detergent molecules released into the duodenum, via

the gall bladder and bile ducts, to emulsify fattatawyidigagon and absorptio(Camilleri
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and Gores, 2015; Bajor, et al., 200) two main primary bile acids are cholic acid and
chenodeoxycholic acid, which are synthesized from cholesterol in the liver and recirculated
from the distal ileum via Ndependent k& salt transporters in the epithelial cells, back into

the enterohepaticirculatior(Camilleri and Gores, 2015; Frommherz, et al., BOt6)tain
diseases, high concentrations of bile acids enter the colon and can caugketiaf0ts)

Both intinsic primary afferent neurons (IPANs) and enterochromaffin cells have TGR5 G
protein coupled receptotsat are activated by bile aciliemi, et al., 2013pterestingly,

the bile acid receptor is also found in the myenteric plexus where over 80%Yymthis&e
expressing inhibitory nerves positive for the TGR5 recept@oole, et al., 201®jle ac-

ids may not only influence the colon through the lumen, but they also circulate in the blood
(Frommherz, et al., 20169 that they can affect myemgiexus function, possibly activat-

ing nitrergic nerves. Activation of nitrergic nerves can result in inhibitory junction potentials
and subsequent inhibition of motor activities, but it can also play a role in the orchestration
of rhythmic propulsive motoactivitiedDiamant, 1989; Bogeski, et al., 2005; Ferens, et al.,
2007; Matchkov, 2010he objective of the present study was to investigate potential action
of the bile acid chenodeoxycholic acid on the electrical activity of the circular mescle of th
mouse colon, as well as the action of a NO donor, so that a potential mechanism of action of

the bile acid on inhibitory nerves could be postulated.

Materials and Methods
Animals
All procedures were approved by the Animal Research Ethics Board (AREBpsfer

University as per guidelines from the Canadian Council on Animal Care. FemalieeCD
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(Charles River Laboratories, St Constant, QC) were housed in the McMaster University cen-
tral animal facility withd libituraccess to food and water. Miceneks old were killed via

cervical dislocation.

Dissection

Mouse intestines were removed and placed into Krebs bubbled with 8% Q with 5

MM atropine. Then the whole colon was cut open along the mesenteric border. Two different
preparations wergsed in this study; in the first, the submucosa and mucosa were removed
and in the second, only the mucosa was removed, leaving the submucosal plexus intact, with
associated ICC. Proximal and mid colon muscle tissues were prepared and pinned out circu-

larmuscle face up or Sylgard® coated dishes.

Electrophysiology

Intracellular recording was performed on colonic smooth muscle preparations using Zeiss
Axiovert S100 TV inverted microscope (Carl Zeiss Canada Ltd., Toronto, ON, CA). Cells
were impaled with groelectrodes made from borosilicate glass capillaries-88R050

OD: 1.5 mm, ID: 0.86 mm, Sutter Instruments, Novato, CA, USA) pulled to a resistance of
2545 MU with a FI| a9ipipete pBllerqSutter Imstuchents), fited with

3 M KCI. Microelectrodes were attached to a78\headstage, connected to a Multiclamp
700B amplifier, then to a Digidata 1322A digitizer (all from Molecular Devices, Sunnyvale,
CA, USA). The digitizer was connected to a PC running Clampex 9.2 and Multiclamp com-
marder software (both from Molecular Devices). The headstage was mounted352a MC

micromanipulator (Narishige International Inc., East Meadow, NY) connected to a Newport
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stand (model 150 magnetic base, model 45 post and meld€l S4énp; Newport Corpo-

ration, Irvine, CA, USA) mounted on a Migraibration isolation table (Technical Manufac-
turing Corporation, San Francisco, CA, USA), all enclosed in almu#ttognounded, Far-

aday cage. Preparations were perfused constantly-36fC30rebs by a Pefiar Pro per-

istaltic pump (World Precision Instruments, Sarasota, FL, USA). Membrane potentials were
sampled at 20 kHz and filtered with a 10 kHz Bessel filter.

We recorded membrane potentials of mouse proximal colon smooth muscle cells using sharp
microeéctrodes. Very little spontaneous electrical activity was observed in the presence of 2
MM nicardipine (data not shown). In the presence of 5 uM atropine and absence of nicardi-
pine, some spontaneous contractility was observed, yet we could recort aslagityica

Nicardipine was thus avoided to allow observation of calcium ateperaent activities.

Solutions and Drugs

Tissues were kept in Krebs solution containing (in mM): 118.1 NacCl, 4.8 KCI.R@,NaH

1.2 MgCl 2.5 CaG| 11.1 dextrose and RaHCO;, with pH 7.35. All drugs were purchased

from SigmaAldrich, Burlington, ON unless otherwise indicated. Atropine was dissolved in
DMSO, nicardipine in 50% ethanol, chenodeoxycholic acid (Cayman Chemicals, Ann Arbor,
MI) in ethanol and both tetrododo and sodium nitroprusside in distilled water. DMSO
never exceeded 0.1% of the final solution. All drugs were #5Cabnce aliquoted apart

from sodium nitroprusside, which was prepared before experiments as required.

105



Ph.D. Thesi® G.W.J. Wright
McMaster UniversiyMedical Sciences

Data Analysis and Statistic

Differences between control and drug treated states were assessed-tadied thomo-
scedastiteStesdewntdésat0. 05. Means are repor
standard deviation. Membrane potential traces in figures were fil@amolpiiit with an -8

pole Bessel low pass filter, followed by a notch electrical interference filter to eliminate 60
Hz noise. Then the data were decimated to either 4 kHz or 0.2 kHz for plotting. Figures
were created using Corel Draw X5 (Corel Corpor&itenva, ON) and Origin 8.0 gra-

phing software (OriginLab Corporation, Northampton, MA).

Fast Fourier Transform (FFT) analysis was performed on membrane potential recordings to
decompose the time series of membrane potentials and separate them miagothent
frequencieqHuizinga, et al.,, 2014)his was performed using a program written in
MATLAB (MathWorks, Natick, MA), calling the predefined FFT function. The output of
the program produced osiEled power/frequency plots. Continuous wavelet tramsfo
(CWT) analysis was performed on membrane potential recordings, using the same MATLAB
program for FFT, to determine the frequency components present in each recording over
time. Phase amplitude coupling analysis was performed on membrane poteritigs record
using a plugin programmed for ImageJ (NIH, Bethesda, MD). Potentials were analyzed to
determine whether the phase of one frequency component present in the recording interact-
ed with the amplitude of another frequency component. Frequency rangéssgear¢oc

capture the relative leéwequency and highrequency components from the recordings. For

a more detailed description of these methods see Huizing20a5al.
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Results

Preparation with Submucosa and ICESMP Intact

Spontaneous Slow Alcaviey

In preparations with submucosa and associate8BMEOntact, slow wave activity occurred

at 19.9 + 3.0 cpm (n=17; Fig.-C).

Chenodeoxycholic Acid Induced Activity

Chenodeoxycholic acid (250 uM) evoked rhythmic transient depolarizatian .& Gén

(n=5) with an amplitude of 2.2 £ 0.7 mV (n=5; Fig. 1D & E) in preparations with submuco-

sa intact. In some experiments, smooth muscle action potentials were triggered by the up-
stroke of the rhythmic transient depolarisations (Fig. 1 D & E)n@urgiwavelet trans-

form (CWT) analysis of the example trace in Figure 1D revealed frequencies at ~3 cpm and
~20 cpm (Fig. 1F); the power spectrum of those frequencies determined by fast Fourier
transform analysis (FFT) is shown in Figure 1G. After theadifichenodeoxycholic ac-

id, the frequency of the slow wave was 18.5 + 1.9 cpm (n=11; Fig. 1E), which was not signif-
icantly different from the control frequency (19.9 + 3.0 cpm, n=17; p=0.188). The rhythmic
transient depolarisations interacted by phmapbtude coupling with the slow waves (Fig.

1H); the amplitudes of the slow waves were enhanced by the phase of the rhythmic transient

depolarizations.

107



Ph.D. Thesi® G.W.J. Wright
McMaster UniversiyMedical Sciences

. 60 42
30 B bat
'32_- 641 461 | \
] 661 484 I \ y
e A M ﬁ \ '
< ] A LA ‘WV! S -681 <50 || \| l M
S a5l ‘ VITRIA \} i = S ‘ | h l
E 22- (Wm\/dwk v %-70— H\ ‘ \ Hw E s2q || '\I ‘ | U | \
i <t PV %
407 741 56 \\ I\ ‘\ | N" "
o] -76 -58 \
44 205 78] 20s s0d | 20s
46 ] .80 624
D
E 254
-104
_30_
< 20 =
£ £ e
uf uf I
I MeAR A
\ » Ml
30 | ANt WA
] L L N"MM% 2
-40-
40
CDCA 250 M 1 min
H 187
16
F - G 100 e 1.4
3 z 124
g - o 1.0
> 40 g 5 084
5 ‘ g S 061
< £ 04
g 20 g 05
w 07
10 20 30 40 50 02
Time (min) Frequency (cpm) 12 P%asg(ra%) 6 7 8

Fig. 1: Chenodeoxycholic acid (CDCA; 250 uM) evoked rhythmic transient depolarisations
in preparatios with intact submucosa. Rhythmic ICESMP slow wave activity example

trace exhibiting 19 cpm slow waves from proximal colon. B) Example trace exhibiting 20
cpm slow waves from mid colon. C) Second example trace of proximal colon slow waves at
17 cpm. DRhythmic transient depolarisations evoked by chenodeoxycholic acid. Rhythmic
transient depolarisations evoked smooth muscle action potentials (APs); 19 cpm slow wave
depolarizations are also visible. E) Magnified potential trace from box in D. Freghency a

sis of control and chenodeoxycholic acid evoked electrical activity from trace in (D). F)
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Phase amplitude plot depicting interaction betweén cpth and 180 cpm frequency
components in (D). G) Tinfeequency contour plots showing the frequency @oembs

from (D) calculated using CWT. H) Power speetrequency distribution of recordings
depicting the strength of frequency components evoked by chenodeoxycholic acid calculated

using FFT. Potentials recorded in the presence of 5 uM atropine.

Chenodexycholic acid also evoked rhythmic inhibitory junction potentials (IJPs) in previ-
ously quiescent preparations with-BEMIP intact, which occurred at 22.5 £ 11.8 cpm, with

an amplitude 0f8.6 £ 5.2 mV (n=7; Fig. 2A & B). In another set of experimentsuiith
chenodeoxycholic acid, rhythmic IJPs also occurred spontaneously at 21.7 = 5.0 cpm with an
amplitude of IJPs9.4 £ 4.2 mV (n=3), these values were not significantly different from the

frequency (p=0.915) and amplitude (p=0.810) of 1JPs evoked dayecthxsaholic acid.

-40 -25+
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Fig. 2: Chenodeoxycholic acid (CDCA; 250 uM) evoked inhibitory junction potentials (IJPs)
shown from two different preparations with submucosa intact; recorded in the presence of 5

MM atropine.
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Preparation with Submucosa and ICESMP Removed

Spontaneous Electrical Activity

The most common electrical activity in the muscle preparations without submucosa (and as-
sociated ICESMP) had a frequency of 8.0 £ 0.6 cpm (n=29; Fig. 3B) and an amplitude of
1.3 £ 0.7 mV (n=29). Action potentialiaity was frequently observed at 221.7 + 60.8 cpm
(n=24) before and at 240.5 + 63.0 cpm (n=22) after chenodeoxycholic acid (p=0.31).
Rhythmic transient depolarisations were observed spontaneously at a frequency of 2.3 + 0.7

cpm (n=13), excluding the podgipthat they originated from the ISMP.

