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Introduccio

1. Innervacioé del tracte gastrointestinal

1.1 General

El tracte gastrointestinal (GI) dels humans esta format per un tub de 6-9 m que
comenga a la boca i finalitza a ’anus, en el qual buiden el contingut una seérie de
glandules annexes. De més oral a més caudal, el tracte GI esta format per: la boca,
I’esofag, ’estomac, I’intesti prim (dividit en duode, jeju i ileum), el colon (dividit en
ascendent, transvers, descendent i sigma) i el recte. L aliment entra per la boca, on se’n
redueix la grandaria 1 on s’inicia la digestio abans d’anar a 1’estobmac, via esofag. A
I’estomac s’emmagatzema 1’aliment, es tritura i es barreja junt amb secrecions que
contenen pepsina, ions i aigua, fins obtenir particules suficientment petites com per
passar pel pilor i entrar a I’intesti prim. A D’intesti prim, els enzims converteixen les
macromolécules en material absorbible durant el procés anomenat digestio; els
productes de la digestio s’absorbeixen a través de 1’epiteli fins entrar als vasos sanguinis
1 a la limfa. L’aigua dels aliments no digerits es reabsorbeix al colon i la resta del
contingut s’evacua. Els processos motors son molt importants per assegurar la trituracio,
la barreja, la propagacio del contingut a través del tracte digestiu i, finalment, per a
I’eliminaci6 dels aliments no digerits.

Encara que el tracte GI esta format per diferents regions, la seva estructura
histologica és similar i consisteix en una série de capes superposades, de ’interior a
I’exterior de la llum:

-Mucosa (especialitzada en cada tram del tracte GI).

-Submucosa: conté les glandules de secrecio i el plexe submucos o de Meissner
amb les neurones que controlen la secrecio.

-Capes musculars circular i longitudinal: formades per muscul llis, encara que a
part ’esofag son també de musculatura estriada. En algunes regions, com 1’esfinter
esofagic inferior (LES), les fibres musculars llises estan dividides per septes, teixit
conjuntiu que contenen vasos i axons que les embolcallen.

-Plexe mienteric (MP) o de Auerbach, situat entremig de les capes musculars,
format per estructures nervioses organitzades amb forma de ganglis 1 feixos nerviosos
interconnectats. Es el lloc d’integracio del control intrinsec de la motilitat.

-La serosa forma la capa més externa del tracte digestiu. L’esofag no esta
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envoltat per serosa, la capa més externa s’anomena adventicia i consisteix en teixit
conjuntiu laxe que I’uneix als teixits del mediasti del voltant. Només petites arees del

segment toracic i un petit segment abdominal estan coberts per serosa.

Longitudinal muscle

Myenteric plexus
Circular muscle

Submucosa and
submucous plexus

Mucosa

Myenteric Circular Submucousal
ganglia muscle ganglia

Figura 1. Anatomia de les diferents capes que formen el tracte gastrointestinal (Christensen, 2001)

El control de la funcié motora digestiva es produeix a dos nivells fonamentals:
un control intrinsec, que s’integra a nivell del sistema nervios entéric (ENS) format pels
plexes submucés i mienteric, i una altre d’extrinsec constituit pel sistema nervios
autonom (simpatic i parasimpatic). El sistema nervids central (CNS) regula I’activitat de
I’autonom 1, a més a més, participa en el control de les funcions digestives que
impliquen un control voluntari — la degluci6 i1 la defecacid6 — (Aziz & Thompson,
1998;Bennett, 1997;Costa & Brookes, 1994;Furness et al., 1999;Goyal & Hirano,
1996;Kunze & Furness, 1999;Grundy, 2002).

1.2 Innervacié extrinseca de I'esofag i de I'esfinter esofagic

inferior
Tant el sistema nervids parasimpatic com el simpatic contenen fibres aferents

(branca sensitiva) i eferents (branca motora) que innerven 1’esofag i el LES.

