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Summary physiologically characterized. Furthermore, the output of
_ _ ~ the ENS (such as muscle contractions and mucosal

1. The enteric nemus system modulates intestinalsecretion) can be readily observed and measured when
behanc_)urs such as m(_)tor patterns and secrenon._ Wh'},%mpared to functional output from other parts of the
much is known about dérent types of neurons and simplénenous system. This has allowed enteric refie such as
refleces in the intestine, it remains unclearva@omplex  55cending excitation, descending excitation and descending
behaiours are generated. Mathematical modelling is 3Rhibition, to be well characterized. Wever, it is not
important tool for assisting the understanding oivitbe  ynjious hav such reflaes ome together to form comple
neurons and refies can be pieced together to generatgnoior patterns, such as peristalsis, segmentation and
intestinal behaviours. migrating motor comphes.

_ 2. Models hae |dent|_f|ed a func_tlonal role for sho Mathematical and computational modelling are
excitatory  post synaptic  potentials  (EPSPS)  byycellent tools for piecing together experimental details to
distinguishing between fast and WIOEPSPs in the jink the properties of single neurons to the bvédar of the
ascending excitation rele These models also dis@ed \yhole system. In doing so tehelp to clarify hav the
coordinated firing of similarly located neurons as emeet system works, he things can change to produce a
properties of feedforward nedrks of interneurons in the namological state, and what other pieces of information
Intestine. ~ may be missing and hence are required to produce a global

3. A model of the recurrent network of intrinsic yanhaiour of the system. Here, we view the role

sensory neurons identified important control mechanismsggmputaﬂonm modelling has played in understanding the
prevent uncontrolled firing due to posié feedback, and f,nction of the ENS wer the last 15 years.

that the interaction between these control mechanisms and

slov EPSPs is necessary for the networks to encodgpes of neurons in the ENS

ongoing sensory stimuli. This model alsowhd that such o o

networks may mediate migrating motor corxgte The vqst majority of n.euronal cell bodies in the ENS
4. A network model of VIP neurons in the &re¢ found in the myenteric ples and the submucosal

submucosal plexus found this relaty sparse recurrent plexus. The myenteric plexus provides most neural input to

network could produce uncontrolled firing under condition®0th the circular and longitudinal muscle Ia_y%rtt..is
that appear to be related to cholera toxin inducdeglieved to regulate the motor aatity of the gast_romtestlnal
hypersecretion. tract and modulate secretion and bloodvfi@lirectly and

5. Abstract modelling of the intestinal fed-state¥i@ the submucosal ptes). The submucosal pigs
motor patterns has identified wacstationary contractions Provides most neural input to the mucosa angulges
can arise from a polarized network. These models Hao ~ Secretion and blood ﬂ?’l . ,
helped predict and explain pharmacological evidence for ~ 1he ENS contains up to 18 different populations of

two rhythm generators and the requirement of feedbadlurons depending on the classification dsethese
from contractions in the circular muscle. neurons hee te anatomical structure and

electroplysiological properties to form reRe circuits.
Introduction Rather than analysing the potential role wérg possible
) ) ~ population of neurons in the ENS, the functional roles of
~ The enteric nervous system (ENS) is containeoad groups of neurons will be discussed here. The focus
entirely within the walls of the gastrointestinal tract. While il pe on the information processing and roles played
there is communication between the ENS and centiglinin reflex circuits. The broad groups of neurons
nenous system, the gastrointestinal tract can performymagiscyssed are intrinsic sensory neurons (ISNs), ascending
functions without external mp&t.Thus the ENS must jnemeurons, descending interneurons, excitatory motor
contqm complete neural circuits that contragointestinal oy rons to the circular muscle, inhibitory motor neurons to
functions. o _ the circular muscle, and secretomotor neurons
In addition to containing functionally completejmunoreactie for vasoactie intestinal peptide (VIP
neural circuits, the ENS is readily accessible, so much ﬁ%urons). The neurotransmitters and receptaraivied in
known about the chemistrynorphology and conneeity  gynaptic transmission within, and between, populations of
of each type of neuron, especially in the guinea-pig smafsyrons hee keen reiewed elsehere? so we focus on the
intestine. In most cases the neurons/ehaso been gynamics of transmission, rather than the pharmacology.
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Since much of the knowledge of the ENS comes frorscending interneurons
the guinea-pig small intestine, thisvi@v concentrates on o )
this species and region unless otherwise stated. The Ascending interneurons project orally through the
mathematical models described in thisviea are also myenterlc plaus. It_ was orlgma!ly thought that ascending
based on data from guinea-pigs for the same reason.}ffrneurons recee gnaptic input only from other
recent times, more electropiological data hee kecome ascending interneurons and I_SNé?vlﬁbut_ recently it has
awailable from the mouse ENS and so far thes@€en shown the aso recere gnaptic input from
mathematical models are also a good representation of tffscending interneurons. Also, ascending Interneurons
species because the main electysidiogical parameters e recently been shown to be mechanosersiin the
are comparable to those in the guinea-pig. Currently theregidinea-pig small '”te_St'ﬁ% and distal C°|°_ﬁ? That is,
virtually no data on the electrophysiological properties dhese neurons are agiied by stretching the circular muscle
human myenteric neurons, but when such data becoMfthout synaptic input from the ISNs. This means the
awailable the important parameters in these models can #¥ending interneurons can also act as ISNs and initiate