Chenodeoxycholic Acid Induced Activity

In spontaneously quiescent preparations, chenodeoxycholic acid induced rhythmic transient
depolarisations with a frequency of 2.1 £ 0.1 cpm and an amplitude of 6®v4(B-Y;

Fig. 3C). The power and time distribution of frequencies from example traces in Fig. 3, cal-

culated with FFT and CWT analyses, show both the ~2 cpm and ~8 cpm frequencies (Fig.

3D-I). Rhythmic transient depolarisations in the range-8fdprh enhnced the amplitude

8 cpm slow wave (rangd® cpm) by phasemplitude coupling (Fig. 3J).
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Fig. 3: Chenodeoxycholic acid (250 uM; CDCA) activatedrdgwency higamplitude
rhythmic transient depolarizations in preparations without submucosa. A) Control recordings
exhibiting lowamplitude rhythmic transient depolarisations and 8 cpm slow waver(B) pri

to addition of chenodeoxycholic acid. C) Rhythmic transient depolarisations evoked by che-
nodeoxycholic acid, which occurred concurrently with the 8 cpm slow wave. Trace in B was

recorded 4.5 min after trace in A; trace in C recorded 22.5 min adtan Bad®l) Fre-
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guency analysis of control and chenodeoxycholic acid evoked electrical activity from traces
A, B and C. D, F and H) Power spectfomguency distribution of recordings depicting the
strength of frequency components from control (A and dylanodeoxycholic acid (C)
calculated using FFT. E, G, and |) Fineguency contour plots showing the frequency
components of control (A and B) and chenodeoxycholic acid (C) recordings over time calcu-
lated using CWT. J) Phase amplitude plot depictmngcitibwn between @31lcpm and 4.2

cpm frequency components in (C). Potentials recorded in the presence of 5 uM atropine.

Sodium Nitroprusside Evoked Activity

Sodium nitroprusside evoked rhythmic transient depolarisations at 1.7 = 1.3 cpm; at an am-
plitude of 6.3 + 6.8 mV (Fig 4B; n=7). TTX blocked the rhythmic transient depolarisations
(Fig. 4B & C). The power and time distribution of frequencies from example traces in Fig. 4,
calculated with FFT and CWT analyses, show the ~2 cpm frequency evokednhyi-sodiu
troprusside and blocked by TTX (Fig-B#Drhe phase of the rhythmic transient depolarisa-

tions (0.23 cpm) enhanced the amplitude of the 8 cpm slow wa2en; Figs. 4.
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Fig. 4: Sodium nitroprusside (SNP; 1 puM) evoked rhythmic transietardegions. A)

Control recording with sporadic rhythmic transient depolarisations. B) Sodium nitroprusside
activated rhythmic transient depolarisations, enhanced their amplitude and increased the reg-
ularity of the frequency. Note that smooth musclengatitentials were triggered by some

of the rhythmic transient depolarisations. C) TTX (100 nM) blocked rhythmic transient de-
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polarisations evoked by sodium nitroprusside, which was added with TTX. Trace in B was
recorded 2 min after A, and trace in C wawsded 17.25 min after B:IPFrequency anal-

ysis of control, sodium nitroprusside evoked electrical activity from traces A, B and C. D, F,
and H) Power spectrufrequency distributions of recordings depicting the strength of fre-
guency components from cooit(A), sodium nitroprusside (B) and sodium nitroprusside +
TTX (C) calculated using FFT. E, G, and |) Hirmguency contour plots showing the fre-
guency components of control (A), sodium nitroprusside (B) and sodium nitroprusside +
TTX (C) recordings ovdime calculated using CW1IL)JPhase amplitude plots depicting

the interacting between 3.2nd 512 cpm frequency components in (A, B and C). Poten-

tials recorded in the presence of 5 uM atropine.

Prior to the addition of sodium nitroprusside (1 uM), rhythmic depolarizing activity was pre-
sent in preparations without submucosa, with a frequency of 8.2 + 0.9 cpm and an amplitude
of 1.41 + 0.62 mV (n=27). After the addition of sodium nitroprussideegjuency was 8.0

+ 0.1 cpm (n=17) and the amplitude was 1.23 + 0.81 mV (n=15; Fig. 5), these values were
not significantly different from the frequency (p=0.28) and amplitude (p=0.42) of control
values. Action potential activity was observed at 21tpn®{n=55) which was not influ-

enced by sodium nitroprusside (p=0.81).

Sodium nitroprusside (1 uM) also evoked rhythmic IJPs in previously quiescent preparations,
at 10.0 £ 8.1 cpm, with an amplitudedod + 2.8 mV (n=14; Fig. 5B). In another set of ex-

periments without sodium nitroprusside, 1JPs occurred spontaneously at 7.4 £ 5.2 cpm, with
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an amplitude of3.3 + 1.1 mV (n=5), these values were not significantly different from the

frequency (p=0.53) and amplitude (p=0.42) of IJPs evoked by sodiumssiiepr
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Fig. 5: Sodium nitroprusside (SNP; 1 uM) evoked 1JPs. A) Control recording with 7 cpm
activity. B) Inhibitory junction potentials evoked by sodium nitroprusside. Trace in B was

recorded 35.5 mins after trace in A. Potentials recorded instévecpref 5 UM atropine.

Discussion

In the mouse colon, ICC associated with the submuscular plex&VFS@roduce stable
rhythmic slow wavd¥oneda, et al., 2004; Yoneda, et al., 2002; Hanani, et al., 1998; Lee, et
al., 2009; Huizinga, et al., 2Qha) are not abolished by nerve conduction block. In the pre-
sent study, we confirmed that the 20 cpm slow waves originate from-8MPC€&Ince it

was present in preparations with submucosa, and absent from preparations without submu-

cosa, similar to theresponding actiyitof 1315 cpm in the rat coldPluja, et al., 2001)
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In both the mouse and rat colon, a second prominent lower frequency rhythmicity is present
that is dependérmon calcium channel activaf@daneda, et al., 2002; Yoneda, et al4; 200

Pluja, et al., 200Ihis means that this rhythmicity is stimdiysendent, it must depolarize

the smooth muscle membrane above threshold for calcium channel activation. These are
called orhythmic transient depatditeersmallia-t i ons

testingHuizinga, et al., 2014)

The present study shows that rhythmic transient depolarisations were activated by 250 uM
chenodeoxycholic acid or 1 uM sodium nitroprusside. The fact that sodium nitroprusside
evoked rhythmicity inchtes that a constant level of nitric oxide appears to facilitate rhyth-
micity; nitric oxide plays a similar role in tmeiggion of rhythmic vasomoti@datchkov,

2010) We hypothesize that nitrergic nerves can generate a constant level of nitmloxide f
itated by the fact thatdi are coupled by gap junctidagy, et al., 2014ince nitrergic
nervesexhibit abundant TGR5 recept@idemi, et al., 2013; Poole, et al., 20dpostu-

late that chenodeoxycholic acid evokes rhythmicity by actitasirgic nerves that in turn
activate ICC to generate the rhythmicity, since ICC are mesriwated by nitrergic nerves

(Ward, et al., 2000; Wang, et al., 2003; Ward and Sanders, 2006; Zhu, et al., 2014, Lies, et al.
2014) Rhythmic transient depalations were evoked in preparations with or without the
submucosa, thus, the ICC associated with the myenteric plexMjl&e a likely candi-

date, [consistent withd data from Takaki and Jime@¥¢aneda, et al., 2002; Yoneda, et al.,
2004; Pluja, etl., 2001) Since our experiments were performed in the presence of 5 uM
atropine, it is unlikely that cholinergic nerves were responsible for activatingMire ICC

Since atropine blocks muscarinic acetylcholine receptors, even acetylcholine (ACh) from
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trergic nerves would not be able to activate the inducibleagac@narrington, et al.,

2010)

Previous studies have shown thatflequency highmplitude electrical activity in canine
colon, termed slow electrical oscillations, which occurr&dcat,.were evoked by 0.3 uM
sodium nitropusside and blocked by 1 uM T{Keef, et al., 2002; Keef, et al., 19948)

also observed that ldwequency rhythmic transient depolarizations were evoked by 1 uM
sodium nitroprusside and blocked by 100 nM TTX. Similar activity called spike complexes,
with associated smooth muscle action potentials, were observed spgntan@axanal

colon from Balb/c micen postnatal day 20 at 3.1 cfgivard, et al., 1990ther studies

of Balb/c mice also exhibited these low frequency oscillations, which occurred spontaneous-
ly at 3.9 or 4.6 cpm, called spike bursts because of thitb smugcle actions potensial
evoked by the depolarisatigy®neda, et al., 2002; Yoneda, et al., .ZRBhmic low
frequency activity at 2 cpm was alseoved in cultured colonic IQ@u, et al., 2015)he

rhythmic transient depolarizations we olesesometimes evoked smooth muscle action
potentials as describereyiously in rat, mouse and dd&duja, et al., 2001; Ward, et al.,
1997; Keef, et al., 200¥Ye propose that once stimulated, -\ pace lovirequency

smooth muscle contractile activigythe generation of rhythmic transient depolarizaitions.

is likely that they result in a {requency propulsive motor pattern, for instance long dis-

tance contractions, described previously by Yu(2918)

Atropine (5 uM) was used to improve stability of the muscle and enable continuous re-

cording from smooth muscle cells. A previous study found that 3.5 uM atropine reduced the
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amplitude of slow oscillations (5@pm) in mouse circular mus@gwater, et al., 1989)

which would explain whiré average amplitudes of the rhythmic transient depolarizations
we observed were lower than thoseotber mouse studi¢Bywater, et al., 1989; Ward, et

al., 1997)We did not use nifedipine or nicardipine on our preparations, even though it en-
hances thetability of electrical recordinflsyster, et al., 1995ecause 1 uM nifedipine has

been shown to inhibit spontaneous rhythmic transient depolarizations (or cyclic depolarisa-
tions with associatetttion potentials) in rat col@Bluja, et al., 20Qhjfedipine (0.1 pM)

was shown to block rhythmic transient depolarizations (spike potentialsitvurgigse

colonic smooth musc{¥oneda, et al., 2002)

In the submucosfiee preparation, 8 cpm slow wave was observed in 30 out of 45 prepara-
tions, but inwas only observed in 1 out of 40 preparations with the submucosa intact.
Hence, removing the submucosa disinhibited the 8 cpm slow wave. We hypothesize that the
presence of the 20 cpm slow waves prevented the occurrence of the 8 cpm slow wave. It is
possile that the source of the 8 cpm slow wave is thdMC@hich normally conduct
ICC-SMP pacemaker activity into the muscle, but in the absenceSMREC&hd their slow

waves, their intrinsic 8 cpm slow wave may be revealed.

IJPs were evoked by chenodebgiic acid, the two neurotransmitters responsible for bi-
phasic colonicJPs are NO and adenosine or AARerti, et al., 2005; Lies, et al., 2014,
Gallego, et al., 2014; Mane, et al.,, 2014a; Mane, et al., 2014b; Sandarpr&dads

study showed #t NO-sensitive guanylate cyclase expressed in ICC and smooth muscle are

essential for generation of I{B®s, et al., 2014ince chenodeoxycholic acid evoked 1JPs
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in addition to rhythmic transient depolarizations, we postulate that it did so toygattte/a
inhibitory neurons of the myenteric plexus. This is similar to small intestinal ICC associated
with the deep muscular plexus {BKP), which also seem to generatel@mand pace-

maker activity, while being controlbsdinhibitory nitrergic nerv€sluizinga, et al., 2014;
Pawelka and Huizinga, 2015; Baker, et al., 2016; Zhu, et alThZOiSjurther supported

by our observation that SNP activated rhythmic 1JPs as well. Thus, it is likely that che-
nodeoxycholic acid and SNP act through sipathmways since they both activated 1JPs and

rhythmic transient depolarisations.