1.2.1. Aferents sensitives

Les neurones aferents sensitives de 1’esofag i1 del LES viatgen amb els nervis
simpatics, 1 s’anomenen aferents simpatiques o aferents espinals, o amb els nervis
parasimpatics vagals, 1 s’anomenen aferents vagals. Les primeres van cap al gangli de
I’arrel dorsal (DRG) i les segones cap al gangli nodos (Figura 2). Del total de les fibres
vagals, un 70-90% son fibres aferents. Les aferents espinals son neurones que

transmeten informaci6 dolorosa mentre que les aferents vagals transmeten
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principalment informacio fisiologica (no dolorosa). Estudis en el gat (Collman et al.,
1992), realitzats usant marcadors retrograds, demostren que les neurones espinals es
distribueixen majoritariament en C1-T8 per al muscul estriat; C5-L2 per al muscul llis i
T1-L3 per al LES. També demostren que les aferents vagals viatgen cap al gangli
nodos, que el nombre total de neurones aferents vagals duplica la quantitat d’aferents
espinals 1 que les aferents de totes les parts de I’esofag convergeixen amb les aferents
cardiaques, fet que explica la dificultat en discriminar en moltes ocasions el dolor
d’origen esofagic de dolor d’origen cardiac. Estudis en el gat amb marcadors
anterograds injectats en el gangli nodos 1 al DRG toracic als nivells T8-T13 demostren
que la informaci6 sensorial vagal i espinal del LES s’origina en terminals nerviosos
probablement situats en diferents estructures de la paret de 1’esofag. Aixi, els receptors
de distensid mecanica estan situats en terminals nerviosos propers a la musculatura llisa,
els de tensi6 a nivell del plexe mienteric i els terminals localitzats a la mucosa, els quals
detecten detecten la consisténcia del bol alimentari (Clerc & Condamin, 1987;Mazzia &
Clerc, 2000;Clerc & Mei, 1983;Clerc, 1984;Clerc & Mazzia, 1994). En el CNS, les
neurones sensitives connecten amb les neurones eferents vagals, que son les

responsables de la resposta motora.

Brain stem  Spinal cord

5 g DRG Figura 2. Neurones
/—{‘ A Q \é aferents en I’intesti
. ©1 ) Nodose Sympathetic\ \_ . . daptat de G dv. Gut
Vagal primary ganglion  ganglion /)Q < Spinal primary (adaptat de Grundy, Gu
7\

afferent afferent neurones
neurones 2002)

Longitudinal muscle
Myenteric Plexus

<

Circular muscle

< > Submucosa

Mucosa

1.2.2. Eferents motores vagals

El sistema nervios parasimpatic eferent consta de dos nervis: 1) el nervi vague,
que innerva la major part del tracte GI fins la meitat del colon transvers; i1 2) el nervis
pelvics (parasimpatic sacre), que s’origina a la regié sacra de la medul-la espinal (S2-

S4) i innerva la part baixa del colon i el recte (Figura 3). Un petit nombre de fibres

-3-
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eferents vagals (10-20%) innerven un gran nombre de ganglis enterics, fet que explica la
forta influéncia del vague sobre la motilitat (Wood J.D., 1989). Les fibres motores

vagals s’originen en nuclis diferents en funcié del tipus de musculatura que innerven.

A DORSAL B Prevertebral .
VAGAL Ganglia Spinal
NERVE Cord
Esophagus Esophagus Coliac s
Vagus Nerve . o.
Stomach (CNX) Stomach e : &
~7 Superior Mesentericc =
small small e o
intestine intestine et " Inferior Mesentericc -t
B ] @
®
P S1
lorge - Large T
infesfine Pelvic ner infestine =" _.-~" POST-GANGLIONIC PRE-GANGLIONIC |
XGV'C erves - FIBERS FIBERS
TN ® SACRAL —_[Nordadrenaline)__(Acetylcholine)
Rectum @ 3p|NALCORD Rectum -
Anus ® 5054 Anus

Figura 3. Innervaci6 eferent extrinseca del tracte GI. A) Eferents motores vagals i B) Eferents motores

simpatiques

Esofag estriat

En algunes espécies com el ratoli, la rata 1 el gos, I’esofag sencer esta format per
muscul estriat, excepte la part del LES, que esta constituit per musculatura llisa. En
canvi, el gat, la fura, I’opdssum i el porc tenen muscul estriat en la regié més proximal
de I’esofag, mentre que una porcid de la part distal esta constituida per musculatura
llisa. En humans, la porcio cervical de 1’esofag esta formada per muscul estriat; mentre
que el segment toracic esta constituit per fibres llises. Tot el muscul estriat de 1’esofag
esta innervat majoritariament per neurones localitzades en el nucli ambigu (NA). Aixi
doncs, estudis amb rata, en qué s’han fet servir tragadors retrograds, demostren que la
zona compacta del NA conté totes les neurones motores inferiors (LMN) vagals que
controlen la funci6 motora de la faringe 1 de 1’esofag (Broussard & Altschuler, 2000).
Per altra banda, estudis amb gat en qu¢ s’ha injectat tracadors retrograds fluorescents
han demostrat que principalment les fibres eferents que innerven la musculatura estriada
de I’esofag es localitzen a la part rostral del NA, perd que existeix un 8% de neurones
localitzades al nucli motor dorsal (DMN) del vague (Collman et al., 1993).