set to represent human physiology. reflexes, tut the functional role of this direct agdtion is
currently unknown.
Intrinsic sensory neurons (I1SN\s) The synaptic inputs from ISNs to ascending

interneurons appear to be mediated by fast EPSPs amd slo

ISNs in the ENS detect and respond to contents in t@spgp,Zl but Slow EPSPs hee rot always been obseed
lumen. Thy are sometimes called intrinsic primaryeaent ascending neuror§.

neurons, intrinsic sensory neurons, or AH/Dogiel type Il Anatomical  studies indicate that ascending

neurons.  These neurons are characterizggterneurons do not ke g/naptic outputs until 3 mm oral
electroplysiologically as AH because wedisplay a (g the cell bodybut further from the cell body tyeprovide
prominent aftenyperpolarizing potential (AHP) after an nymerous synaptic connections for the remaining length of

action _potentiaf. They have Dogiel type Il morphology he projectiort® Immunohistochemical labelling suggests
which is characterized by smooth cell bodies and multiplgese neurons provide output to most other neurons,

long processg"slSNs hae multiple long processes with at jncjyding  some  descending  interneurdh¥,  while
least one projection to the mucésahich allows them to gjectroplysiological studies confirm the excite other
respond to the contents of the lumen, while the othggcanding interneurons ankcitatory and inhibitory motor
projections allav these cells to astite other neurons. ISNS oron<222 Transmission between ascending interneurons

are actvated by chemical stimulation of the mucosa a”dloéppears to beia fast EPSPs onf§? while transmission
mechanical deformation of the mucdsaln addition t0  fom ascending interneurons tecéatory motor neurons

mucosal stimulation, ISNs also respond to stretch a‘?Hay bevia fast and sloy EPSP<0-21

tension in the circular muscfe? . The oral projections in conjunction with synaptic
ISNs may actiate all other types of neurons in theconnections to other ascending neurons mean this
myenteric plexus because yhprovide varicose terminals population of neurons forms a feedfama network. That
around all cell bodies in theimm and adjacent ganglia in g * \when ISNs actite ascending interneurons at one
the myenteric pbeus®'? Indeed, slo/ excitatory post- |ocation, this actiity will pass on, provided the stimulus is
synaptic potential (EPSP) transmission from ISNs to othgfrong enough, to all other ascending interneurons oral to
ISNs and to interneurons has been directly demonsttateqne stimulus location. Since the ascending interneurons also
while indirect evidence suggestst EPSPs are alswo#ed  orm  connections with excitatory motor neurons, this

in most interneurons. feedforward netverk is the most likely mechanism behind
‘One synapse type that appears tgebr affect the contractions obseed oral to a stimulus. This refleis
functionality of the ISNs is the connection to other 'SN%sually referred to as ascending excitafibn.

Synaptic  connections between ISNs véia keen

demonstrated by electron microsgdp and Descending interneurons

electrophysiologically® Given their largely circumferential o o o
projectionst! this produces a feedback loop within the Descend.lng interneurons project in t.he anal direction
population of ISNs. Synaptic transmission from ISN to ISN! the myenteric pleus. Usuallythis population of neurons

is via slov EPSP<2 In conjunction with the reciprocal IN guinea-pig ileum is bran up into three populations
synaptic connections, this produces a pasitieedback according to their immunoreactivity for asoactre
loop. That is, if one neuron is agtied, it will actiate other intestinal peptide (VIP), 5-hydroxytryptamine (5-HT) or
neurons in the network. which will in turn agie the Somatostatin. Descending interneurons recdiput from
initial neuron. This will continue until all neurons reachSNS, other descending interneurons and ascending
their highest activity leel and remain there ven if the interneurons’/?2:2526Thjs synaptic transmission appears to
initial stimulus is remoed. Obviously this does not occur P& mediated by both fast and &IEPSPSY"2® Synaptic
under normal pysiological conditions, indicating other OUtpUts can be identified as little as 0@ from the cell
mechanisms must be in place to control the activitglde body?® and are formed with other descending interneurons,
such as AHPs, inhibitory postsynaptic potentials (IPSpgScending interneurons, inhibitory ~ motor  neurons,