Networks of nerves in the brain communicate through phase amplitude ¢Balalingnd
Bardakjian, 2009; Canolty and Knight, 284@)the same phenomenon appears to orches-
trate interaction of networks of pacemaker cells in the gut. In the small intestine, phase am-
plitude coupling underlies the interaction between pacemaker activity of-Mie &0Q
ICC-DMP to generate the clacsd segmentation motor pattéHuizinga, et al2014)but,
dependent on the nature of the pacemaker activities, it is likely-fhedlewcy propulsive

activity can also be a consegeeof phase amplitude coupliRigiizinga, et al., 2013he
interaction of the two pacemaker activities inrtfa sntestine generates waxing and wan-

ing in amplitude of the dominant pacemaker activity eMECGNe did not see evidence of
waxing and waning in the mouse colon, the phase amplitude coupling resulted in enhance-
ment of the slow wave amplitude by rhythimansient depolarisations. This was obvious in

the interaction of rhythmic transient depolarizations evoked by chenodeoxycholic acid and
the 8 cpm slow wave purportedly generated BYMCte interaction with the 20 cpm slow

wave was less pronounckds possible that the enhanced slow wave amplitude caused by
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the phase of the rhythmic transient depolarisations was masked by the decrease in slow wave
amplitude which oocs as the membrane depolar{tas et al., 1994; Kim, et al., 2014)

Slow waveamplitude decreases as the membrane potential approaches the reversal potential
of the ion channels responsible for its upstroke. Chenodeoxycholic acid evokes low
frequency propulsive contractions in the human ¢Bempton, et al., 2002nd the pre-
sentstudy puts forth the hypothesis that this is evoked by induction -redovncy

rhythmic transient depolarizations in {KE, via nitrergic nerves, which then interact with

slow wave activity within the musculature and to generdtedaency propuige activity.

Hence, the electrical activity within the musculature is a combinatioffiredjl@mcy oscil-

lations with superimposed enhanced amplitude slow wave activity. The consequence of the
phase amplitude coupling of rhythmic transient depolarisatidrstow waves is likely an
enhancement in the amplitude of the ripple contractions, which occur at-8PGfe-

guency, féer long distance contractiop@u, et al., 2015)lore research is needed to con-

firm this and reveal how the lsgquency rhythio transient depolarizations propagate

within the musculature.

In conclusion, chenodeoxycholic acid evoked rhythmic transient depolarisations in the
mouse colon. The data are consistent with chenodeoxycholic acid acting on nitrergic nerves
via TGR5 recdprs, thereby creating a constant increase in NO arourBIRQ&hich

evokes rhythmic transient depolarizations.
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CHAPTER 5: DISCUSSION

5.1 Addressing the Three Research Questions

In my published works included here | successfully addressed the three research questions
proposed in the introductiohhe three research questions were the fofjdwowisthe

maxi Cl channel from IC@AP is activatedhow is the cholinergic agonist carbachol able to
excite colonic ICOM, andhow is the colonic inducible pacemaker actafgdved that

the maxi Clchannel from IC@/P is activated by intracellular Ca2+, that carbachol excites
colonic ICCIM via suppression of currents from7ks channels and that the colonic induc-
ible pacemaker is activated by chenodeoxycholiderad.will discuss the implicats of

these studies in the context of the literature and synthesize how they advance our under-
standing of the electrophysiology of interstitial cells of Cajal (ICC) regarding their intrinsic

and inducible pacemaker activities.

5.2 How is the Maxi C? Channel from ICGMP Activated?

Determining the identity of the pacemaker channel iMIE @as essential to understand
how gut motility is orchestrated. | showed ti@#‘asionophore (ionomycid; in Fig. 5.1), a
sarco/ endoplasmic reticulun?GATPasgSERCA) inhibitor in cyclopiazonic acid (2 in
Fig. 5.1) and biophysical block of*@atrusion with %4 (4 in Fig. 5.1) and Naubstitu-
tion (5 in Fig. 5.1) each activated the magh@hnel from small intestinal KMP. | also
showed that these intentions were able increaseJ@E intracellular €a From these
data, we can conclude that makeldnnels are activated by intracellufar Tee hypoth-

esis that maxi @thannels are the pacemaker channel froaME®as deficient because
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there wasaclear evidence it was periodically activatecFb{Z@a, etal., 2009)prior to
my study on its Gasensitivity. Howevarhave shown a mechanism by which méxi Cl
channed may become periodically activated and drive rhythmic pacemaker potentials which

underlie slow waves transmitted to the smooth muscle.

ICC-MP

i £L
P&, —cpa PLC
$3=DAG
®=Na’
®=Ca"
®=Cl
®=IP, e
—|= inhibits ®
—» = activates
O@ = patch excision

oL

Figure 5.1:Schematic diagram depicting the strategies which increased intraéednlhr Ca
activated the maxi®@hannel from IC@1P. We showed that ionomyé&ia C&" iono-

phore (10 and cyclopiazonic acid (CR¥9 sarco/endoplasmic reticulunt'GerPase
(SERCA) inhibitor (Bactivated maxi Gthannels by increasing intracellular. @&

showed that patch exoisiinto the insideut configuration changed inwardly rectifying
maxi Cl currents to outwardly rectifying indicating that the currents come from the same
channels (3). Another method we used to increase intraceltulasGmlution with Na
substitutedvith Li* to prevent C4 efflux via the NdCa?* exchanger (NCX; 4) and’Lto

block Rtype ATPases, including the plasma membrdhATase (PMCA; 5).
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5.2.1 Novel Implications

An important contribution | made with this study was that the rectifioedjmerties of the

maxi Cl channel are dependent on patch configuration. This settled the controversy regard-
ing the rectification of maxi®€hannels, showing that maXicblannels are inwardly recti-

fying while in patch clamp configurations that nypigsiological conditions: eattached
(Parsons and Huizinga, 20di0)vholecell(Zhu, et al., 2005] his proves that the maxf Cl
channel can generate the inward currents required for pacemaker potential upstroke initia-
tion. 1 showed that the outward rectification observed in thednusidenfiguration

(Parsons and Sanders, 2008; Huizinga, et alis2@@2jue to a different class of ma%i Cl
channels, since inwardly rectifying currents {attzlhed patches switch to outwardly recti-
fying without turning off. This observation is important because it medhe thaxi Cl

channel can be studied more easily in the-m#idenfiguration, since we know it is the

same channel as those responsible for inwardly rectifyattaced maxi Qturrents.
Maintaining celittached patch stability can be chatigntfius, using the insidet config-

uration is more attractive and is required for biophysical studies of channel permeability

(Parsons, et al., 2012)

5.2.2 Which €&ensitive lon Channel is the Pacemelker Chann

Since the pacemaker channel from ICC requires sensitivity to the rhythciockom
generate slow waves, researchers have proposeddbtative cation channel, which is
inhibited by intracellular €amight be the pacemaker chafikeh, et al., 2002; Corrias
and Buist, 2008l is possible that both maxP €hannels and NSCCs contribute to the

pacemaker potential upstroke apamemaker channels, but this seems unlikely since they
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have opposite sensitivities t3'*Ci NSCCs are the pacemaker chisnoae has to invoke

a complicated mechanism where mitochondria uptake roii®@ahe subspace between

the interior leaflet of the membrane and the sarcoplasmic reticulum (SR) than is exported by
inositol trisphosphate @Receptors on the SR memmiwéCorrias and Buist, 200B)this

were the case, the pacemaker potentials and rhytAntiar@éents that drive the rhythmic-

ity of the ICC would have to be at |gmstially out of phase, because NSCC activation re-
quires reduction of intracellulaf'G&oh, et al., 2002l is possible that localCavents

may behave independently from whole cé&lit@asients, but some level of'‘Gavent co-
ordination is required to evoke currents strong enough to depolarize ICC and initiate the
pacemaker potential upstroke. In ICC associated with the deep muscular pl&MP)JCC

local C& events and small Tavaves are not synchronised actwssvhole network in un-
stimulated conditioni&hu, et al., 2016; Baker, et al., 20¥6gn C4 transients in ICC

DMP are evoked by sustairguplication osubstance P, they become synchronized across
the whole networ{Zhu, et al., 201L6)ICCGMP networks exhibit synchronised whole cell

C&* transients spontaneou@lpwie, et al., 201I)herefore, iteems unlikely that localized
depletion of Ca could occur simultaneously with these whole éélir@sients, which are
required for network synchronisation and propagation of slow waves along the entire intes-
tine. Also, Anol and B¥which are involveith the pacemaker potential plateau a'e Ca
activated, therefore, it is likely that ICC peak intracellél@n@dhe pacemaker potential

plateau occur synchronously, the opposite of which would be required for NSCC activation.

In our explanation of maCP channel Ca sensitivity, we invoked the superficial buffer bar-

rier (van Breemen, et al., 199®)ich is similar to the idea of a-sampartment where mi-
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tochondria ufake C# released by the $Rorrias and Buist, 200Blpwever, in our expla-

nation the compartment between the inner leaflet of the membrane and the closely apposed
SR vould have increased intracellul&r @aconcert with whole ICC increased intracellular

C&*. This is not only simpler than an explanatlmreMocal subompartments of ICC ex-

hibit C&* events that are opposite to those of the whole éebvemts, but also fits better

with the hypothesis that ICC*Ctmansients and pacemaker potentials occur synchronously
and not completely out of phase. Simultanedtisn@aying and patch clamp or intracellular
recording experiments would enable detetiorinaf whether pacemaker potentials and

C&* transients are in phase or out of phase and which channels initiate the upstroke of the

pacemaker potential, subsequently activating all the otherdepggent channels.

5.2.3 Challenges and Limitations

The C& activation of the maxi @hannel study outlined in Chapter 2 had a few challeng-

es that | overcame to complete the study. The first was identifying ICC by morphology
without using fluorescent markers of any kind. To ensure accurate identifisa@Goin

future experiments, | would use transgenic mice expressing GFP lali€Bzahders, et

al., 201p Choosing to patch cells that were arranged in networks connected by tripolar
processes was the best available method to positively identify the ICC. Another challenge
was using cyclopiazonic acid, since it cau$ea@aients in cells, which soimeis

caused ICC to move even in the presence of nicardipine. Using excitatory drugs and neuro-
transmitters with patch clamping can be difficult since they will often cause the cell under

investigation to moydisrupting celattached patches.
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One of thepotential limitations of the €activation of the maxi @hannel study was

the use of cultured cells. We chose to use primary cultured cells as our model for studying
the maxi Clchannel since they have been used preViblugtinga, et al., 2002; Parsons

and SandersQ@8; Parsons and Huizinga, 20diiX)others have critieid their use be-

cause of the potential for ion channel expression and behaviour to change due to culture
conditiongZhu, et al., 2009)Ve published a study (Appent) showing that ICC

MRNA levels for-&it mMRNA changes over the course of 4 days in primary cultured cells,
sothe criticism that ion channel expression is altered in culturesdnmellsnwarranted.
However, we do not believe that the primary cdit@€ are completely different from

theirin viveounterparts, as the properties of the méxh@hnel when recorded fram
situpatches of small intestinal and colonic ICC were not markedly different from those of

primary cultured cellRarsons, et al., 2012; Wright et al., unpublished observations)

Another potential limitation is the highit'Gaquired to activate the maxi €lannelelia-

bly. However, The fact that channels were active spontaneously, without néed for Ca
transienfactivating drugs, and that the effectivéGatween the inside of the cell mem-
brane and closely apposed sarcoplasmic reticulum reaches the miige@anra
Breemen, et al., 199&fute the notion that maxf Channel activation by intracellular

C&" is not a physiological phenomenon.

