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Summary Gastric motility

1. Mechanisms underlying the generation and Gastrointestinal motility is fundamentally dependent
propagtion of @strointestinal slo wave depolarizations on rhythmic depolarizations termed wlavaves (Figure 1).
have long been contrarsial. This re@iew aims to collate These rlgthmically occurring depolarizations occur in
present knowledge on this subject with specific reference destric smooth muscle atwofrequeng (e.g.< 5/min), the
slow waves in gastric smooth muscle. depolarization actiting voltage-dependent €achannels

2. At present, there is strong agreement thatausing smooth muscle (SM) contraction. éy Keature of
interstitial cells of Cajal (ICCs) are the pacemaker cells thatow waves is hat thg propagte relatiely rapidly
generate sl waves. What has been less clear is theircumferentially €.9. see Hirst, Garcia-Londono &
relative ole of primary types of ICCs including the netlkk  Edwards, 2008, squeezing the stomach and intestines, b
in the myenteric plexus (ICC-MY) and the intramusculaspread more slowly in an oral-anal direction to
network (ICC-IM). It is concluded that both ICC-MY and appropriately direct gastric contents. Yelykspects such
ICC-IM are likely to sere a najor role in slav wave as hov dow waves popagte remain only partly
generation and propagation. understood. Such kmdedge is fundamental to

3. There has been long-standing comerey as to understanding and treating disabling motility disorders such
how dow waves “propagte” circumferentially and den  as gastroparesis.
the gastrointestinal tract. wb mechanisms hea keen

proposed, one being action potentiaklik(AP-like) SLOW WAVES - TRANSVERSE RECORDING
conduction and the other phasewsbased “propaation”

resulting from an interaction of coupled oscillators. Studies mm

made on single undle gastric strips indicate that both e

mechanisms apply with relaé cominance depending on I I

conditions; the phase awve mechanism dominant in ,JUU\JU\_JUL
circumstances of rhythmically generatingvelaaves and |20 my
AP-like propagtion dominant when the system is 0

perturbed. 30

4. The phase ave mechanism (terme@a* phase
wave utilises cyclical C&' release as the oscillator with
coupling between oscillators mediated byesal factors
including: i) store-induced depolarization; ii) resultant
electrical current flow/depolarization through the
pacemakr cell network and iii) depolarization-induced
increase in excitability of downstream Lastores. An
analogy is provided by pendulums in an array coupled 5s
together by a network of springs. These, when randomly
activated, entrain to swing at the same frequelnat with a  Figure 1. Slow waves recorded with intracellular micro-
relatve celay along the mo giving the impression of a electrodes in a sheet of circular smooth muscle from the
propagating \ave guinea pig distal gastric antrum. The slow waveseaper-

5. The AP-like mechanism (termedvoltager ated at a fequency of about 3/min and had initial and sec-
acceleated C&" wave propagtes sequentially lik a ondary depolarizing component$he slow wavesxaibited
conducting action potential. M@ver, it is different in that propagation delays as demonstrated by comparison of
it depends on generatie gore C&" release and resultant simultaneousecodings made at tlee sites located dns-
depolarization rather than generatie ativation of versely {.e. oro-anally) across the aiular muscle sheet
voltage-dependent channels in the cell membrane. (sepaations of 1.1 and 3.6 mnofn the most orally located

6. The applicability of these mechanisms tcelectode). The aveige nembiane potential of the tissue
describing propaagion in large intact astrointestinal was —62 mV.
tissues, where voltage-dependent'@atry is also likly to
be functional is discussed.

20 mv

The basis for sl wave generation has reced
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Figure 2. Model of Ca?* store function in gastric ICCs. A: Sdhematic depicting an intracellular SR/ER atore located
just below the cell memédme that cyclically releases €ainto the cytosol through activation of JRs. Whilethe resultant
transient increase in [C?é]C is shown to open Clchannels g@nerting a spontaneous transient inwlaurrent (STIC) and
resultant spontaneous transient depolarization (STD), it is to be noted thaiehef ICI channels heg remains contiver-
sial and while supported by softé°*3has been proposed by othdp be a wn-selective cationhannel*! Furthermoe,
while inwad current genetion has been associated with an increase irf{;athere is dso evidence for a second rhec
anism that reduction in [Géi]C can open non-selective cation channels, as could occur during theerefiircycle and/or
during C&* uptake by mitochondria (see dkedaet al, 2008'). B: Stematic depicting the proposed positietationship
between st@ Ca** release-induced membrane depolarization and resultant enhancemert‘agf@ase from IER-oper-
ated C&" stores. Whilethe presence of the volfa Bedbak medhanism is accepted, the nhemism by whic membrane
depolarization causes enhanced’Ceelease remains cordversial. The proposal shown lenas based on studies on sin-
gle bundle gastric strips wherthe feedbac was shown to continue despite the presence 6f GoCd** antagonists of
voltage-dependent Ca channels and could be blked by NEM, whid is known to pevent activation of specific G-pr
teins?1139The voltge-dependent Ca channel feedbacproposal is based on findings in intact tissueshsas he canine
gastric antrum (see Hirsdt al, 20029). Diagram A from van Helden & Imtiaz, 2063B from van Helderet al, 20001*