. . . i le29-32
alterations in transmitter release or other conductances. €Xcitatory motor neurons, and ISIs? ,
Like the ascending interneurons, descending
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interneurons ha autputs to other descending interneurongzxcitatory motor neurons

producing a feedforward netnk.}”-2° Transmission in this ) o

pathway appears to be mediated in part byvsEPSP<? Excitatory motor neurons reeei input from other
indicating that sl EPSPs are not present just to increaseurons and transfer this information to the circular muscle,
the excitability of neurons,ub can conduct refies on heir  Where thg can elicit contractions. The exi:itatory motor
own.28 Descending interneurons also transmit to inhibitor{)€Urons recelg gnaptic input from ISNS; ascending
motor neurongia fast EPSP$® The feedforward netork !nterneuron§57' and a subpopulation of descending
formed by the descending interneurons and output to tifgerneurons’ Both fast and slo EPSPs hee lkeen

inhibitory motor neurons is the most likely mechanism fofecorded in excitatory motor neurotfsOne source of the
the observed relaxations anal to a stimulus. Thisxrégle fast and sla EPSPs is the ascending interneur8h¥,but
usually referred to as descending inhibitin. as acetylcholine and tachykinins are vaiwed in

In addition to the simple feedfomsd network, the transmission to excitatory motor neurdfs® there are
descending interneurons veaa nore comple functional Probably also monosynaptic connections from ISNs to
role because of the synaptic connections formed with ISNECitatory motor neurons velving fast and sl EPSPs.
excitatory motor neurons and ascending interneuron$N€ fast EPSPs probably mediate rapid xefésponses in
Similar to ascending interneurons, the functional role ¢f€ ascending reflepathway-%2!23%3However, blocking
descending interneurons has been further complicated @t EPSP transmission ontocgatory motor neurons
recent years by the finding that these neurons may also g%presse_s, l_aut _does not abolish, contractions in the circular
as mechanosensiéi reuronst®1° Therefore, these neuronsMuScleX® indicating a role for sky EPSPs,
may be an important adjunct to the AH/Dogiel type Il class ~ EXCitatory motor neurons hia a sngle long axon
of ISN. that projects orally through the myenteric plexus before

It appears that a subpopulation of descendirf@a"e”ing down into the circular muscle. The vast majority
interneurons immunoreaeti for vasoactie intestinal Of axons project orally through the myentericxpie for

peptide (VIP) and ascending interneurons form a recurretftort distances of 0 - 2 mmutbsome project up to 8 mm
network!” These tw populations hee reciprocal through the myenteric plexus from the cell bé#fThese
connections and are likely to transmit to each otiefast @XoOns d(_) not ge rise to branches or varicosities within the
andlor slo EPSP (see abe axd below), which will Mmyenteric pIxus?g_thus thg do not have gnaptic outputs
produce positie feedback. The potential effects of such 4 Other myenteric neurons. Once the axon enters the

recurrent netark are difficult to predict because theséircular muscle, man branches and varicosities are
neurons are also in feedfaavd networks heading in observed?® Accordingly, the excitatory motor neurons\ea