5.2.4 Future Directions
For future experiments, it would be better to usentlsgtypatch clamping technique in or-

der to ensure the highest similarity to physiological channel activity, while enabling access to
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the cell membrane ion channels for recordinginrbgudissection and graration tech-
nique is described in Fig. 6.2. Due to patch instability because of contractile activity and be-
cause the ICC are not firmly attached to a solid surface, but the malleable tissue around

them,in sitypatch clamping is not ideal for-a@¢thchd patches.

e b o g
E>%E@% E>
1 > €5

Figure 5.2:Schematic diagram of tinesitypatch clamping dissection. A) After removing

the colon, it was pinned out along the mesenteric border. B) Fine scissors were used to cut
along the mesenteric border and pin the tissue flat, mucosa facing up. C) Then the mucosa
and submucosa were peeledftwo thirds of the tissue, and the loose peeled mucosa was
then cut off (D). E) the entire preparation was flipped over so that the serosa was face up.
F) A microscalpel was used to cut through the serosa and longitudinal muscle perpendicu-
lar to the tiage, on the section of tissue with mucosa still attached, approximately 1 cm
proximal to the edge of the section with mucosa removed. Then fine forceps were used to
peel strips of longitudinal muscle, starting at the cut, peeling from proximal to distal. G)
The middle section of the preparation was peeled such that the myenteric plexus was re-
vealed and the portion of tissue with mucosa still attached was removed. H) Then the mes-

entery was removed and the preparation pinned out taught on a microscosutigh. I)
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a highpowered phase contrast microscope | was able to visualize the interstitial cells of
Cajal found closely apposed to myenteric ganglia, after treating the with a protease solution

(Parsons, et al., 2012)

The next avenue of research on the magh@hnel is identifying the gene which encodes
it. One interesting feature of the maXicGannel that might assist in its identification is
that it is irreversibly blocked by thedBhnnel blocker DIDS. DIDS has been shown to
irreversibly block CFTEAssef, et al., 2008)d aron exchanger (Bchopfer and Salhany,
1995) If one were to construct a tagged DIDS mtdewiih a fluorescent probe attached
or a protein linker that could be extracted with covalently bound hudper®lels using
molecular techniques, the protein identity of the channels could be determiki#i. ICC
could be extracted by using flow cytometiyg selective markers suchlas(€luizinga,

et al., 1995; Ward, et al., 129) Anol(Zhu, et al., 2009; GomEmilla, et al., 2009)

The isolated ICC could then be treated with the tagged DIDS to create covalent bonds be-
tween the maxi ©&thannels and the blocker and then isolated using column chromatog-

raphy. The final step in the pess would be sequencing the eluted protein.

Whichever ion channel candidate turns out to encode the heaeir@kel, its role as an

initiator of ICGMP slow wave upstroke is vital for intrinsic pacemaker activity and its acti-
vation by C4 cements itsole as a channel that can respond to tHecldak from ICC.

Finding the initiator of the slow wave upstroke is an important part of the slow wave
pacemaker potential schema (compare Fig. 5.7 and 1.1) and provides a potential pharmaco-

logical target for adulating the intrinsic slow wave of the-1GE.
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5.3 How is the Cholinergic Agonist Carbachol Able to Excite Colonic ICOM?

The goal of our study was to determine the effects of the cholinergic excitatory neurotrans-
mitter analogue carbachol on ICC ioanttel activity. Having shown that the maxi chloride
channel in small intestinal KMP was C4 activated, it was logical to test whether drugs
that potentially cause increased intracellldath@ugh activation of muscarinic acetylcho-
line receptors (M2&hRs) could modulate ICC ion channel activity. Mythggis was that
carbachoactivate maxi Cl channels and inhibiK\7 K* channelgrom ICGIM. | showed

that carbachol could inhibit Khannels (1 or 2 in Fig. 5.3), by recording currents from cell
attached patches to which | applied carbachol. | also showed that tamhel blocker
XE991 in the pipette (3a in Fig. 5.3) or added to the bath (3b in Fig. 5.3) could block the K
currens. | then showed that patch excision into the wosileonfiguration turned off ‘K
currents (4 in Fig. 5.3). XE991 also activated niaxirents, likely indirectly through caus-
ing ICGIM to depolarize (5 in Fig. 5.3). In collaboration with Raul Vadgacia, who per-
formed single cell PCR, we showed that IC&pressed Anol mMRNA and&5 mRNA.

In collaboration with Dr. Xuan Yu Wang, who used immunohistochemistKitpuasicu-

lar acetylcholine transporter (VAChT), and ti#egdbfamily members,K25, we showed

that colonic IC&M express K7.5 proteins and IGMIP do not. Myenteric nerves also ex-
press K7.2 and k7.4 while the longitudinal muscle express@@KTherefore, we proved
the hypothesis that carbachol excitesIM®y inhibiting K75 channels. | also showed
that XE991 could indirectly activate makicB8annels by inhibitingyK.5 channels, which
may have occurred because blockifigg5Kchannels depolarized the cells and nfaxi Cl
channels are voltage sensi(Rarsons and Sanders, 20@&rsons and Huizinga, 2010;

Huizinga, et al., 2002; Wang, et al., 2008; Zhu, et al., 2005)
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Figure 5.3:Schematic diagram depicting mechanisms which suppress or block celonic ICC
IM Ky7.5 channel currents. | showed that colonielMCE€xpress K7.5 channels because

their K currents were suppressed by cholinergic signalling pathways activated by carbachol
(1 and 2). The selective/kchannel blocker XE991 blockeddtrrents when it was added

to the pipette (3a) or bath (3b) solutions. Patch excision causedufremtsa turn off

(4). Blockade of W currents with XE991 indirectly activated méxi@hnels (5).

5.3.1 Mechanisms 8f@Urrent Suppression

Kv7 currents are often calledchMirent, a term that was originally coined because the cur-
rents were suppressedi¥ChR signallinfHernandez, et al., 2008; Brown and Adams,
1980) The pathway activated by mAChRs, which suppregsesrkents, couples with

Gq11 Which activates phdsplipase C (PLC) to cleave phosphatidylinositbishbosphate
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(PiR) into IR, and membrandelimited diacyl glycerol (DAG; Fig. $83pwn and

Passmore, 2009)he main mode by whick Kchannels becasuppressed is the deple-
tion of PiR from the membrane by PLC (1 in Fig. 5.3), sineésRifipid required for
channel activatigiBrown, et al., 2007; Brown and Passmore,.2808her mode K7

current suppression is release of intracell#favi€#he hydrolysis of BifAelding IR,

which activates iPeceptors on the sarcoplasmic reticulum, releasing intracettular Ca
creased intracellular®Claads to calmodulin activation (2 in Fig. 5.3) which can also sup-
press K7 currentgBrown, et al., 2007yhe calmodulin mechanism was predominant with

bradykinin receptor suppression o7 iKurrent¢Brown, et al., 20Q7)

5.3.2 Challenges and Limitations

The original goal of the colonic ICC study was to assess the effect of the cholinergic ago-
nist carbachol on the activation of the inducible pacemaker in coloiM®1d@rough

some of the methodological challenges and some fortunate serendipity, we emeed up p
forming a study on the colonic 1AM instead. This was because it was very tricky to iso-
late intact networks of IGKAP from the colon using the primary cell culture technique
(described in methods section Chapters 2.2 and 3.2) compared to the srtestinal

ICC-MP. Because of this | resorted to patching isolated ICC, often exhibiting triangular or
bipolar morphology. One of the results of the study was immunohistochemistry showing
that ICGIM do not always present with bipolar morphology, ratihee save multiple
processes (Chapter 3.2 Fig. 7). Like the small intestifdPI@@xi Clchannel study,
positively identifying the ICC before patching them was not exact, and was made even

more difficult by the fact that multiple subtypes of ICC wesergran primary cultures
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and their morphological characteristics constitute a spectrum rather than distinct catego-

ries.

The study was strengthened by utilization of both immunohistochemistry to identify the
Kv7 subtype present in the ICC and patch crantpirecord the carbacksansitive cur-

rents. However, we were not able to stain the exact cells from which we regbfded K
currents. It is possible that cells that did not exhibit\{hé Kurrents, which were either
suppressed by carbachol or blodkeXE991, were IG®IP, which do not express any of

the K/7 genes tested. Furthermore, we were only able to confirm th\PI1GiG not ex-

press K7 channels via staining, not with electrophysiology, thus, the use of GFP labelled
ICC-MP (Sanders, et al., 20D2)in sityatch clampingParsons, et al., 2012)uld aid

aralysis of K7.5 channel propertigbe strengths and limitations of which were discussed

in section 5.2.3.

5.3.3 Novel Implications

There are several important implications ofIM®& 7.5 current study, the first of which

is that ICGIM express K chamels suppressed by cholinergic signalling, which provides a
mechanism by which they can become electrically excited by neuronal stimuli. Prior to this
study there were no other published studies on single channel patch clamping from the co-
lonic ICGIM subtype. Another implication is that K5 can be used as a selective marker

to differentiate colonic IGI from ICC-MP, since the latter do not express ay§ K
channels. | also showed that the selectivelannel blocker XE991 works on both sides

of the clannel, as it blocked currents when added to the bath wialtaceikd (Chapter
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3 Fig. 4) and it also blocked them when added to the pipette solution (Chapter 3 Fig. 6),
which had not been demonstrated previously. Since | was recording fatiacked
patches, if channel blockers added to the bath could blookrénts, those blockers

would either cross the membrane and block the intracellular face of the channel, or be-
come incorporated in the membrane and interact with the transmembrane stfticéures o
channels to block them by changing their confirmation. This is not an unprecedented phe-
nomenon as ¥ channels require the presence cflipiBs in the membrane for current
conduction(Brown, et al., 2007; Brown and Passmore, 2009pthesize that carbachol

may also lead to activation of makicBannels in ICAM, but were not able to definitive-

ly distinguish them from ICKIP, which were also presenthie primary cultures. The
evidence that XE991 could indirectly activate nfasii@nts by blockingJ#&.5 currents

certainly confirms that ICKM have those channels like small intestinaMC

This study bridges the gap between intrinsic ICC paareaasivity and inducible activity
evoked by enteric nerve stimulation.-I@G@lo not normally exhibit their own pacemaker
activity, but they facilitate the transmission of neuronal aRdPGnals into the mus-
cle. Thus, proof that IGIB1 possess cholergic signallingensitive k7.5 channels pro-

vides an explanation of the response ofINL@ acetylcholine (ACh) excitation.