longstanding interest,ulb a generally accepted mechanismwenty years. This leap forward was based oo sy
for slov wave generation has only ariservep the last findings. The first ws the visionary suggestfofollowed
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by experimental \édencé’ that pacemaking activity a appears to result through passiarrent flov from
generated in anotherasgtrointestinal cell type termed “driving” potentials generated in the ICC-MY nefn.’
Interstitial Cells of Cajal (ICCs), with the resultantimportantly antral ICC-MY, which lie between the tw
electrical activity considered to pasdy transmit through muscle layers, h& keen shown to be electrically coupled
gap junctions to the smooth muscle cells to opeftage- to both the circular and longitudinal muscle layers. Here
dependent G4 channels and contraction. The secondoupling needs to be strong, aliag sufficient current fiy
finding was that slo wave generation was mediated byfrom the ICC-MY network to generate follower potentials
store C&" release and not by oltage-dependent in the longitudinal smooth muscle and the initial component
channel$:12 This mechanism, as previously described frorof slov waves in the circular smooth muscfé. The
studies on lymphatic smooth muséfejs generated by proposal that activity in antral longitudinal muscle is simply
intracellular C&" stores in their capacity toydlically passve airrent spread from ICC-MY suggests that ICC-IM,
release and takup G¥*, the change in cytosolic €a while reportedly present at vio densityl’ hae
concentration ([C%]C) causing opening of ion channels infunctional pacemaker role in the longitudinal muscle layer.
the cell membrane that carry inward current and depolarize  Slow waves may also vary in wvedorm because of

the membrane (Figure 2). activation of L-type C&' channels, with some circular
muscle slav waves or longitudinal muscle follwer
ICCs as pacemaker cells potentials ghibiting longer lasting depolarizations or

superimposed L-type €a channel-mediated spek

to their location and/or morphological appearatdé.of potentials?®2° It is not surprising that such activity should

o L " ;
these, the most dominant ICCs in the stomach occur in i st gl\;en that tacuf/aglc‘;n of L'IYIF;]e Ct:é hghr?n?els IS an
myenteric plaus layer (ICC-MY) and intramuscularly Inherent property o waves winout which Sigv wave

within the muscle bndles (ICC-IM). ICC-MY (also induced contractions do not occlideed what is surprising

referred to as ICC-AP9) and ICC-IM, while both detected Is t?gt sotme si: wa\ies ;Ch.fs thtoscte_ ?f thed gmig pig
by antibodies to the proto-oncogene ¥it,shav very gastric an Erfum 0 no Sh splLetpoenC|2+s ahn SI e
different morphologies, the former being stellate shap%?me vaveorm even when L-ype channels are

and the latter spindle shap€d® Generally ICC-MY are OCk.ed?YSO Prefsumably in the latter case the I’GE?.ti
considered to act as pacerenkcell§467 with ICC-IM electrical contribution of the L-type €achannels is

serving as a target for gastric innetion2L22 However, it shunted by a much Iger condpctance pf the channels_ that
seems possible that ICC-IM also vea pacemaker generate the s!qwave potential. In this rgad, there is
capability Evidence for this comes from \sal studies. long standing evidence that the second component wf slo

Firstly, agonist stimulation causes a shift where ICC-IMVAVES (.e. that.conS|d.ered to b_e generated by ICC-IM)
rather than ICC-MY appear to become dominant iﬁorresponds with an increase in membrane conductance