different directions, both feedforward neiks receie a ole purpose of relaying information from other r_nye_nteric
input and preide feedback to the network of ISNs, andn€urons to the circular muscle. ever, the oral projection
ascending interneurons do novkaynaptic outputs in the Of €citatory motor neurons can be expected to be
first 3 mm of their projection which could creatgims or |m_portant in ascendingxeitation in response to a local
bands of actity. The potential décts of this recurrent Stimulus.
network formed by ascending and descending interneuro
are an untapped area of research that mayideadnsight
into unknavn mechanisms underlying complemotor Inhibitory motor neurons recst input from other
patterns. neurons and relay this information to the circular muscle
Descending interneurons also appear to belNed where thg can cause aste relaxations often leading to
in transmission to excitatory motor neurdf8? Given that  dilations. The inhibitory motor neurons regeignaptic
the descending interneurons form a feedforward oe¢w inputs from ISNs and descending interneurbrig:0
this provides a possible mechanism to produce contractio@smilar to the ecitatory motor neurons, the inhibitory
anal to a stimulus (referred to as descendkuitaion) and motor neurons display both fast andvslEPSPst127.28:41
to produce contractions that propagate in the anal directigisst EPSP transmission appears to predominate hete, b
However, & descending interneurons Ve grong transmission along the chain of descending interneurons
connections with inhibitory motor neurons, there may bgay be mediated by SloEPSP<® This is consistent with
something more compteoccurring because these dw the long lateng of the inhibitory junction potentials
outputs from descending interneurons oppose each. othslisered in circular muscle veked by dstension and
While it appears that 5-HT containing descendinghucosal stimulation&2535However, fast EPSPs could be
interneurons are Wolved in transmission to xeitatory involved in a rapid response through direct connections
motor  neuron®3® and descending interneuronsfrom ISNs to inhibitory motor neuroR&2® providing a
immunoreactie for either somatostatin or VIP aresafved method for muscle relaxation/dilation to precede an anally
in transmission to inhibitory motor neurottshere must be propagating contraction.
mechanisms to ensure that all subpopulations of descending The long single axon of the inhibitory motor neurons
interneurons are not aedted simultaneously. projects anally through the myenteric plexus for 0.5-25
mm3%42 pefore entering the circular muscle. While
projecting through the myenteric gles, these axons do not
give rise to ay branches or aricosities’® so the do rot

[Fhibi tory motor neurons
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form synaptic connections with other myenteric neuronpotentials, instead once a threshold is reached an
Once the projection enters the circular muscle, ynaninstantaneousvent occurs. Therefore, these models do not

branches and varicosities are obserfed. require large amounts of biogdical detail, such as
information rgading the voltage-dependence of ion
Secretomotor neurons channels. Also, the numerical methods required toeshby

The ENS is capable of modulating chloride secretio'ra‘lquations are simplewhich allows larger parameter spaces

in the @strointestinal tra¢t and neurons in the submucoud® Pe explored. Therefore, laakntegrate-and-fire models
e widely used in the central nervous system (particularly

plexus appear to be the final common output in neural ) ) ;
mediated secretion because ythgovide the majority of hen simulating 1000s of neurons) and were required to
imulate small rgions of intestine with the computer

. . . |
g\r/c&eeztlogescrgi ;24}63 n;\lljr?]%SS? z?]r;?f atrﬁ e rer?;;rri?]sforinnetl;reaﬁg:ourceS\aaiIabIe during the late 1990s and early 2000s.
submucous plexus are immunoreeetifor vasoactte  Tperole of ascending excitation

intestinal peptide (VIP neurons) and these are the most

likely candidate for the final step in neurogenic A model of ISNs and orally directed interneurons
hypersecretio> These neurons resei s/naptic inputs was used to inestigate the role of sl and fast &citatory
from ISNs and interneurons in both the submucousugle transmission from ISNs to these interneurdighis model

and myenteric phas. In addition to these synaptic inputsshoved when transmission from ISNs to ascending
the VIP neurons can occasionally yide \varicose interneurons wasviafast EPSPs, the latencies and durations
collaterals in submucosal ganglia and it has beaf the simulated responses were too brief to match the
electroplysiologically shown the can elicit slev EPSPs in  electroplysiologically  recorded  responses.  When
other VIP neuron$! Thus, the VIP neurons form atransmission from ISNs asvia slov EPSPs, the latencies
recurrent neterk, but this recurrent network is muchwere very similar to those recordedypiologically and the
wealer (in terms of the synaptic connections) whedurations matched the recorded responses when the firing
compared to recurrent natvks of ISNs in the myenteric of ascending interneuronsaw limited to the beginning of a

plexus or submucous plexus. slov EPSP Thus, this model showed the functional
) transmission from ISNs to orally directed interneurons is
Modelling generated by sk excitatory transmission for ascending