Mitjancant estudis immunohistoquimics amb rata, s’ha vist que aquestes
neurones contenen el transportador vesicular d’ACh, pero també contenen CGRP (Lee

et al., 1992;Sang & Young, 1998), fet que suggereix que aquest ultim actua com a co-
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transmissor amb I’ACh. Els seus terminals nerviosos contacten les fibres musculars
estriades mitjangant plaques motores (Zhou et al., 1996). Estudis in vitro amb
estimulacié vagal demostren que 1’ACh alliberada a la placa motora activa receptors
colinergics nicotinics en el muscul estriat, per iniciar aixi la contraccidé muscular (Kerr
et al., 1995). La porcié de muscul estriat de ’esofag té un plexe mienteric poc dens i
irregular (Izumi et al., 2002), que per estudis immunohistologics s’ha vist que conté
neurones que expressen l’enzim oOxid nitric sintetasa (NOS), galanina, CGRP
(Kuramoto et al., 1999) 1 VIP (Sang & Young, 1997), i que innerven el terminal nervids
de la placa motora. Les eferents vagals colinérgiques estan inhibides per aquestes
neurones nitrérgiques, les quals modulen les contraccions peristaltiques a 1’esofag
estriat (Izumi et al., 2003). En canvi, les eferents vagals no semblen actuar sobre les

neurones inhibidores nitrérgiques (Neuhuber et al., 1998).

Esofag llis i LES

Estudis amb gat, en que s han injectat tragadors retrograds a la regid toracica de
muscul llis de I’esofag 1 també del LES, han demostrat que principalment les fibres
eferents que innerven la musculatura llisa de I’esofag es localitzen en el DMN en dos
grups, un de rostral i un de caudal. Un grup addicional es troba en el nucli retroambigu i
aproximadament un 8% son presents en el NA rostral, lateralment a les eferents del
muscul estriat. En el LES les aferents tenen una distribuci6 similar que les aferents de
I’esofag, pero els cossos neuronals del DMN estan desplacats més caudalment (Collman
et al.,, 1993). En un estudi similar en els que es va emprar la fura, es veu també una
distribuci6 rostrocaudal dels cossos de les neurones eferents en el DMN (Hyland et al.,
2001).

Durant molt de temps es va creure que el nervi vague només tenia influéncies
excitadores en el tracte digestiu. Un dels majors avengos en el nostre coneixement de
com el nervi vague controla la motilitat gastrointestinal va ser demostrar que la via
motora vagal estava formada per vies paral-leles que provoquen accions inhibidores i
excitadores sobre el muscul. A diferéncia de la musculatura estriada, les neurones
vagals eferents no innerven directament la musculatura llisa, sin6 que fan sinapsi amb
les motoneurones inhibidores i excitadores del plexe mienteric. En el LES existeix una
diferent distribucio6 dels cossos de les neurones inhibidores i1 excitadores en el DMN, les

neurones de la via excitadora es localitzen en el DMN rostral, mentre les de la via
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inhibidora estan presents en la part caudal del DMN (Rossiter et al., 1990). Estudis in
vivo amb opossum (Goyal & Rattan, 1975) i estudis ex vivo amb fura (Smid &
Blackshaw, 2000) fent servir estimulacié vagal han demostrat que la transmissio
sinaptica entre les neurones eferents 1 les neurones inhibidores del plexe esta mitjangada
tant per receptors nicotinics com per muscarinics de tipus M1. Estudis en opdssum
suggereixen, a més, la participacid de la 5-hidroxitriptamina (5-HT o serotonina) en la

transmissio sinaptica a aquest nivell (Rattan & Goyal, 1978;Paterson et al., 1992).