establishing pacemaking in thagiric antrunt® Secondly, (see Tomita, 198%).
isolated gastric antral/pyloric singleurtdle strips where  cgjiyjar mechanisms underlying generation of slow waves
there are only ICC-IM »hibit spontaneous slowavelike
activity.>?* Thirdly, gastric slev waves aiginate in the The first electrical recordings of slowaves led to
guinea pig gstric corpus, a region where there are ICC-IMhese ®ents being referred to as “action potentials of the
but no ICC-MY cell networks?® stomach’®! The mechanism as different to that of the
Slow waves dten shev two components, a “first” and nerne and sleletal muscle action potentials leading to a
“second” componeft (Figure 1). A well-studied>ample range of proposals Wolving ionic conductance
of this is in the circular muscle layer of thasgric antrum. mechanisms and/or ion transport mechanisms (eg@td,
Here, @idence has been presented that the “first” dr98%%). Slowv waves were not traditional action potentials
“initial” depolarizing component, termed “ding” or with activity resulting through peneratie ativation of
“pacemaler” potential, is generated in the network of ICCvoltage-dependent ion channels. In contrasty sleaves
MY 7 and the “second” component is generated by ICC-IMxhibited both a rgeneratie wmponent and aoltage-
in the smooth muscle lay&r This latter proposal is independent component most likely generated by
supported by findings that gastric antralwslvaves in  intracellular mechanisms (see Tomita, 13981
W/WV mutant mice, where ICC-IM are not present, do not The finding that intracellular inositol
exhibit this second componefit.Furthermore, studies in 1,4,5-trisphosphate receptor {JP-operated CH stores
control mice demonstrate that wlevaves ae composed of provided a pacemaker mechanism \pded resolution to
“initial” and “secondary” components nearer the greatghese studie%!? The mechanism operates as falo
cunvature where there is a high density of ICC-MX bnly  Firstly, intracellular C& stores of the
a econdary component at the lesser atuxe where ICC- sarcoplasmic/endoplasmic  reticulum  (SR/ER) are
MY are efectively absent® These latter sl waves ae oscillators cyclically releasing and re-uptaking®Cuwith
similar in appearance to the single componenv siaves  further modulation prdded by mitochondrid'? Stores
of the @stric corpus where ICC-IM and not ICC-MY areand mitochondria that are both near the plasma membrane
present® Slow waveassociated activity recorded fromcan substantially modulate locaytesolic [C&*]_ in the
antral longitudinal muscle, termed “follower” potentials subplasmalemmal sp&a@e activating C&* dependent

There are arious types of ICCs that differ according

Proceedings of the Australian Physiological Society (2@09) 111



Generation and propagation of slow waves

channels in the cell membrane through either the risallor fdependent T-type Gachannelé? The second component
in [Ca2+]C depending on the channel type. This mechanisof the pacemadr potential and the antral circular muscle
provides the pacemaker “clock’yclically activating slov  slow wave(i.e. presumably that generated by ICC-IMyVha
waves according to the timing of the release-refill cycle obeen proposed to be generated byvatitin of CI" channels
Ca&* stores. Interestinglythe store pacemaker mechanismas both showed a sensitivity to~Gthannel blockrs®4°
as studied in both freshly isolated tissues and culturésee also Huizirg et al, 2002*%). There is also
gastric cell netvorks relies primarily on IR and not histochemical @dence that CH activated CI channels are
ryanodine receptor (RYR)-operated?Cstores> 12 present in ICC4? In contrast, studies on cultur@dand

In addition to providing the pacemaker mechanisnireshly isolatetf ICCs from the murine small intestine
IP;R-operated CH stores also underlie the generatie indicate that this current is carried by a cationic current that
component of sy waves. This finding has come from opens with depletion of cytosolic &a concentration
studies on single bundle strips of guinea pig antral smoc(i[ltf:az"]c). The characteristic stellate shape of ICC-MY as
muscle?!! The re@eneratie mmponent corresponds to theopposed to the spindle shape of ICCLNP of the freshly
second component of slowaves and is considered to be isolated ICCs and the location near the mepexus
generated by ICC-IM? It is comprised of summations of indicates these were ICC-M¥ A recent study on freshly
events termed “unitary potentials” or “spontaneous transieglispersed ICC from the murine gastric antrum that
depolarizations13% Each eent arises from localised contained both ICC-MY and ICC-IM found that ICCs,
release of C4 from IP;R-operated CH stores most likly  identified by PCR as being poséib Kit, exhibited either a
within a single ICC-IM, as has been demonstrated fdrasal non-seleste ction conductance (NSCC) thatasv
urethral ICCS* The rggeneratie ammponent of these single inhibited by increase in [Gé]c or a C&*-activated NSCC*
bundle strip “slav waves” or “slow potentials”, as theare  Comparison of cell morphology suggested that the basally
variously referred tdlS3® represents near synchronousactve NSCC was present in ICC-MY and the
actvation of mary of these wents. The process is Ca&*-activated NSCC was present in ICC-IM as the
regeneratie kecause under sufficientvids of stimulation corresponding cell morphologies were stellate and spindle
(i.e. when the [C%\*]C or [IP] is sufficiently high) the shaped respewtly. Sgnificantly, ClI~ channel blockrs
release of CH of one or a fev of these wents actvates inhibited the C#&™-activated NSCC currerftt However, this
further C&* release ents in a rgeneratre manner This  said, it is nav known that ICCs express the Cactvated
process was originally described for RyRs, a proce€d™ channel, ANO1 and it has recently beenvamshat this
referred to as Cainduced C& release (CICR¥ but current is linked to sle wave currents and pacemak
equally applies to IfRs3’ Thus in werview, dow waves in  activity.*’
single bundle gastric strips are each composed of a In overview, the field seems to be in general
pacemakr component caused by the 2Caelease/refill agreement as to theek mle of ICCs and ER/SR
cycle of actve IP,R-operated stores and a resultanintracellular IRR-operated C4 stores in pacemaking and
triggered rgeneratie ativation of previously quiescent generation of the dominant components ofvsigaves in
IP,R-operated stores. It has yet to be determined whethergastric circular musclé&!248 |n tissues such as the guinea
not these are twvdistinct populations of G4 stores. pig gastric corpus and antrum near the lesser curvature slo