excitation and not dst excitatory transmission. This
illustrates hw modelling can preide functional
Mathematical modelling of the ENS and surrounds dgformation that is unattainable from traditional
a method to explain intestinal behaviour first appeared iphysiological experiments.
the 1990s through aovk done by Miftkahe and This model of ascending excitatiorasvextended to
colleague$547 They aimed to iild models using as much include ecitatory motor neurons and the circular muscle to
biophysical detail as possible. The complexity of thes#vestigate the role of ascendingaitation in peristalsis?
models meant tlyewere solved numerically and only smallThis model was anatomically realistic in the number of
regions of the parameter space could kengined with the neurons simulated and the patterns of connections between
resources \&ilable at the time. The authors concentratefieurons. A leakintegrate-and-fire model &g used for the
mainly on synaptic transmission from transmitter release fgurons, whereas the circular muscle was described by
currents generated in the postsynaptic membranéltage-dependent currents and these currents could flo
Unfortunately because of the limited bioghical data through the muscle syncytium. ISNs were \&téid in a
awailable at that time, the insight pided by the models manner consistent with a brief mechanical stimulus.
and comparison with experiments was limited. This work i§ransmission between ISNs and first-order interneurons
also marred by some ypsiological errors; for xample, Was by sow EPSPs. Interneurons then transmitted to higher
EPSPs were calculated toveaan ebsolute value of 87mV order interneurons by aét EPSPs. As the adty
(well above the observed driving potential of -10 to +10propagted along the pathay, random firing became
mV) and IPSPs were calculated tpkrpolarize membrane progressiely more synchronized between neurons, until the
potential to 70mV belo resting membrane potential. Suchnetwork as a whole @s firing in a coordinated manner
physiological errors combined with the smalgjiens of the This was a robsst phenomenon in this feedforward nethv
parameter spacesamined led to suggestions such asvslo and the emegence of this property could only be identified
waves as he result of a feedback loop betweerPy mathematical modelling. The smooth muscle model
mechanosensite reurons, motor neurons and motorndicated that bursting input to the muscle may increase the
contractiort® despite the \édence that the are generated likelihood of muscle cells firing action potentials when

Early modelling

by the interstitial cells of Cajaf5° compared with uniform input. In addition, the sytigm
_ _ model &plains hav the predicted muscle excitation might
Leaky integrate-and-fire models be related to current experimental obséipns such as the

. L han in circular muscl ity when stimulating th
Another approach to modelling ENS function is toC anges in circular muscle agty when stimulating the

. . mucosa>>*
use leak integrate-and-fire models for neurons. Lgak
integrate-and-fire models do not explicitly model action
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A model of slow EPSP transmission and recurrent networks ~ cannot account for this motor pattern. Accordinglye
o _ recurrent network of ISNs as used to explore whether

 Investigating the ascending rekle snoved the g5y EPSP transmission between ISNs underlies MI#fCs.
importance of sk EPSPs in transmission from ISNS 10}y aqdition to the features of the pieus studies of this
interneurons? Slow EPSPs are also present in mather  recyrrent network, thisersion had an asity-dependent
synaptic connections in the ENS (see introductionyynantic depression to represenygiblogical mechanisms
Therefore, a better mathematical description of th& slogycy  as  receptor  internalization/desensitization ~ or
EPSPs was deloped> _ presynaptic inhibition. The basis of the model was that the

This description imolved breaking down the second-recyrrent connections would e high firing rate, which
messenger cascade that mediatew $BSPS° into three \yoy|q activate the adjacent regions of the network in the
stages. The first stage describes thevaimn of receptors, ang| direction because of the anal bias in projections of
G-proteins and the production of cyclic adenosmpSNS,n and then the adfity-dependent inhibition wuld
monophosphate. The second stage corresponds 10 {\Gch of the initial actvity. Computer simulations of this
release of acte otein kinase A catalytic subunit. Finally yqqe| were able to relate properties of neuron to properties
the third stage represents simple phosphorylation gfhe MMC cycle. Phase Il migration speed wasegoed
potassium channels, thereby closing them. Each stage halﬂleheuron gcitability, MMC cycle length \as related to the
decay based on first-ordemass-action kinetics. These rgte of recuery of synaptic dfcacy, and phase IIl duration
equatior!s were found to fit theqcmri_me_ntal data from \ya5 determined by the duration of SIEEPSPs in ISNs. By
myenteric neurons of the guinea-pig ileum better thaRating the properties of single neurons to the properties of
variations still based on describing the second-messenggg \MCs, the model made experimental predictions that
cascade. The ales of the parameters within thesgan pe tested using standard techniques. Therefore, this

equations were determined by fitting to electsapblogical  yodel produced the first plausible mechanismxfsain the
data. The final output of the model produced & $SP generation and propagation of MMCs.