1.2.3. Eferents motores simpatiques

A T’esofag, la innervacid simpatica parteix de cossos neuronals situats en els
segments espinals T5 1 T6, envia els seus axons cap als ganglis cervicals 1 ganglis
simpatics toracics paravertebrals. En el LES, els cossos neuronals del component
simpatic es troben en els segments espinals T6-T10, envien els axons cap al gangli
celiac a través del nervi esplancnic major (Figura 3). Les neurones preganglionars son
colineérgiques 1 activen els receptors nicotinics de les neurones noradrencrgiques
postganglionars; aquestes ultimes innerven I’esofag o el LES acompanyant els vasos
sanguinis 0, en menor quantitat, junt amb el nervi vague. Les fibres adreneérgiques
postganglionars poden innervar tant les motoneurones entériques com directament les
cel-lules musculars del LES (Papasova M, 1989). La resposta simpatica del LES
difereix en funci6 de I’especie. Estudis d’estimulacio del nervi esplancnic en la fura
activa neurones adrenergiques i produeix relaxacid a través de receptors de tipus P
(Blackshaw et al., 1997). En canvi, s’ha descrit en el gat (Gonella et al., 1979), que la
resposta simpatica del LES ¢és excitadora 1 és el resultat de 1’estimulacio tant de
receptors adrenergics situats en la musculatura llisa com de receptors situats en les
neurones del plexe que provoquen la posterior alliberacié d’acetilcolina per part de les

motoneurones.

1.3 Innervacié intrinseca: plexe mienteéric i plexe submucés
1.3.1. General

El sistema nervios entéric esta format per uns 100 milions de neurones i ¢€s
conegut també com “el cervell de I’intesti” perque pot funcionar independentment del
CNS com van suggerir William M. Bayliss and Ernest H. Starling el 1899. Aquests dos

investigadors van demostrar, en gossos anestesiats, que [’aplicaci6 d’una distensio

-6-



Introduccid

intraluminal produia una contracci6 oral i una relaxacid anal, seguida d’una ona
propulsiva de suficient magnitud com per propulsar ’aliment a través del tracte digestiu
(ells van anomenar aquest fenomen com a “llei de l’intesti” i equival actualment al
reflex peristaltic). Com que aquest reflex persistia sense la innervacio extrinseca, van
deduir correctament que I’ENS pot operar independent dels inputs del CNS. Divuit anys
després, Paul Trendelenburg va confirmar aquest fet demostrant que el reflex peristaltic
es pot produir in vitro en I’intesti de conill porqui aillat, sense participacio del cervell,
de la medul-la espinal, de 1’arrel de ganglis dorsal o de la cranials. Tot 1 aix0, com ja
s’ha vist, ’ENS comunica amb el CNS a través de fibres aferents i eferents simpatiques
1 parasimpatiques.

La funcié de I’ENS és controlar la motilitat, la secrecié exocrina i1 I’endocrina 1
la microcirculaci6 del tracte digestiu, 1 esta també implicat en la regulacié immune i en
processos inflamatoris. Els cossos cel-lulars de les neurones s’agrupen en ganglis, que
estan connectats per processos interganglionics formant dos plexes neuronals, el plexe
mientéric o de Auerbach i plexe submucos o de Meissner. El plexe submucos conté
menys neurones en termes globals, menys neurones per gangli 1 connexions
interganglioniques més primes que el plexe mienteric. El plexe mientéric s’estén per tot
el tracte gastrointestinal, des de I’esofag fins a I’esfinter anal intern (IAS). El plexe
submucds esta molt desenvolupat a I’intesti prim, on juga un paper important en el
control de la secrecid 1 I’absorcid, encara que també innerva la muscularis mucosa,
algunes cel-lules endocrines intestinals i vasos submucosos. A 1’intesti tamb¢ hi ha un
altre plexe, el plexe muscular profund, situat en la profunditat de la musculatura circular

(Furness et al., 1987) (Figura 4).

Myenteric Plexus
Figura 4. Representacié

Circular Muscle

esquematica de les
diferents capes del tracte
gastrointestinal i de la
localitzacio dels plexes
entérics (adaptat de

Furness i Costa, 1987)

Muscularis Mucosae
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L’ENS és estructuralment i funcionalment molt semblant al cervell. Igual que a la resta
del sistema nervios periferic, els seus elements neuronals no estan suportats per
col-lagen ni per les cel-lules de Schwann, pero si per cél-lules de la glia, que recorden

els astrocits del CNS.

1.3.2. Glia

Existeixen evidencies que fan pensar que la funcié de les cél-lules de la glia és
donar suport metabolic a les neurones del MP, i que també poden jugar un paper en la
inflamacié d’aquest (Cabarrocas et al., 2003;Ruhl et al., 2001). L’ENS es pot afectar en
malalties neurodegeneratives, apareixen en l’intesti de malalts de Parkinson cossos de
Lewy (Kupsky et al., 1987) i1 plaques amiloides en malalts d’Alzheimer (Joachim et al.,
1989).