Generation of s waves in the @stric corpus, waves ae monophasic and initiated by ICC-#12°In the
where there are only ICC-IM, is By to result through this gastric antrum nearer the greater curvaturevshaves ae
same mechanisf¥:38 However, the mechanisms generatingbiphasic, the first component reflecting passirrent flav
slow waves recorded in theagtric antrum nearer the greateffrom “driver” potential activity in ICC-MY and the second
cunvature are more complicated asythaso involve ICC- component paralleling that of theagric corpus ife.
MY. Here, the second component ofvslwvaves, which is dependent on ICC-IM}232627Direct recording from ICC-
likely to be dwnen by ICC-IM involves the same MY in situdemonstrates that the “de™” potentials in these
mechanism i(e. regeneratie IP;R-mediated CH# cells are themselves biphasic, demonstrating a brief initial
releasef’ transient most likely carried by nifedipine-resistaoltage-

Detailed studies on the first componenvéhdeen dependent CaA channels and a longer sustained
made by direct recording of “@ing” potentials, otherwise component:234°While there is agreement that this second
referred to as “pacemaker” potentials, from ICC-MY“driver” potential component is generated by interplay
These potentials are themselves composed ob twetween IER-operated stores and mitochondria, the
components with the primary component likely to be&onductance mechanism is contmsial. Studies on
generated by voltage-dependent?Cahannels and the cultured and freshly isolated ICCs suggest that thevédri
second component generated by release or emhka?*  potential conductance is a NSCC watiéd by decrease in
from IP,R-operated C4 stores***!which actiates invard  [Ca?*] ***54®rather than a Cé&activated inward currerft?
current the ionic basis of which remains cowéreial (see However, the finding that the rapid €& chelator
below). Interestingly both components are able to operat@APTA/AM or Ca* free solution inhibits the “dver”
when the other is inhibited indicating there not co- potential§® suggests that the channels aré*Cactivated
dependent?4° Studies on cultured murine intestinal ICCgather than C# inhibited. Therefore, while C&inhibited
also report a voltage-dependent component, whiahannel actiation mechanism remains a highly interesting
pharmacological studies indicated were carried dijage- proposal, one for which there are clearly candidate channels
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(e.g. TRP channels; seeaKedaet al, 2008'), the role of release actgtors €.9.1P;) are not strong and, while being
this mechanism in generation of paceerakotentials in able to induce weak within-cell entrainmé&htcannot
guinea pig ICC-MY remains contrersial. In contrast, provide coupling sufcient for global within- and across-
there is a compendium of evidence that'@mtivated CI cell entrainment. In contrast, voltage coupling, whereby
channels hae a #nificant role in generation of sko depolarization causes enhanced store activity by increasing

waves 394347 C&* entry or enhancing production of store wattirs such

) ) as IR, represents a much stronger coupling mechafist.
Coupled oscillator-based entrainment onC_atores —-a This is because voltage coupling has some 500 fold greater
requisite component of slow wave generation spatial intercellular influence than dofdiing ions. Thus,

hile C&* release from anone region can only astite
adjacent regions due to theestive dffusion distance of
C&* being only about fim,>° the depolarization caused by
ocal C&" release can readily transmit by currentwflo
across the symtium of coupled cells. Such coupling will
therefore hee a nuch more global influence on stores,
force between the oscillato?$5L57 The mechanism can be Which become aatated by_ depolariza_t ion-induced €a
readily illustrated using the analogy of an array O?ntry and resultant CICR-induced aetion of IPRs, as

pendulums coupled together by interconnecting sprin§§curs in lymphatic and bloodessels=%%°5" or by
(Figure 3A,B). These, when randomly &eted, push or epolanzatlon-mdqced en_hancemeg;c; RPas has been
pull their neighboursia the spring connections causing theProposed to occur in gastric tissdes? "

pendulums to entrain. Such entrainment can be Ne8Epolarization-induced C&* release

synchronous between local groups of adjacent pendulums

but this will depend on the relag drength of the coupling As outlined abwe, a positive link between membrane
(i.e.the springs). depolarization and store &arelease is a fundamental