with physiologically realistic rise time, amplitude and
duration. Also, the model produced a nonlinear stimulugx model of pathogenic secretion
response relationship, an important feature of EHPSPs, i . i . )
which resulted from the underlying kinetics of the Since modelling studies and experimental studies
signalling cascade. indicate a crucial role for recurrent nemks of ISNs in
This slov EPSP model was then incorporated into aprodu.cing comppe motor patterns, it naturally led to the
large-scale computer simulation of ISKIsAs stated abge ~ duestion of the importance of other recurrent ek in
the ISNs are interconnecteda slov EPSPs, hereby the ENS. One such network is formed by secretomotor
forming a recurrent network. Such netks are unstable Neurons immunoreaet for VIP in the submucous pies.
and unable to g a gaded response to sensory inpu_frh's recurrent network of VIP neurons is also
without some form of inhibition. It seemed éily that this Intérconnectedvia slov EPSPs, bt differs from the
was due to their characteristic AHPs. Wever, the AHP is Myenteric ISNs in that there are far fewer synaptic
suppressed during sloEPSP< Therefore, AHPs, slo connections and tlyedo ot display an AHP to control
EPSPs and the interactions between theware included firing. Simulations sheed that this recurrent networkag
in computer simulations of networks ISNs to test whethétlikely to Dbe bistable under normal ysilogical
AHPs provide enough inhibition to aliothis recurrent conditions, but instead aeiy decayed with a similar time
network to give a gaded response to ongoing stimuli a$ourse to th::‘ decay in gﬂty observed in secretion across
would be expected with nutrients in the intestinal lumerh® mucos&’ However, if slow EPSPs were Iger than
These simulations sh@d the AHPs can readily stabilize aunder normal pysiological conditions, then the network of
network of ISNs allowing the network to encode theVIP neurons became bistable, responding toiaput with
magnitude of a fluctuating sensory stimulus. Even when tfé@ximal and sustained firing. These results predict that
slow EPSPs suppressed the AHP to as little as 1% Bfiterotoxins such as cholera toxin could cause
control, the network of ISNs ag still able to gie gaded hypersecretion by switching the VIP network to a blstablg
responses. This highlighted the importance of the AHP #ate. It has subsequently been shown cholerastoxm
ISNs which help lead otherviestigations into a potential dramatically increases thexaitability of VIP neurons;
role in disease states such as irritablwédsyndromé@and  Which would switch the VIP neiwk to a bistable state.
inflammation of the coloR®%° Further ivestigations into Such a switch can account for some findings about cholera-
this ISN recurrent netork also reealed that inhibitory [nduced lypersecretion, such as a VIP antagonisveres
cotransmission could allo this network to encode this hypersecretion when applied before cholera toxin b

biological inputs in a useful manrfr. not blocking it when cholera has already elicited a
respons€® Further when interactions between the
A model of migrating motor complexes recurrent VIP neuron netwk and a recurrent network of

o ) ISNs located within the submucosal plexus were modelled,
Migrating motor compiees (MMCs) are gclic  he simulations predicted that VIP neurorsud maintain
motor patterns with seral phases observed in thasted 5 |ow levd of spontaneous firing at rest, whichould

state. Since Phase IlI haswslpropagtion speeds of 4-17 h-oqyce a basalvel of secretion. Thiss currently being
cm/min in the guinea-pif fast EPSPs and interneurons
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tested. number of stationary contractions immediately oral and
anal to the lesion, as predicted by the computer model.
Therefore, this abstract computer model produced the first

Abstract models wolve describing comple systems plausible mgchanism by_which statjonary contractipns
with only a small number of variables, which drasticall)?bser“Ed during segmentation could arise frpm a p0|arlzed
reduces the simulation time, allmg mary different netv\orl_<. The “?SUItS .suggest that ;paﬂally localized
scenarios to be Vestigated. When investigating the rhythmlp contra_ctlons arise from a Iogal mba_lance between
mechanisms to control firing in the recurrent network Qqscendlng excitatory and descending inhibitory muscle

ISNs in the myenteric plexus, a Wilson andw@e®” type inputs and require a distrited stimulus and a ythm

del had b dt £ limi s generator in_the afferent pathway. o
model had been used to perform a preliminary anaysis Fdlowing on from the prediction that a ythm