5.3.4 Future Directions
Determining how the .5 channels from ICI® are supressed may help to clarify their
role in transnting neuronal signals and ICC pacemaker activity to smooth muscle. It is un-

clear which mAChR subtypes are present on colorid1COs possible that they express
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Ms receptors like small intestinal HII® (So, et al., 200Nk receptor expression would be
consistent with the suppression o7 K currents | observed because carbachol activates
both My and M receptors, which couple witly&to activate the PLC pathw@rown and
Passmore, 200Belective antibodies against the two mAChR subtyped M could be

used to determine whether they are expressed ¥yl I@Gf they have both.

Sirce both ICAM and ICGMP were present in cultures for the 1§ channel study, it is

possible that carbachol could have activated rhaka@hels from either cell type. Since
morphology was not a reliable characteristic by which to differentiatel@®€ subtypes

(see Challenges and Limitations), we could not include data showing carbachol activation of
maxi Cl channels in ICOM. The strategies that | would use to investigate carbachol activa-
tion of maxi Clchannels in colonic IGKIP could involvén sitypatch clamping, however,

since carbachol causes the smooth muscle to contract strongly, maintataitachee:||

patch can be challenging. One way around this could be using wortmannin which is a myosin
light chain kinase inhibitor that irredysbinds to its catalytic doméhakanishi, et al.,

1992)In sityatch clamping is not feasible for recordimm ICGIM since they are too

deeply embedded in the muscle layer for exposureitgittgissection. To assess whether
carbachol activates max €lannels from IC@M, | would use primary cultured cells, but

from animals with GFRagged K7.5 to dighguish them from IC®IP. One problem with

using wortmannin on IGB/ is that inhibits Plkinase, which would reduce the concentra-

tion of PiR in the membrane. As | showed, inhibiting Burrents with XE991 indirectly

activated the maxi®Ctherefore, @ivating K7 by reducing PiRnd indirectly activating

maxi Cl channels by depolarizing the cells, would confound the results with carbachol.
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Thus, using nicardipine to blockybe C& channels would be another option. It is unclear
how the Ltype C& channel is involved in colonic ICC pacemaker activity, but it warrants

further investigation.

5.4 How is the Inducible Colonic Pacemaker Activated?

After considering neuronal modulation of colonic@@y next goal was to investigate

the inducible pataker from the colon, likely found in H¥€. My hypothesis was that the
activation of inducible ICC pacemaker activity in the mouse colon;dhohoergic ni-

trergic myenteric neurons, stimulated by chenodeoxycholic acid, leads to generation of low
frequency rhythmic transient depolarisations. | recorde8 MECslow waves from colonic
circular muscle using sharp microelectrodes (1 in Fig. 5.4). | showed that the bile acid che-
nodeoxycholic acid (2a & 2b in Fig. 5.4 & 5.5) could induce rhythmic tdemsiarisa-

tions in preparations with (3 in Fig. 5.4) and without (3 in Fig. 5.5) submucosa and associated
ICC-SMP intact. In preparations with submucosa intact, | showed that the phase of rhythmic
transient depolarisation generated byMPJ5 in Fig. 8) interacted with the amplitude of

slow waves from IGSMP determined by phase amplitude coupling analysis. | showed that
preparations without submucosa exhibited an 8 cpm rhythmic depolarizing electrical activity
(1 in Fig. 5.5) likely from IG®1 and ths was absent in preparations with submucosa intact

(4 in Fig. 5.4). The phase of the-fquency rhythmic transient depolarisations interacted

with the amplitude of the 8 cpm activity (4 in Fig. 5.5), as determined {aygidisde

coupling analysis.
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Figure 5.4:Schematic diagram depicting the colonic interstitial cells of Cajal (ICC) pacemak-
er networks in crosgection and the mechanisninofucible pacemaker activatit®iC as-

sociated with the submuscular plexus of the colorRSMR) generatedtiinsic pacemaker

activity which paced slow waves recorded from circular muscle (1). Chenodeoxycholic acid
(CDCA) activated ICC associated with the myenteric plexusAPE@a activation of ni-

trergic nerves likely through TGR5 receptors (2a) or digthActivation of the inducible
pacemaker in IGBIP led to rhythmic transient depolarizations (3) recorded from the mus-
cle. Intramuscular ICC (I@®1) generated intrinsic activity that | observed with submucosa
removed was absent with KS®P present J4Intrinsic ICESMP slow waves and inducible
ICC-MP rhythmic transient depolarisations activated by CDCA or SNP were both present in

the muscle and they interacted by phase amplitude coupling.
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Figure 5.5:Schematic diagram depicting the colonic iti@rsells of Cajal (ICC) pacemak-

er networks in crosection and the mechanism of inducible pacemaker activation with
submucosa removed. Intramuscular ICC-(ND)Qyenerated intrinsic 8 cpm rhythmic depo-
larisations recorded from circular muscle (1).0dkerycholic acid (CDCA) or sodium ni-
troprusside (SNP) activated ICC associated with the myenteric pleB)MzCactiva-

tion of nitrergic nerves likely through TGR5 receptors (2a) or directly (2b). Activation of the
inducible pacemaker in IB@P led b rhythmic transient depolarizations (3) recorded from
the muscle. Intrinsic IC 8 cpm depolarizations and inducible-IgE rhythmic transi-

ent depolarisations activated by CDCA or SNP were both present in the muscle and they

interacted by phase ampléuwbupling.

5.4.1 Colonic Electrical Activity
Previous studies of the mouse colon have shown several distinct electrical activities, including

slow waves from ICC associated with the myenteric plextSNIECat 146 cpm
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(Yoneda, et al., 2004; Yoneda, et al., 2002pwfrequency high amplitude activity with
synchronized bursts of @ct potentials at ~3.5 cpfoneda, et al., 200Fhe slow waves

that we observed occurred at 20 cpm which is slightly fastdraserecorded by Yoneda

et al.(2002) but still within the range of frequencies they observ@@ ¢in). Studies of

the canine colon electrical activity revealed three typesrichédivity: ICGSMP slow

waves at 4-5 cpm, slow electrical oscillations at 1 cpm and myenteric potential oscillations
at 16 cpn{Keef, et al., 1997; Keef, et al., 2@IB electrical oscillations (SEOs) are acti-
vated by NO irthe canine colon and seem to rely on neuronal stimulation, as the spontane-
ous variety were blocked by 1 uM TKXef, et al., 2002} low electrical oscillations may

be the canine equivalent of the rhythmic transient depolarisations that | observed, especially

since | showed that they could be activated byaBtNBlocked by TTX.

5.4.2 Multiple Pacemakers and their Interactions

Since ICC associated with the myenteric plexus{R3@nd ICC associated with the deep
muscular plexus (ICGBMP) in the small intestine produce segmentation by phase amplitude
couplng (Huizinga, et al., 2014a; Huizinga, et al., 201ddmted to determine if the colon
exhibited similar pacemaker interactions. The stestiirnal second pacemaker can be acti-
vated by decanoic acid (DA) and butyric acid via different mecl{Raisei&a and

Huizinga, 2015 he pacemaker networks in the canine colon produce 6 cpm slow waves,
recorded from the circular noles as well as 20 cpm oscillations when closer to the myenter-
ic border(Smith, et al., 1987Mhe authors suggested that the two frequencies, produced by
ICC-SMP and IC@/P, interact by addition in the circular muscle. The 20 cpm frequency

appears to increase in amplitude with the depbtariphase of the ICKIP slow wave in
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their figure ZSmith, et al., 198%yhich suggests phase amplitude coupling. Rat colon also
exhibits two pacemakers; KMP produce a losfrequency (B cpm) high amplitude activi-
ty and ICESMP produce higher frequency12@pm) slow wavéBluja, et al., 2001;

Alberti and Jimenez, 2005; Kato, et al., 2009; Quan, et al., 2015)

In my study of the activation of colonic inducible pacemaker activity | looked for
interactions between ldvequency activity and higher frequency slow waves. | did this
based on observationstié interactions between lequency activity and slow waves
from the small intestine, which we called waxing and dainmga, et al., 2014a;
Pawelka and Huizinga, 2015; Huizirtgd,,2015)Here | explain the rationale behind
searching for phase amplitude coupling interactions betwdrglemcy electrical
oscillations and slow waves in the generationfragliiency electrical activity. &lternate
possibility is that two slow waves with similar frequencies could interact to produce the

phenomenon.

In the small intestine there is a frequency gradient of pacemaker activity such that the
proximal ICEMP generate higher frequency slow waaesthose more distal (Fig. 5.6A)
(Code and Szurszewski, 1970; Brown, et al., T3ZF8)P distal to the fastest proximal
pacemaker become entrained to that higher frequency, up to a certain distance away from
that pacemaker site, whistdependent on the strength of electrical coupling in the network
(Parsons and Huizinga, 20¥8)the limit of the lectrical coupling range to the fastest ICC

MP in the proximal small intestine, another pacemaker site emerges at a slightly lower
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intrinsic frequency, | eading to a ofrequen

A&B).

When the gap junctiondgker carbenoxolone was applied to whole small intestine in an

organ bath, the interval between frequency steps decreased and more pacemaker sites
appeared (Fig. 5.6 @arsons and Huizinga, 201&mportantly, the waxing and waning

pattern from electrical recordings occurred regaoflilbere the tissue for intracellular

recording was collect@@awell and Huizinga, 2018)nd not just at discrete areas where
frequency steps might occur, such that two slightly different frerquencies of slow waves
could theoretically be present. Also the preparations were small enoggsuth ¢hat

frequency graeints would not be distinguishable within tffeawelka and Huizinga, 2015)

as frequency steps usually occur every ~{Barsons and Huizinga, 2016he waxing

and waning activity was produced by two slow waves occuring at slightly different
frequencies interacting by addition in the muscle (ignoring that pacemaker entrainment
makes this very unlikely), then one would expect the amplitudeezikiheaged slow

waves to be a summation of the two waves, but this was not observed in any of our studies
(Huizinga, et al., 2014a; Pawelka and Huizinga, 2015; Huizinga, et Als®@Qirdke

airway smooth muscle, gastrointestinal smooth muscle cells are electrically passive and they
respond to the excitatory influences of nerves and ICC and are incapable of generating slow
waves or rhythmic transient depcddiosis in the absence of the ICC networks responsible

for pacing them. Therefore, these data taken together support the idea that two pacemaker
frequencies in the small intestine, one at ~2 cpm froMIinduced by decanoic acid

and the other at ~32 cpimom the intrinsic ICEMP, interact by phase amplitude coupling
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to produce the waxing and waning electrical activity. These observations led me to test
whether lowfrequency rhythmic transient depolarisations from the inducible pacemaker,
activated by chedeoxycholic acid, interacted by phase amplitude coupling with slow waves

or other rhythmic activities and | showed tiiatwas the case

Frequency Gradient

A Control

Frequency

B Carbenoxolone

>
%)
5]
E |
o
o
L
w

Figure 5.6:Frequency gradient and pacemaker entrainment in the small intestinal network

of interstitial cellsfcCajal associated with the myenteric plexusMIE)CA) In the absence

of drugs the frequency of slow waves generated by théR@Etwork is determined by

the fastest pacemaker in the proximal small intestine (e.g. [BB.cAhlCC within the

rarge of electrical coupling of the fastest pacemaker become entrained to its frequency, alt-
hough their intrinsic frequencies are usually lower than the dominant pacemaker. At the ex-
tent of the electrical coupl i g erqaureghecsy osft e
in the space/frequency plots (traces in A & B). Beyond the maximum coupling range, ICC

are not longer entrained to the proximal pacemaker, but rather the fastest local pacemaker

within coupling range. B) In the presence of the gap jubldaker carbenoxolone the
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range of ICC electrical coupling is diminished such that the interval between frequency steps
on the space/frequency plot is reduced. Since gap junctions are necessary for electrical cou-
pling over long distances, more local pakensites arose but they were not able to entrain

ICC that were further away.