Ca&* stores and pendulums f@if in that, while prerequisite for entrainment of €astores and resultant
swinging pendulums exhibit the same period fandvand pacemaking. Heever, while depolarization-induced &a
back, C&" stores she a release period that can bery entry is an accepted link mechanism, the basis for
different to the refill period. Such oscillators are termedepolarization-induced enhancement ofRfnediated C¥
“relaxation” oscillators. A simple analogy is the tipping urrrelease as reported imgric tissues remains in contention.
common to Japanese gardens that, upon filling, tips aBtudies on this subject V& primarily been made using
spills its contents, then uprighting and refilling. Here thsingle bundle gstric strips, tissues in which there are ICC-
event intenal is dependent on the size of the urn and th& but not ICC-MY. Depolarization of these tissues triggers
rate of refill. The cycling rate of €astores can ary regeneratie depolarizations that commence with a delay of
enormously and is dependent on factors including the siae least 1 s and that are caused byRimediated CH
of each store, the rate of refill of the 2Castore, the release€:1%1239They are unlikely to be caused byoltage-
threshold for triggering release and the rate of @zlease. dependent Ca entry as thg persist in the presence of €o
Stores refill through the sarco/endoplasmic reticulumr Cc* -containing physiological saline solutioh¥:
calcium ATPase (SERCA). The divest their contents Furthermore, while, L-type Cachannels permit additional
through the transient opening of eithegRB and/or RyRs, Ca&* entry during this rgeneratie response, the amplitude
Ca’* release channels that span the membrane of the SR/&Rthe rgeneratie depolarization occurs independent of
Ca&* store (see dkedaet al, 2008%). The threshold for these channefé. The response is also absent whegRE
such opening is set by both the SR/ER luminaf*Caare blocked by heparfit,in antral muscle from a mouse
concentration, cytoplasmic &aconcentration and thede  mutant where there are no Type 1RB and in the presence
of cytosolic actiators, the latter including [Géﬂc for both  of 2-APB an agent known to both block, A% and inhibit
IP,Rs and RyRs and JHor IP;Rs. Higher gtosolic levels  store refill26! Recordings made when JRs are absent or
of these actiators male the stores more xeitable, blocked demonstrate little evidence of spontaneou$' Ca
functionally reducing the luminal €a concentration release indicating thatven under resting conditions the
([Caz"]L) at which the C& release channels open.mechanisms initiating spontaneous?Ceelease are aot.
Therefore, C& store cycling and hence pacereek Such activity is likely to be generated in ICC-IM, as
frequeny is readily altered simply by changingviis of spontaneous aetty is not present in W/\W mutant mice
cytosolic actvators. where ICC-IM are abse#f.

Stores can only subsenapacemakr mechanism if Taken together the observation that depolarization
there is sufficient entrainment to i the syncytium of enhances IfR-mediated C# release in astric tissue strips
pacemakr cells. ® achieve tis, stores must be strongly cannot be explained in terms of gentional \oltage-
coupled both within and between cells. A primary couplingependent G4 entry and resultant CICR, though a
mechanism between stores is the diffusion of*Gand dependence is not excluded. Experimental findings
resultant CICR. Hwever, this coupling mechanism and investigating this feedback mechanism yide support for
variants thereof, which include diffusion of other storé'Ca the hypothesis that depolarization enhances production of

Ca&* store-mediated pacemaking can only
functional if there is coordination of thgating of the C&"
stores within and/or between coupled cells, a&" Gtres
generate far too little current to individually pace th
tissuel34950 Stores achiee tis by interacting as coupled
oscillators, which entrain when there isfaiént coupling
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Figure 3. The coupled oscillator Ca?* slow wave mode! incorporating voltage feedback occurs through generation of

IP, or Ca?* entry and resultant CICR and membrane depolarization. A: lllustration showing that a low level of global
stimulation €.g.by an IPR agonist; blok arrows) leadsto oscillatory C&* release (N.B. this can also occur dugh
end@enous activation of stes as it does in slow-wave exhibiting gastrointestinal tissues). The oscillations from eac
Ca’* store ae coupled by either diffusion of &a(short-rang dffusional coupling) or by spreading of the surface mem-
brane potential (longange wltage @upling). B: Ca?* oscillators epicted hee as gndulums connected by shoaage
neaest neighbour coupled springse( diffusional coupling by Ca and/or IP,) and long-range cupled springsi(e. volt-

age oupling by intercellular spread of membrane current). Shantge coupling is too weak to befettive whereas long-
range ooupling haghe strength to entrain lge arays of oscillators. Hower, while these oscillate at the sameduency
there are amall delays between the oscillators. This builds up along theyagiving the impression of agpegating wave
but this is, in fact, a phase waverngeated by oscillators, as depicted by theray of pendulums (dggam from van Helden

& I'mtiaz, 200%°). C: Shows how the same couplinggesses calead to avoltage-accelerated Eawave in response to

a grong localised stimuluse(g.local membrane depolarization). Theopegation of this C&" wave relies on sequential
depolarization of the surface membrane vgétavhich then initiates theagaerative C&* store- mediated-feedbkdoop.
This wave cannot be activated in tissiegians whee dores ae ent and hence can onlygmagate when stores ar
excitable and does not back-propagate (C, lower record).