This abstract model produced the same results as the " located in  th ff i
anatomically realistic and electrogiologically realistic generator was  locate n e afferent patw
for synaptic potentials model described &abdn addition pharmacological studies were performed to try and \enco

to accurately reproducing these results, this abstract mome?t r?ytlrm _ger;erztor. by tar(jg]et!ng fct)rr1ms of .|"nr:!b|t|on
had previously reproducederimental observations in the potentially ~Ivolved —In —producing € oscifations.
central nervous systefR.Thus, it provided a good way to Pharmacological agents that target the intermediate

investigate general mechanisms because a large numberpﬁfa‘i‘s'dun:h (lKg tﬁu”e?t untderltylng the éAHP n lS.NS
parameters could be quicklxmored while still been able afrecte e rhythm of contraction episodes (comprising

to produce physiologically realistic results. short bgrsts of _stationa_ry and short-length prep:ag
Sgymentation is the motor pattern observed in th(éontracUons mixed  with  whole-length  propding

fed-state. It is a comptepattern that could not be readily contract!ons) apd quiescent .penods. The durgﬂons of the
gontraction episodes were increasedf the quiescence

observedvia traditional techniques. The emergence of " . . .
video imaging methods enabledvdlepment of arin vitro periods were unaltered. It is unusual tteeif the period of
one part of an oscillation withoutfe€ting the period of the

approach to directly obsevand analyse ggmentation. . .
This revealed that the most prominent pattern is stationa her part of the . o§C|IIat|on. or under;tand this
henomenon, the principles of an abstracistv and

contractions that repeat atgrdar intervals and these are .
mixed in with short-length propagating contractions an(c?wvan type model and principles from the wioEPSP

whole-length propaafing contractionf®™  This model and its interaction with the AHP were combined to

immediately raised the question ofwaan a polarized produge a simple .abstrac_t model_that incqrporated synaptic
network produce stationary contractions. potentlalz and mteractlo_ns W't.h .caIC|um erendent
So, an abstract model was used i@stigate general currgnt; _ The model described adity in ISNs, ecitatory
mechanisms by which a polarized network could produ&?d |nh!b|tory rT“.’tor neurons and the mgscle. I reproduced
stationary contractionS. This computational model alternating act!vny and quiescence withyplologically
simulated the mean neuron firing rate in the feeddiodw accurate durgtlons for bqth .‘h.‘? control response and the
ascending and descending reflpathways. A stimulus pharmacolqglcal data on inhibiting the AHP in ISNS.' Th?
driven pacemaler was located in the afferent pathway or inmode.l predicted that feedback _to ISNs from contractlons_ in
a feedforvard pathvay Output of the feedforard thg circular musc_le was required to produce contractlon
pathways was fed into a simple model to determine th%plsodgs .and quiescence. The.model also predicted t.hat
response of the muscle. In the computational model, a Ioct,%ﬁr_lsm'ss.'on from ISNS to exutatory motor neurons 15
stimulus produced an oral contraction and anal dilatiomamly. via fast - ecitatory _syngpnc potentials anq
similar toin vitro responses to local distension or mucose{[ansm'ss'on from ISNs to inhibitory motor neurons is
deformation. Introducing outputs from descendin&n"’"myw"’ISICW E'.DS.PS'
interneurons to ascending interneurons produced an analg/ Th.e predlctlon that feedba_lck to_ ISNs from
propagting excitation that followed descending inhibition ntract!ons n t.he circular musclg Is required to produce
thereby mimicking descendingatation and suggesting acontract|on _eplsodes and_ qwesc_éﬁcewas ested
role for at least part of the recurrent circuits formed by t armacogoglc_:ally by blocking auttion of 5-HT,,
interneurons. When the stimulus was disttéll receptor$? This would block responses to mucosal 5-HT
representing a nutrient load, the result was either

rglease woked by oontractions in the circular muséfe
sustained small amplitude contraction/relaxation along tlﬁ eding back onto the ISNs. It is alsoelik cholegstokinin
length of the simulated gment or globally synchronized

CK) 1/2 receptors arevalved in the nutrient stimulus
oscillations. Havever. when we introduced localaviations activating the ISNs, so antagonists for these receptors were
in synaptic coupling, stationary contractions occurre@

Iso tested® The addition of 5-HT antagonists caused a
around these locations. This predicts thatesdeg the

arge reduction in the amount of segmentation olexbrv
ascending and descending padlye with an acute lesion agreeing with the computer model predictionit ialso
will induce stationary contractions on either side. Thi

Eﬁdicating there must be a residudieef of 5-HT or other
prediction was tested using video imaging of guinea p echanisms providing the feedback. Addition of CCK
jejunum infused with decanoic acid to inducgreentation

ntagonists decreased the amount ofgnsmtation
in vitro. An acute lesionin vitro significantly increased the