5.4.3 Challenges and Limitations

One of the major challenges with the mouse colonic electrical activity study was the tissue
contractility. Unlike the mouse small intestineNfPGlow wav€_owie, et al., 201 1he

colonic slow wave is sensitive #iyjhe C& channel blocke(®luja, et al2001; Yoneda,

et al., 2002hence we could not use nicardipine. Instead we used atropine, which subdued
some of the contractility but not all of it, because the intrinsic pacemaker activity is con-
trolled by ICESMP without the input of enteric nerfidaizinga, et al., 2011; Yoneda, et

al., 2004)

A possible limitation of the rhythmic transient depolarisation study of mouse colon electri-
cal activity (Chapter 4) is that atropine inhibits thetyaatduced by bile acids in rabbit

(Shif, et al., 1982However, a study on the mouse colon showed that atropine did not
affect resting membrane potential, frequency of action potential bursts or the number of
action potentials within each bkbdneda, et al., 200¥Ye chose to use chenodeoxy-

cholic acid because of its ability to activatérémuency contractions in rabbit proximal

and mid colon, and because it is one of the most prevalent endogenous bile-acids at 30
40% of the poo(Bajor, et al., 2010 owever, chenodeoxycholic acid has a low potency

on TGR5(Kawamata, et al., 200B)yough which we believe it acts to activate nitrergic
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nervegAlemi, et al., 2013; Poole, et al., 20h18 may explain why 25@ ghenodeoxy-

cholic acid was required to evoke inducibleM®@acemaker activity.

5.4.4 Novel Implications

The most important implications from the study in Chapter 4 are the interactivity of the
colonic ICC networks, further evidence the-MIharbour an inducible pacemaker and

that colonic slow waves and {fsaquency rhythmic transient depolarisationaaitby

phase amplitude coupling, although different from the waxing and waning of the small in-
testingHuizinga, et al., 2014a; Pawelka and Huizinga, Btd5¢ason that the phase
anplitude coupled activity | observed appeared different than the waxing and waning activ-
ity from the small intestine (Fig. 1.2B) could be because of the magnitude of the difference
between the frequencies that were present. In the small intestine, ¢aefremu@ncies

were ~30 cpm slow waves and ~2 cpm rhythmic transient depolar{thtinimga, et al.,

2014a; Huizinga, et al., 2015; Pawelka and HuizingayBeddégs those | observed were

from ~20 cpm slow waves and ~2 cpm rhythmic transient depolarizations. The two fre-
guencies that coupled with submucosa removed were even closer in magnitude, ~8 cpm

depolarizing activity and ~2 cpm rhythmic transient dezadianis.

5.4.5 Future Directions

Based on the results and challenges faced during the study there are several potential tech-
nical changes to make and questions to address. To combat contractility impeding record-
ing in future experiments, it might be [iersd to use wortmannin, which is a myosin light

chain kinase inhibitgNakanishi, et al., 199%)ortmannin has been uggdviously to

paralyze smooth muscle for GI muscle electrophys{Blagyuinov, et al., 201Wking
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wortmannin would also allow us to investigate the actions of bile acids on cholinergic
nerves, since atropine would not be used to block mMAChRs. Two reasons that we did not
use wortmannin were that it is also akiti@se inhibitor that irreversibly bital#s cata-

lytic domain{Ward, et al1999) thus, does not posses a selective pharmacological profile,
secondly it is expensive when using b 1 of Krebs in each experiment. | could use A
cocktail of neuronal blockers to prevent muscle contractions stimulated by excitatory neu-
rotransmittes , f or | nst anc e -agréneceptocs lara proprapololttco b | o c k
blockA-adrenaeptors. This strategsas used previously, in addition to atropine, to stabi-

lize muscle preparations for intracellular recofiag, et al., 200T)o further investi-

gate the rolef NO in inducing ICEMP generation of rhythmic transient depolarisations, |
would use transgenic mice with Cre/loxP elements to excise guanylate cyclase in ICC
(Lies, et al., 2014hen determine if bile acids could still evoke rhythmic transient depolari-
sations. If we were to do more experiments, it might be betteateatmdary bile acid

like deoxycholic acid which is more potent than chenodeoxychdideanidet al.,

2013) We did not directly prove that nitrergic nerves are involved in the mechanism, but
the theory that they are imved is consistent with the data presented in Chapter 4 and the
fact that chenodeoxycholic acid is a strong inducer of propulsive contractions in humans
(Lee, 2015)taining for TGRS receptors would also help clarify the signalling mechanism
by which bile acids evoked indugiaeemaker activity in the colon, by determining in

which cell types they are expressed.

149



Ph.D. Thesi® G.W.J. Wright
McMaster UniversiyMedical Sciences

5.5 Synthesizing the Concepts of Intrinsic and Inducible Pacemaker Activity
Here | discuss some of the broader implications of my research into ICC electrophysiology,
some recent developments that affect the interpretation of my work, and clinical implications

of the knowledge | have provided.

Since my study on the’Csensitivity of the maxi®@hannel there have been some devel-

opments in our knowledge of the properties of the channel. Dr. Sean Parsons from our lab
showed that maxi channels from small intestinaME@Gave a sodiuehloride permeabil-

ity ratio (Rac) that ranged from 0.76 tc64(Parsons, et al., 201Phe Na permeability of

the channel further solidifies its capacity as the pacemaker channel from ICC because inward
Na" currents would depolarize them to initiate the upstroke ofamaleer potential. |

chose to call the channel the makecCGi a n n e | here, instead of | us
consistency with the nomenclature used in my studies. Also in the two studies where | rec-
orded the maxi channel, it was inwardly rectifythg iteHattached configuration and the

currents were carried by Bkcause the pipette solutions did not contaimNather per-

meant cations

Since the maxi Glhannel exhibits approximately 1:1 permeability faaridaCy, it

prompts the questiohowdoesthe channel behave as it approaches the Nernst potential for
CF (Ec)?Our best estimate of:EEan be calculated based on measurements of ICC intracel-
lular [C]] ranging from 80 mM(Zhu, et al., 2010\ith extracellular [Cbeing 140 mM.

In my study, | reported the reversal potential} (Elative to resting membrane potential,

which was assumedhie-65 mV(Kito and Suzuki, 2003)hus, Clcurrents through maxi
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CP channels should reverse about 26 mV above resting membrane paientz® (BV),

with 30 mM intracellular fC{Zhu, et al., 2010)

Onereasorfor reporting potentials relativer&sting membrane potentgbecause in the

cell attached configuratjaéhe channels in the patch experience a potential that is the sum of
the commangotential and the membrane potential (since the cell membrane is intact). Un-
fortunately, it is not psetble to measure the cell membrane potential whittaetied and

to avoid rupturing the cell to measure its membrane potential, we just used previously pub-
lished values as a guideline for ICC membrane pdteindiand Suzuki, 2003he mem-

brane potential of the cell changes over the course of an experiment, especially when | ex-
posed them to excitatory drugs chosen to activate the depolarizing chaxin@l, but if

the reversal potentials were not reported as relative to resting membrane potential, then they
would not make sense based on the aichextracellular fLIMy approach in this was

informed by the principle of making experiments as physablagpossibte observe ICC

ion channel activity in conditions that resemble gresent in the living organism. More
precision in measuring reversal potentials could have been achieved by bathing the cells in
140 mM KCI, but that could lead to kglite cells and would not allow them to respond

physiologically.

Small intestinal pacemaker potentials can be up to 50 mV in amplitude, which lead to 20 mV
slow waves in the mus@@to and Suzuki, 2003} the maxi Clchannel is responsible for
the pacemaker upstroke, then it could not depolarize ICC-3®on¥, but if it is Na

permeable it can continue to depolarize ICG, apitoaches\= +66 mV, beforglat-
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eauing at abod20 mV(Kito and Suzuki, 2003)/ithout N& permeability, maxi @lhannel
would not be able to contribute to the entire upstroke of the pacgrutdntial and its

amplitude would be dependent on just voltage gatexhN&& channels (Fig. 5.7).

-20 mV
-70 mV
3s
DHPR Ca™ K11
BK..
SCNOA
ERG __NSCC

Intracellular [Ca*]

Figure 5.7:Schematic diagram of ion channel involvement in the interstitial cells of Cajal
associated with the myenteric plexus-BE pacemaker potential after my thesis. Top
trace represents a slow wave pacemaker potential generatedBy Befow, triangles
represent current contributions from: dihydropyridiaistant (DHPR) €achannels,

SCN5A Na channels, neselective cation channels (NSCC), voltage gatddiknel 1.1
(Kv1.1), large conductanceé‘@mtivated Kchannels (BK), etherago-go relatediene

(ERG) K' channels, anoctamin 1 (Anolj'@ativated Clchannels, and transient outward

K* channels (K). The maxi Ckchannel is involved in the upstroke of pacemaker potential,
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which occurs in concert with rhythmic intracellul&rt@asients ilCC-MP (bottom
trace) Downward triangles indicate inward currents and upward triangles indicate outward

currents.

5.5.1 Roles of ICC in Gut Motility

The roles of ICC in the gut are varied depending on the location within the gut wall and the
specific functions of the organ from which they are derived. Small intestM& ICC

(Thomsen, et al., 1998; Barh@®ez, et al.,9B9; Kito and Suzuki, 2003; Huizinga, et al.,

1998; van Helden, et al., 2G@) colonic ICEGGMP(Pluja, et al., 2001; Huizinga, et al.,

2011; Yoneda, et al., 2002th generatairinsic pacemaker activities that pace the slow

waves from their respective organs. For unknown reasons these intrinsic pacemakers are not
located in the same layer of the gut wall of their respective organs. Intrinsic pacemaker activi-
ty requires a pacekes channeivhich | have shown is the maxi @lannel. Not only was

the maxi channel present in small intestinaM@Cbut also in the signal transmitting co-

lonic ICGIM. The maxi Clmay also be present in colonic 4B or ICGSMP, which

would maketia hallmark feature of the cell type. Colonic magh&hnels expression and

activity warrants further investigation.

Originally it was thought that ICC networks that did not exhibit intrinsic pacemaker had an
unknown function maybe involved in netamesmissio(Huizinga, et al., 199&)ince then

we have learned that the ICC networks in the small intestinal deep muscular plexus (ICC
DMP) are involved in pacing inducible-feeguency activi§Huizinga, et al., 2014a; Zhu,

et al., 2014; Huizinga, et al., 2015; Zhu, et al., @6lG)ic ICEMP appear to play a simi-
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lar role to small intestinal IECAIMP in that they also generate inducible pacemaker activity
when activated by certain stinfiigef, et al., 1997; Keef, et al., 2002; Pluja, et al.a2001)

| have shown with chenodeoxycholic acid. Another subtype of ICC that dopgaotaap
generate intrinsic pacemaker activity are the-imgaiyated networks of IG®1. While

they may not generate spontaneous electrical activity to pace the muscle, their excitability in
response to innervation plays an important role in transnaissignals throughout the

muscle layers in which they are embe(gdeduro, 2006; Ward and Sanders, 2006)

function of the 8 cpm activity we observed from-IKZ@h the absence of ICEMP re-

mains unknown and may represent a redundant backup pacemaker, inactive in the unper-
turbed state. Thus, there are three major roles for subtypes of gastrointesterai&C: g

tion of intrinsic pacemaker activity leading to slow waves, generation of inducible pacemaker
activity when stimulated and transmission of neuronal or other ICC pacemaker signals into

the muscle.