114 Poceedings of the Australian Physiological Society (2@09)



D.F van Helden, D.R. Laved. Holdsworth & M.S. Imtiaz

IP,. How this occurs is unknown but there are precedengsproposal originally made for the hefrthat propagtion

for this hypothesis. Forxample, direct measurement ofof gastrointestinal electrical agitiy occurred through a
[IP;] in vascular smooth muscle before and duringoupled oscillator-based mechani&i3 Such propaation
hyperpolarization indicate that [IPis decreased with has the appearance of a sequentially conductage(e.g.
hyperpolarizatiorf? Other findings include: depolarization-a cmnducting action potential)ubin reality is gohase wave
induced enhancement of inositol phosphatel$ein jejunal established by oscillators cycling at the same frequbat
longitudinal smooth musd® and depolarization-induced with a progressie phase delay along the arrags B
enhancement of IR-mediated C# release in skinned examplified for the array of pendulums in figure 3B. An
skeletal muscle cell® coronary myogte$® and alternatve © the coupled oscillator model was the proposal
megakaryocytes’® Another experiment addressing the issuthat gastrointestinal electrical adty propagated as an
of voltage-dependent production of,liih gastric antral action potential in a core conductor motfel® This was an
strips found that the oltage-dependent responseasv important challenge, as it highlightedseel key issues that
abolished by N-ethylmaleimide (NEM). This was a specifibad not been addressed in the coupled oscillator model
action as it did not block spontaneous depolarizatiomss, kincluding: 1) that there as no definitie mechanism that
blocked the membrane depolarization-induced recruitmenbuld sere as he oscillator and; 2) there was no account of
of these weents, summations of which underlie thethe core conductor properties of the smooth
regeneratie responsé? One of the knan actions of NEM muscle/pacemaker cell syncytium.

is to prevent actvation of specific G-protein®.68 There is .
also evidence that membrane proteins such £g¢* phase waves and volje-accelerated C&# waves —

phosphoinositide phosphatases, members of the protéif¢ hese the mechanisms by whiow waves propagate?

tyrosine phosphatase sumerfily, are coupled to an
intrinsic voltage senséf. "1

Importantly studies on single bundle strips from
murine and guinea pig gastric fundus demonstrate
complete absence of the depolarization-trigger
regeneratie response. This is not due to an absence
either ICC-IM or underlying spontaneous activity as th
tissue is replete with ICC-IM18 and demonstrates
apparently normal spontaneous depolarizations, awitgcti
that is not present in fundal strips from W/\hice where
there are no ICC-IM? Thus a ley dement is likely to be
missing from ICC-IM in the astric fundus, one that
provides the link between membrane depolarization aq:%ns
store C&' release. The absence of this link means th
voltage coupling will be absent in the fundus with th
consequence that stores will not synchronize and
theoretically cannot entrain their release-refiftlng to
sene as a pcemakr mechanism?*5%56.73This provides a
simple explanation into thedét that the gastric fundus, or at
least parts theredf, do not ehibit slov waves and
associated rhythmical contractions.

The finding that C& stores provide the pacensak
mechanism for generation of slowaves and that this
involves wltage feedback presented a means to progress the
ep ase wave model. This was because: 1) ‘Catores are

laxation oscillators that can entrain by interacting as
g upled oscillators; and 2) €astores can only globally
ntrain to act as a paceneakmechanism if the are
strongly coupled, a mechanism requiring intercellular
current flav.2* Thus the tw key “missing links” were
fulfilled in that there was wo a physical oscillator and a
requirement for electrical conduction.
The «istence of discrete networks of pacemrak
(.e. ICCs) that drre the smooth muscle adds further
%mple(ity to the system it does not necessarily change
%he model for sy wave propagation. It is likely that C&
fores in pacemaker cells are domirfdiowever, whether
the resultant current flo passvely drives the smooth
muscle and/or also recruits €astores in the smooth
muscle needs further \iestigation. There is also
controversy as to he intercellular current flw is mediated
within and between the netrks of pacemaker and muscle
Slow wavepropagation ceIIs_._ This is bepause, intercellulgr currenWIcwhile
traditionally considered to be mediated bgpgjunctions,
Coupled oscillator versus oeimonductor generic models  may also conduct through mechanisms such as field and/or
for slow wave conduction metabolic coupling due to adjacent cells oftextébiting
] ] ) membrane regions in close appositiont twithout @gp

Gastric slv waves and associated contractions arg nctions .g.see Garfield, 1988). Indeeda recent study
generally considered to first generate in the corpus of thg retinal neuroepithelial cells pides evidence that
stomach spreading in an oral-anal direction through thiarcellular current flv can occur through capacitei

25,75-78 . . .
antrum to the ylorus: In contrast, a recent study coypling currents generated by high-frequefiactuations
made in the canine stomach reported this site as the UppEhe Ca* store potentiat?