Abstract modelling

obsened, which vas replicated in the model. The combined
5-HT and CCK antagonists did not further reduce the
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amount of sgmentation observed and this could only b&l-type calcium channel, a big conductance potassium
replicated in the model if the nutrient stimulus\atéd two  channel, a calcium dependent non-specific cation channel,
pathways in the mucosa that a@nge within the enteric IK channel, hyperpolarization aetied cation (l) channels
neural circuitry. and internal calcium dynamics.eNavetested this model
These examples shvohow abstract models can be aagainst published data and our electrophysiological studies
powerful tool for irvestigating general mechanisms. Whenand found the model reproduces the ygblogical
using abstract models to simulate neural vigti other obsenations of firing in response to multiple current pulses
components of the agtrointestinal tract can readily be(250pA 10ms duration at 50Hz) or prolonged depolarising
added to gie a letter description of the whole system.current pulses (50-350pA for 500ms), and responses to
Indeed, the abstract model used to predict that feedbackptolonged hyperpolarizing current pulses. A sevijti
ISNs from contractions in the circular muscle is required t@analysis of each of the currents hageaded that IK, [, big
produce contraction episodes and quiesc@nesed a conductance potassium and calcium dependent non-specific
simple model of the circular muscle to produce thisation currents he the largest influence on th&aitability
feedback. A limitation of this model ag the circular of the ISNs. Furthermore, we h& aeated a network of
muscle could not produce imitilual contractions, Wt thousands of ISNs with sloEPSP transmission that can
produced periods of time when contractions were likely foroduce propagating activity.
occur due to the relat levds of excitatory and inhibitory With the deelopment of this highly detailed
input. Since this abstract model wasveleped, n& and conductance based model of ISNs, it isvngossible to
improved models of smooth muscle celtsand interstitial  investigate hev individual currents and their interactions
cells of Cajal® have egpeared in the literature. with other currents can influence the behaviour of ISNs and
Incorporating these models into theypiological feedback a retwork of ISNs. Br example, there is evidence that an
loop (described alve) should provide ne insights into the increased in | conductance is wolved with inflammation
function of the ENS, the smooth muscle and thef the colod® and that cholera-toxin changes the
gastrointestinal tract as a wholegan. The potential for properties of ISNs in the myenteric plexus. This sort of
nev insights arising from combining mathematicakconductance based model can test if such observations are
modelling from diferent research areas has led to theapable of generating the pathology or if other requirements
development of a central repository and framoek must also be met. Indeed, our single neuron model of ISNs
(http://physiomeproject.gf) to facilitate this process. indicates that increasing tloes increase the excitability of
While current implementations of detailed models of ththese neurons,ub a decrease in IK is also required to
ENS (such as legk intggrate-and-fire models and produce the increase in duration of action potential firing
conductance based modelspuid be computationally too during a depolarising current injection as obseffed.
exhaustve © be included in such projects, the abstract

models discussed here would be ideal. Conclusions
Current and futur e direction for modelling in enteric Over the last 15 years, modelling studies in the ENS
neuroscience have telped the understanding of enteric function by

relating the behaour of single neurons to properties of the

Abstract models are powerful for viestigating whole enteric nemus system and its output (such as
general mechanisms. Wever, they need to be closely muscle contractions and secretion). More specifically
integrated with wet xperiments or more piiologically models hege identified the importance of sio EPSP
accurate modelling, otherwise it is not possiblewkiothe transmission in the recurrent network of ISNs and some
abstract values are relmt. Lealy integrate-and-fire models potential control mechanisms. Furthevestigations of this
are good for imestigating network phenomena and synapticietwork model produced the first mechanism of MMC. A
potentials, but cannot vestigate wltage-sensitie arrents similar type of netwrk model of VIP neurons in the
and their interactions with other currents. Detailedubmucosal plexus found that this reldti sparse
conductance models can be used toedtigate the recurrent network could produce uncontrolled firing under
interactions of gltage-sensitie aurrents and other currents, certain conditions, which could be related to cholera-
but these models require a lot of detail andiéaamounts of induced hypersecretion. Abstract modelling of the intestinal
computer resources to explore the parameter spaces. Siieckstate motor patterns has identifiedwhatationary
Miftkahov and colleagues (see al®) tried the last type of contractions can arise from a polarized network. These
modelling of the ENS almost 20 years ago, much more dateodels hge dso helped predict and xplained
about details of currents in enteric neurons aeédable and pharmacological evidence for awrhythm generators and
the advance of computer technologies meangelarthe requirement of feedback from contractions in the
parameter spaces can readily Bplered when simulating circular muscle.
networks of thousands of neurons described by highI%
detailed conductance base models. eferences
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