5.5.2 Clinical Implications

Recently, our laboratdmgs turned its attention to determining how the motility patterns in

the human colon are orchestrated, so that we may be able to help develop therapeutic strate-
gies to treat patients with refractory dysmotility, like chronic constipation. There are numer-
ous aetiologies of chronic constipation in hurf@msgio, et al., 2013; Knowles and

Farrugia, 2011If the colon of a chronic constipatjgatient undergoing highsolution

manometry does not respond to bisacodyl stimulation, there are few options remaining other
than surgery. | determined a mechanism by whicphd@%cl colonic electrical is activated,

which likely underlies increased pipelmotility. This could be translated to provide bet-
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ter options to chronic constipation patients, other than colectomy. Since chenodeoxycholic
acid is used for treatment of gallstghgsin, et al., 2015 nd it can cause diarri@@bemi,

et al., 2013; Lee, 2015; Camilleri and Gores, 2@1&l)using it in chronic constipation
patients assessed with higéolution colonic manometry is warranted. Once activation of
inducible pacemaker activity is understood, drugs could be developed tprapiNsiiee

motility in patients with refractory chronic constipation.

Understanding which ion channels are present in ICC and how they are regulated, are not
just interesting topics for investigation by basic science, they are essential to enable develop-
ment better treatments for motility disorders. Since ICC are very important for controlling
the rhythm, propagation direction and type of motility present in the gut at a given time, it
stands to reason that patients with ICC pathologies would presdgsmitility. This has

been observed clinically as patients with loss of ICC present with chronic constipation
(Sanders, et al., 2006; Knowles and Farrugia, Bis] )gaining understanding of the ionic
mechanisms behind ICC pacemaker activity and excitability may provide potential drug tar-
gets treating dysmotility. Knowledge gained from basic scientific discoveries in neuronal
patchclamp electrophysiology was later applied in cardiology basic and clinical research,
which led to improvements in treating heart arrhyttiRugsley, 20Q2)lutations in ion

channels genes, called channelopathies, can lead to numerous types of motility disorders,
which can affect individual patients unig{Bdyder and Farrugia, 2016» channelopa-

thies in gastrointestinal motility disorders are an emerging area that will lean on our under-
standing of ICC ion channels and their regulatory mechatigregilly mapping the ion

channel involvement in the pacemaker potential and elucidating the regulatory mechanisms
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of ion channels in ICC will lead to advancements in treatments for dysmotility, like those

achieved in treating cardiac arrhythmias.

5.6 IMmary

My thesis focused on the investigating the electrophysiology of three subtypes of ICC: small
intestinal IC@VIP, colonic IC&@M and colonic IC@VIP. Firstly, | showed that the maxi ClI
channel is the pacemaker channel fromM®BCbecause it is actied by intracellular €a

(Fig. 5.8AC). Secondly, | showed that colonic-l@Care excited by cholinergic agonists
because they express7K channels whose currents are suppressed by activation of
MAChRs (Fig. 5.8B). Finally, | showed that inducibleegraaker activity from colonic
ICC-MP is activated by the endogenous bile acid, chenodeoxycholic acid (FigJp.8D, G
These three main contributions, along with the details of the papers contained herein, com-
prise significant contributions to our knowéedfjithe electrophysiology of ICC. | have ad-
vanced our understanding in the three main roles of ICC: generation of intrinsic pacemaker

activity, facilitation of signal transmission, and generation of inducible pacemaker activity.
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Figure 5.8:Summary ofontributions to the understanding interstitial cells of Cajal (ICC)
electrophysiology. A) ICC are located throughout the gastrointestinal tract, in one of my

studies | focused on the ICC associated with the myentric plext4R)J©Cthe small in-
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testinewhich generate intrinsic pacemaker activity responsible for slow waves$iB) ICC

have maxi €thannels that were pacemaker channel candidates prior to my thesis, but it was
not clear if they were sensitive to intracellufar CgMaxi Clchannels frm ICGMP are

activated by intracellular’fOaleased from the sarcoplasmic reticulum (SR) tegéptors.

D) In the colon, intramuscular ICC (K@) are located between the circular muscle cells.

E) ICCGIM do not generate intrinsic pacemaker activityl, showed that they are highly
innervated by cholinergic nerves and expresisainels that are sensitive to cholinergic
signalling. F) Acetylcholine released from cholinergic nerves activates muscarinic acetylcho-
line receptors (MAChR) on IgK2, leading to activation of Gwhich in turn activates
phospholipase C (PLC). PLC cleavesiftd’diacylglycerol (DAG) and inositol trisphos-

phate (IB). Kv7.5 channels are blocked either by depletion pifPieh is required for

channel activity or by blockdzlecalmodulin which is activated by @deased from the
sarcoplasmic reticulum by thefflBm PiR hydrolysis. G) Colonic ICKP also do not

generate intrinsic pacemaker activity, but harbour the inducible pacemaker of the colon. H)
ICC-SMP generatatrinsic pacemaker activity which paces the slow waves in colonic circu-
lar muscle. I) Chenodeoxycholic acid activates TGR5 receptors on nitrergic nerves which
release nitric oxide onto the KMP which they innervate. Once activated theMi@@en-

erate indcible pacemaker activity. J)4aE inducible pacemaker activity causes rhythmic
transient depolarisations in the muscle which occur in concert with slow waves-from ICC

SMP.
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APPENDICES

ANO1 IS A BETTER MARKER THAN C -KIT FOR TRANSCRIPT ANALYSIS

OF SINGLE INTERSTITIAL CELLS OF CAJAL IN CULTURE

11Preface

The body of thisppendixvas reproducefidom a journal articlpublished in Cellular &
Molecular Biology Letters, of which | am the third author

LoeraValencia R, Wang XWright GWJ Barajat6pez C, and Huizinga JD (2014)

Anol is a better marker thaiit for transcript analysis of single interstitial cells of Cajal

in cultureCell Mol Biol La9:601610.DOI # 10.2478/s116581402144

The article was published in an open access journal and has been reproduced here in ac-
cordance with Collective Commons licensgéseagssion to reproduce copyright material
Appendi x) from t he UnThivaeticlswas aso pullisasdrad ¢ Ga w
of RaulLoerd al enci ads P h Dthdalnstiuo Paoma de bnwestigaiciénd t o

Cientificay TecnologicaMexicogntitled: Signalling Modulation in Cells that Control Gas-

trointestinal Motility.

As coauthor of the paper | prepared alptimaary cultured ICC, performed tieglecell
extractions, and wrote somelaf manuscript and edited it during review. Raul-Loera
Valencia planned the study, perfori@@d of the singleell PCR, prepared thmglecell
PCRfigures, wrotenostof the manuscript and edited it during reviewanX(u Wang
performed th&3% of thesinglecell PCR andllthe immunohistochemistry and staining,
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AnollS A BETTER MARKER THAN c¢-Kit FOR TRANSCRIPT ANALYSIS OF

SINGLE INTERSTITIAL CELLS OF CAJAL IN CULTURE
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Abstract: The interstitial cells of Cajal (ICC) drive the slow-assexiated contractions in

the small intestine. A commonly usedker for these cellsciKit, but another marker
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namedAnolwas recently described. This study usescatigReFPCR, gPCR and im-
munohistochemistry to determin@mfolcould be reliably used as a molecular marker for
ICC in singlecell MRNA analysislere, we report on the relationship between the expres-
sion ofeKitandAnolin single ICC in culture. We observed Amatlis expressed in more
than60% of the collected cells, wheésis found only in 22% of the cells (n = 18).

When we stained (Cprimary cultures forKIT and ANO1 protein, we found complete
colocalization in all the preparations. We propose that this difference is due to the regula-
tion of cKitmRNA in culture. This regulation gives rise to low levels of its transcript, while
Anolis expressed more prominently in culture on day 4. We also propbselisat

more suitable for singtell expression analysis as a marker for cell identitKitetrthe

MRNA level. We hope this evidence will help to validate and increasegb®e & future

studies characterizing single ICC expression patterns.

Keywords:Interstitial cells of CajakKit, Anol Multiplexed RIPCR, Singteell PCR,

Transcriptional regulation, ICC marker, Small intestine, Primary cultures, Pacemaker cells

* Author for correspondence. Emadlul.loera@ipicyt.edu.mx; phone: +52 444 834x2033; fax: +52
444 834 2010

Abbreviations usedno1d anoctamin 1, HS HEPES buffer saline solution, |@ahterstitial cells of Cajal,
NC & no cell control

162



Ph.D. Thesi® G.W.J. Wright
McMaster UniversiyMedical Sciences

INTRODUCTION

Pacemaker cells called the interstitial cells of Cajal (ICC) drive the skssotated

contractions in the small intestind3[1Research on the physiology and biochemistry of

these cells through patch clamping and other eleailplgical techniques helped to gain
insight into their function as the pacemakers of thedyiit [Hbwever, other molecular
techniques, such as-RCTR and gPCR have only been used in a limited way because there
is no pure culture of ICC or ICC cell larewhich to perform gene expression analysis
separately from the associated tissues, such as the enteric nerves and smooth muscle [8]. To
date, only one transcriptomic analysis of ICC has been achieved after enrichment and puri-
fication of cell samples tlugh fluorescenexkctivated cell sorting [9], but the implementa-

tion and validation of such a method requires specialized equipment and considerable eco-
nomic investment. With the availability of transgenic mice with cepx@feRsing ICC

[10], primary cultes have been used to improve identification in electrophysiological or
immunohistochemical analyses [11, 12] but not in single cell characterization. One alterna-
tive for the molecular analysis of ICC is the sted| & FPCR technique, which allows the
collection of individual cells from a mixed culture [13]. The use oEslhBIEPCR has

increased in recent years thanks to the introduction of new technologies and the implemen-
tation of readyo-use PCR products. However, the research on singkpedbmn pro-

filing with ICC has been limited, with only few publications on the subject, mostly dedicat-
ed to the identification of the ICC througKit expression, which is a broadly accepted

ICC marker [1, 3, 14, 15]. Some of the problems encountéoechipg singleell RF
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PCR with ICC are the small amount of genetic material obtained and the need to amplify
the ICC markeeKit from every sample, since the most simple form of the protocol allows
the amplification of only one target [16].

The large majority of experiments in ICC have been performed in culture, and previous
reports have indicated that culture conditions may affect the biochemistry and function of
ICC [17, 18]. In particulaxKitis a gene that can be greatly influencttelyresence of

serum factors like TGeta, which significantly decreases thdifeadf cKit mRNA [19].

This phenomenon could affect the results of expression studies involvieglsiRgle

PCR and usingKitas a molecular marker. Recent evideaaentified the calcium

activated chloride channel TMEM16A/anoctaminbg in ICC [10]. Immunofluores-

cence studies reported 100%omalization of this channel wekit, and it is now accept-

ed as an additional marker of ICC identity in both ewnhd tissugR0, 21].