part of the fundu$? Studies on isolated strips  of Coupled oscillators will entrain providing the
gastrointestinal muscle demonstrate thatwslvaves exhibit coupling is suficiently strong. Hwever, even voltage
an oral-anal frequegc gradient V‘{ithg the frequenyc coupling which is some 500 times mordeefive han
decreasing in the oral-anal directitn® For example, giffysion (see aha) is dill limiting and, while allowing the
strips of circular smooth muscle from the guinea @gtdc 2+ stores to entrain near synchronously in locgiaes,
corpus exhibit sk waves in the frequeng range of mared phase delays between the oscillators camlafe

4-6/min compared to a range of 3-5/min in thastgc ,ye jamger distances as the coupling is not infinitely strong
antrum?>3®These and other observations led to adoption of
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(e.g.distances > the tissue length constant which is 2 —a@celerated CGa waves. It is yet to be determined wdhe
mm for single bundle antralyforic stripg*?). This,as has two mechanisms interact but it might bepected that Ca
been discussed,\gs the appearance of a propagatingv@ phase vaves dominate in a highly fthmic system whereas
but is in fact a phase ave the result of C# stores voltage-accelerated &a waves will be increasingly
undegoing oscillatory C# release-refill at the sameimportant as store coupling becomes weraland will
frequeng but exhibiting a progresag phase delay along become the dominant mechanism whenwsloaves ae
the array of stores (Figure 3 A,B). artificially stimulated out of synchrgn(e.g. by locally-
The ley aquestion is whether there iperimental applied electrical field stimulation). Mever, it is to be
proof that C&* stores sem this mechanism. The answer isnoted that such artificial stimulation can only occur when
yes hut with qualification. The definite ‘yes’ component ofthe C&* store population wolved in normal pacemaking is
this answer is based on studies on singledte strips from not in a refractory state.¢. where the C# stores hee
the pyloric/distal antral region of the guinea pig stonfdch.recently released their contents and without further store
These strips exhibit propating slav wave activity. The refill are unable to undgo further release), as is the case
first experimental proof came from examining the effects aihmediately after a sl wave We pedict that wltage-
interrupting gap junction connecity centrally along the accelerated G4 waves can propagate at rates as high as
strip. This vas achieed by gplying a narrev stream (0.5 that established by €aphase waves providing they are
mm) of physiological saline solution (PSS) containing aavdked near to the peak of Castore excitability i(e. at a
agent, known to block gap junctions i.e( frequeng near to that of the spontaneously occurringvsio
18-BGlycerrhetinic acid), centrally across the tissue stripvaves) but this rate diminishes as the frequeraf
This decoupled the slowaves on he two ddes of the stimulation is increased (Imtiaz & am Helden,
tissue, both sides continuing to exhibitvelavaves but at unpublished). In this gard, it is to be noted that the
different frequencies and hence with no phassonduction velocity of stimulated slowaves is decreased
correspondence. This confirmed that thevsieaves were  with higher frequeng stimulation® The fact that these tw
interacting as coupled oscillators. A fallaup experiment mechanisms co-exist provides explanation intev Hmth
aimed to determine if Gastores were the mechanism forthe generic coupled oscillator model and core conductor
this coupling and if the couplingvalved voltage coupling, models could both e aisen and ha generated such
as compared to coupling by flision €.g.of C&* or IP;). interesting debate (see Danélal, 199478 Publicorer &
This experiment used the same approach as the gap juncti®anders, 198% Publicover, 1985%).
blocking experiment, but mo using substances knm to The C&* phase and voltage-accelerated®Oaave
inhibit Ca&* store function i(e. caffeine; 2-APB). models for slov wave conduction considered so farviea
Decoupling was obtained with both these inhibitorarisen from studies on single bundle gastric strips. Tke ne
supporting the postulate that Tastores were the step will be to see if these can be generalised to intact
underlying oscillatarimportantly unlike goplication of the tissues assessing the relatiles of \wltage-dependent
gap junction blocker i(e. loss of connectivity) the G& channels, mitochondria and the role of different classes of
store inhibitors required a much wider stream (width > BCCs. While a general consensuswien dl these issues
mm). As diffusion of C& or IP, has a very I effectve has still to be formed, some recent studies/igeo helpful
coupling distancei.g. <0.02 mn%g), diffusion could not be insights. One group of studf@$! examined slov wave
the coupling mechanism. Rathethe large coupling characteristics and propagation in strips of circular muscle
distance is consistent with stores being coupledditage from the canine gastric antrum using baths divided into tw
coupling, as the electrical length constant of these isolatedthree chambers. Experiments were made on spontaneous
strips was about 3 mmaken together these finding supportand triggered slo waves, the latter produced by electrical
the hypothesis that slowave propagtion in these strips field stimulation (EFS) applied at a frequgndightly
occurs through phase delays established by long-ranggher than the natural slowavefrequeng. It was shan
coupled oscillator-based interactions of?Catores. This that neither TTX nor atropine hadyaeffect on sl wave
means of propagion has been terme@ie?* phase waves conduction elocity (“CV”) (see also Nakayamat al,
as first it is a phaseaveand second, as for sequentially2006*%). Temperature (T) had a large effect with the “CV”
conducting C& waves® it has as its basis store £a exhibiting a high Q, of 6 with T to < 24°C blocking
releasé*5® propagtion. Pharmacological vestigations using a range
Importantly the mechanism whereby ollage- of agents €.g. the IPR and store-operated €aentry
feedback causes JR-mediated store Charelease allws blocker 2-APB; the mitochondrial blockers Antimycin A,
slov waves to dso propagate sequentially throughests CCCP or FCCP; T-type €achannel antagonists Niand
we termvoltage-acceleated C&* waves*5° These are the mibefradil) proportionally reduced the slovave upstroke
same as coentional C&* waves tut differ in that nev the  rate and “CV”, whereas the L-type €a&hannel antagonist
spread is not limited by the @lision of C&* in relation to nifedipine or nicardipine had no fett. These data are
conduction by CICR, but is mediated by current spread thagnsistent with the proposal that intracellular®Cstores
as considered alie, has a spatial influence some 500 timesnd mitochondria are integral to wlovave propagation.
greater than for the difsion of C&" (Figure 3C). The data also suggest a role fotype \oltage-dependent
Therefore, sl wave propagtion in these singleumdle C&* channels with the authors suggesting that this
strips is likely to occur by Gaphase waves and/or wltage- mechanism, in its capacity to alldCa?* entry and resultant
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CICR-based aotétion of IP,Rs, prwides the wltage- cyclical C&* release from intracellular €astores with
dependent feedback necessary fomslwave generation coupling primarily mediated by membraneoltage.
and propagtion?! Thus this model does not rule out theHowever, this model is probably simplistic for large intact
C&* phase \aveévoltage-acceleratedavemodels made on gastrointestinal tissues, as while the model considered
single bundle strips from the guinea pig distal antfibyt  cellular coupling and resultant core conductor properties,
differs in the proposed voltage-dependent means by whitte cells of the tissue did not wbusly demonstrate
stores are coupled. Indeed, it may be that in intact tissuedtage-dependent €a entry and hence this was not
from large animals such as the canimestgc antrum that modelled?® In contrast, large intact gastric tissues
coupling needs to be enhanced ftage-dependent €a containing both ICC-MY and ICC-IM demonstrateltage-
entry for slov waves to dfectively propagatei(e. stronger dependent G4 entry, and models of sky wavepropagation
springs between oscillators; see Figure 3). should account for this. The simplestwief this is that it

An interesting additional findingag that disabling of would strengthen the coupling between stores making the
C&* stores by the SERCA inhibitor BR50 uM) blocked C&* store coupled oscillator mechanisnve® more
the slav wave second component but did not blockeffective. The alternatie, is that the wltage-dependent
propagtion of the first transient componéft.This channels tak over, dow waves row conducting as action
suggests that when stores are directly disabled by blockipgtentials, though thevlence for this so far only seems to
the SERCA in circular muscle of the canirasgic antrum, apply for a special circumstance where store function is
action potential-lilk cnduction can ne occur through inhibited. Finally to make matters gen more intriguing,
voltage-dependent channels. In comparisonwsiwave mechanisms underlying the €astore coupled oscillator
propagtion is abolished when intracellular %a model can also generate sequentially conductimyesy
homeostasis is interfered with by disrupting mitochondri@hese share parallels to the conducting action potential
and hence presumably ;R-operated stores or when themodel except that the propE@g mechanism is the
IP;R inhibitor/store refill blocker 2-APB is uséd.These depolarization caused by thegemeratie C2* release that
differences need to be resolved.wdwer, the relatve ole underlies the sl wave This mechanism couldxplain
of voltage-dependent channels may be dependent on IG&Eepagtion for electrically induced slowaves, events that
MY, as hese channels are not obviously functional imre readily triggered just before the onset of spontaneously
tissues where there are ICC-IM but no ICC-M¥.g¢ occurring slav waves.
isolated single bundle gastric strips from the guinea p
gastric antrum; gstric pylorus or gastric corpdl2538
Indeed, the relate role of ICC-MY and ICC-IM in slw
wave ropagation remains contkersial. For example,ven
in regions where ICC-MY are presente.§. greater
cunvature of antrum) sle waves propagte at the same rate
circumferentially along the circular SM when ICC-MY areReferences
removed by fine dissectiod. This rate is 4-5 timesabter
than in netwrks of ICC-MY isolated from the circular SM 1. Hirst GD, Garcia-Londono AP Edwards FR.
but still connected to the longitudinal Skf2 As a Propagtion of slav waves in the guinea-pig @stric
consequence, the much slower oro-anal conductias w antrum.J. Physiol. 2006;571 165-77.
considered to be carried by ICC-MYitithe role of ICC-IM 2. Thunenbeg L. Interstitial cells of Cajal: Intestinal
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