MATERIALS AND METHODS

ICC primary cell culture

Shortterm primary cultures of ICC were generated by enzymatic digestion of dissected
small intestinal muscle tissue as previously described [22, 23]. Small intestines were re-
movedfrom 5 to 15day old CB1 mice (Charles River Laboratories) and dissected using
blunt dissection. The gut wall was cut open at the mesenteric border, and then the mucosa
was removed along with the mesentery. The muscle was cut into pieces and incubated fo

15 min at 36°C in HEPHSuffered saline (HS) with the additwdri mg/ml type F colla-
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genase€l, mg/ml bovine serum albumin, 0.5 mg/ml papain, 0.5 mg/ml soybean trypsin in-
hi bitor an dl40ithi@L-threid (allfron{ Sigina). After trituratioithe

smooth muscle, the cell suspension was setttedlagen coatezbver slips and cultured

for 304 days before use, using the Clonetics Sth&Mtem (Lomax, supplied by Cedar-
lane).

All of the procedures were carried out in accordance with oeguiatim the Animal Re-
search Ethics Board (AREB) of McMaster University in accordance with guidelines from

the Canadian Council on Animal Care.

Relative expression RTPCR

To assess the relative expressiaiKibendAnolcompared to GAPDH, primary aulés

of ICC were prepared as described above. Day 0 corresponded to a stabilized culture in
serumfree solution, while days 2 and 4 correspond to that many days of culture in the
normal culture medium. The Ambion Cells to cDNA Il Kit for cDNA extractisruaed
according to the manufacturer 0dscKitamdt ructi o
Anolare also gPCR compatible. We detected GAPDH expression with the primers
GAPDHFCAIT GGAGAAGGCCGGGG and GAPDHR 56
CAAAGTTGTCATGGATGACC (PCR product: 188). The program included an initial
denaturing of 95°C for 5 min, followed by 35 cycles of 10 s of denaturation at 95°C and
annealing/extension at 60°C for 5 s. A melting curve was applied to ensure the specificity

of the PCR products (65 to 95°C witiR©.Steps every 5 s).
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Single cell isolation and RNA extraction

In order to isolate the ICC in primary culture fofFCIR, we utilized a patch clamp rig as
described elsewhere [23]. B were identified by their roughly triangular shape with a
processtaeach apex, found singly. Protease (0.1 mg/ml) was used to detach ICC from the
collagercoated coverslips. Unpolished,-tegistance pipettes were used to remove cells
from the coverslips. Cells were removed by applying negative pressure to tiernpette.
cell (NC) control was included. For it, we simulated the collection of a cell by lowering the
pipette into the bath solution. The pipettes for single cell extraction contained 0.6 pl of
RNasefree 10x RT Buffer with RNase inhibitor (20 units per sabop final volume of

6 pl. The contents of the pipette were expelled with positive pressure into a PCR tube con-
taining 12.5 pl of RNa$®ee RT mixture consisting of 2.3 uM oligo (dT), 150 uM dNTPs,
1.2 mM dTT, 3.6 mM Mg&ind 1.4 ul of 10x RT Buffeiife Technologies) along with

0.5 ul of 1% NP40 detergent to cause cell membrane disruption.

The reaction was incubated at 65°C for 2 min. After the addition of 1 pl reverse transcrip-
tase (Superscript Ill, Invitrogen), the sample was placed at 5@@ior Bor positive

controls, tissue extracted from adult C@Durine brains was triturated in a mortar with a
pestle in liquid nitrogen. Afterwards, we weigh&2D1ig of tissue and collected it in
Eppendorf tubes with 500 pl of lysis solution from aeaRMNRNA isolation kit (Qiagen).

The RNA was obtained from the lysis solution using an affinity column and was collected
for cDNA synthesis using the instructions of the Superscript Il First Strand Synthesis Kit

(Invitrogen)
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Single-cell RT-PCR

The singd cells obtained from primary cultures were test@tiddandcKit expression

using a nested approach. The externalngriorepreamplification were:
Anol-FGHPBACTTTGCCTGGCTTGGAGCACETGEC Anol1R 58
AATGCAGCCGTA (PCR product: 700 bp); ardte 5-GCTCAT TGGCTTT-

GTGGTTGCAG and &k i t -RTGE@CCAAGCAGGTTCACAA (PCR product: 404

bp) . For nested PCR we used the internal p
CAACTACCGATGGGACCT CAC-AARTAGGC CAGGGAATECGAEICG 6

(PCR product: 170 bp); anéd ¢ t i-ATA BACCGGAGCAACTTCCT and«itintR
5-BACTGTCATGGCAGCATCEGAC (PCR product: 150 bp).

Preamplification of the targets was carried out on half of the single cell cDNA, or 200 ng

of tissue cDNA, by cycling 30 times at 50°C and extending for 1 min at 72°C. Then, nested
PCR was carried out using internal specific primers. The PCR protocol was performed on a
CFX96 thermal cycler (BRad Laboratories Canada Ltd.): initial denaturation for 3 min at
94°C, then 35 amplification rounds of denaturation for 15 s at 94°C raligndtes at

55358°C, and extension for 30 s at 72°C. Thieef@nsion was 5 min at 72°C.

For both amplifications, recombinant Tag Polymerase was used according to the manufac-
turerds instructions (Life Tecithoubaltemmgi es) .
plate; no false amplifications were obtained. The resulting products were analyzed via aga-
rose electrophoresis in 1.5% agarose gels (Invitrogen) stained with 1 pug/ml ethidium bro-
mide (Sigmaldrich). Images were obtained with ae 2000 dogmentation system

(Bio-Rad Laboratories Canada Ltd.). The identities of all of the amplicons produced were

confirmed by sequencing (MOBIX Laboria® McMaster University).
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ANOL1 and ¢KIT immunohistochemistry

For immunohistochemistry, both musculaturdenhount tissue and cultured cells were
made from the proximal jejunum of CD1 mice processed according to the following pro-
tocol. Tissues were fixed in-ocdd acetone for 10 min. After incubation with 5% normal
goat serum for 1 h to block nepecific sining, tissues were incubated with monoclonal

rat anticKit (ACK4, 1:200, Cedarlane) overnight, followed by Cy3 conjugated gatt anti
lgG (1:600, Jackson ImmunoResearch) incubation for 1 h at room temperaturKitAfter c
staining, the tissues wexedi again with 4% (w/w) paraformaldehyde in phosphate

buffered saline (PBS) for 1 h. The tissues were incubated with raBbiCan(iL:100,

AbCam Inc.) and then with Alexa 48®jugated goat améibbit IgG (1:200, Jackson
ImmunoResearch). All of thetibodies were diluted in 0.3% TritoflB0 in PBS (pH

7.4). Control tissues were prepared by omitting primary antibodies. Pictures were taken us-
ing a confocal microscope (Zeiss LSM 510) with excitation wavelengths (543 nm and 488

nm) appopriate for Cy3 ahAlexa 488.

RESULTS AND DISCUSSION

Anoland c-Kit relative expression

In our relative expression analysis, we observetKitlavels remain constant during

primary culture, but they were low on day 4 compafatbfipwhich increased around

fourfold (p < 0.05, Fig. 1A). This suggests that Anol is a better candidate for ICC identifi-

cation in single cell expression analyses. The effect of sekitmdRNA regulation has
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been shown in other cell types [19], but theige dynamics eKit transcription, transla-

tion andcysacting mechanisms in 1€&juire further investigation.

Standard singlecell AnoZand c-Kit RT-PCR

Since Anol levels were highest on day 4, we looked for Anekibexptession in sin-

gle ICC at this point during culture. We were able to amplify two genes from single intersti-
tial cells of CajaknolandcKit We found that of the eigAhoZXpositivecells, only one
exhibitedzKit expression (Fig. 1B). Of 11 cells tested, 3 cells did notAxbitut cKit
amplification. These cells were not taken into account in the percentage reported because

we cannot be sure that any PCR product could bdiadnpbm their cDNA.

Multiplexed RT-PCR and immunohistochemistry

The possibility of a multiplexed approach to increase the number of targets amplified has
been reported elsewhere [24]. We applied this methodology to single ICC for this study.
We revisid the ratio oAnoland/or cKitexpression in these multiplexed experiments

with similar results (n = 18 cells At kpositive cells; dKit-positive cells). Additional

genes were amplified from #heolpositive cells (voltaggated porins and potass

channels, data not shown), confirming that cDNA had been synthesized correctly and the
lack ofcKit expression was not an artifact of the technique used.

At the protein level we found 100%lacalization betweeéknolandcKitin both tissue

and cltured cells (Fig. 2), which is consistent with previous reports. This suggests that our

negativeKitresults could be the product of the low levatk@imRNA present in the
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cells at the moment of the extraction, a diminishetif@alf its mMRNA, oa combination

of the two factors, whereas theoltranscript levels increased.

A 401
*
3.54 I
3.01
B2 c-«it
1 Anot

N
3y
'

Relative Expression [Arbitrary Units]
N
o
L

0.54
m__

Day 2 Day 4

+ Cel-1  Cell-2 Cell-3 Cell-4 Cell-5 NC (=)

Cell-6 Cell-7 Cell-8 Cell-9 Cell-10 Cell-11 NC (=)

Fig. 1.Anolabundance oveKitin single isolated imgtitial cells of Cajal (IC@) .0 Rela-

tive expression quantificationAsfolandcKit transcripts from wholemall intestinal ICC

primary cultures. The data was normalized to the level on day O of culture. The asterisk in-
dicates statistical significance (n = 3 per group; p < 0.05) between the expression of

andcKitin primary ICC cultures on day 4 BnolandcKitRT-PCR from single ICC in
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culture. Whole intestine cDNA (0.2 pg) was used as a positive control. Every column rep-
resents the PCR products obtained from a single ICC cDNA.

NC denotes a no cell control, while the negative control was perfatmoed template.

The identity of the products was confirmed by sequencing.

Fig. 2. «Kit (red) and ANO1 (green) immunoreactivities in mouse jejunum musculature.
Al through A3 Wholemount preparations show a denseNtBGietwork. B1 through
B30 Cultured preparations show triangle or multisblaped ICC. Clmcalization of-c

Kit and ANO1 was 100% in IG@@P of both tissue (A3) and cultured cells (B3).

WhileAnoltranscript levels in cultures seem to increase by day 4, it is likely that they reach
a steadgtate level. This mainly because Anol is required for the geneskiomaives
[25] and also because the recorded slow waves maintain their characteristics stably after

several days in culture [26].
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ANO1 has been previously related to cell division and regulatory volume decrease (RVD)
[27029]. Therefore, the expressioMBIO1 in our system could be related to compensa-

tion of osmotic homeostasis after stress produced by the tissue disruption process needed
to generate ICC primary cultures. In prostate cancer, evidence suggests that ANO1 could
regulate swelliractivated €* entry through BCL2 activation and could thus regulate cal-
cium homeostasis in these cells [28]. ANO1 has also been found overexpressed in gastroin-
testinal stromal tumors [30, 31], which originate from the ICC and present high BCL2 lev-
els. However, thele of ANO1 expression regulation over BCL2 and over calcium oscilla-
tions remains to be investigated.

ANO1 C&*-activated Cthannels play an important role in slow wave generation. A recent
study withTmem16amice showed the complete loss of pacenaattivity in the muscle

of theTmeml16amouse antrum and small intestine, whereas the ICC netwoHKitand
immunoreactivity appeared normal [24]. Loss of pacemaker activity was found in both
W/W"'andTmeml6amice, suggesting that ANO1 shares time $anctional significance

as traditional ICC markeXit at the mRNA level. Our study showed the higher success of
singlecell PCR from ICC usimgnol soAnolis a better marker thaKit for transcript

analysis of single ICC. We expect that the Useaas a marker for single cell identifica-

tion at the mRNA level will increase the success rate of further single ICC PCR experi-
ments in the field, allowing validation and fastscalpg to medium and high

throughput platforms.
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