1.3.3. Tipus de neurones entériques

S’han descrit quatre tipus funcionals de neurones entériques: les neurones
secretores, les neurones motores, les neurones sensitives, també conegudes per IPAN
(intrinsic primary afferent neurons) i les interneurones. Les neurones motores, IPAN i
les interneurones estan implicades en els reflexos, inclosa la peristalsi intestinal. Els
seus cossos neuronals estan localitzats en el plexe mientéric i els terminals sensitius
estan situats a la mucosa; son sensibles a diferents estimuls com ara a tensio, a canvis en
el contingut luminal i a la serotonina. Algunes d’aquestes IPAN tenen els seus cossos
cel-lulars al plexe submucos; la seva estimulacid pot controlar el transport d’aigua i

d’electrolits a través de la mucosa i el flux sanguini local (Kunze & Furness, 1999).

1.3.4. Neurones motores i neurotransmissors

Estudis immunohistoquimics posen en evideéncia la preséncia de 1’enzim de
sintesi de I’ACh (acetilcolintransferasa, AChT) en les motoneurones excitadores del
plexe mienteric de tot el tracte digestiu (Konomi et al., 2002;Porter et al., 2002;Ratcliffe
et al., 1998) i també de taquiquinines (SP, neurokinin A i B) (Sandler et al.,
1991;Shuttleworth et al., 1991;Yip et al., 2003;Yunker et al., 1999). Les motoneurones
inhibidores contenen els enzims de sintesi d’NO (sintetasa de 1’0xid nitric, NOS) 1 del
monoxid de carboni (CO) (heme oxigenasa del tipus 2 o constitutiva, HO-2), els peptids

VIP, PACAP, CGRP i també vesicules que contenen ATP (visualitzades usant la
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tecnica fluorescent de quinacrina) (Belai & Burnstock, 1994;Clague et al., 1985;Miller
et al., 2001;Ny et al., 1997;Sann et al., 1998;Sundler et al., 1992). Per altra banda,
estudis mecanics i electrofisiologics realitzats usant antagonistes i inhibidors, han
evidenciat la implicaci6 de 'NO com a principal neurotransmissor en 1’esofag
(Preiksaitis et al., 1994a), I’estoémac (Todorov et al., 2003), I’intesti (Vanneste et al.,
2004), el colon (Pluja et al., 1999) i I'[AS (Tomita et al., 2001). Existeix un paper
secundari per als altres neurotransmissors, les purines actuen en paral-lel amb I’NO a
I’estdmac, a I’intesti i al colon (de Man et al., 2003;Mule & Serio, 2003;Pluja et al.,
1999), de manera semblant a com ho fa el VIP també a I’estomac (Bayguinov et al.,
1999;Mule & Serio, 2003). Sembla que aquest péptid no esta implicat en la
neurotransmissié ni en 1’intesti (Matsuda et al., 2004) ni en el colon (Pluja et al., 2000).
Usant ratolins amb delecio de I’HO-2 (Xue et al., 2000a) s’ha vist que el CO podria
jugar un paper com a neurotransmissor en 1’intesti, com també ho podria fer en I’IAS,
degut possiblement a la sintesi de CO induida pel VIP (Watkins et al., 2004).

Pel que fa als neurotransmissors excitadors, s’ha vist que I’ACh ¢és el principal
neurotransmissor en el tracte GI 1 que les taquiquinines poden tenir un paper més o
menys important en la contraccié depenent de la porcié del budell estudiada (Cao et al.,

2000;El-Mahmoudy et al., 2003;Krysiak & Preiksaitis, 2001).

1.3.5. Receptors dels diferents neurotransmissors inhibidors
Guanilat ciclasa soluble

L°’NO i el CO son dos gasos que produeixen el seu efecte atesa 1’activacio de la
guanilat ciclasa soluble (sGC). Aquest enzim esta format per una subunitat o 1 una
subunitat B, el seu acoblament és limitant perque ’activacié pels seus lligands produeixi
cGMP (Lucas et al.,, 2000). La producci6 de cGMP i la posterior fosforilaci6 de
proteines tradueixen el senyal de I’NO per produir la relaxacié del muscul llis (Lincoln
& Cornwell, 1991). Tot 1 aix0, s’ha vist en diferents teixits que I'NO pot tenir altres
dianes: I’NO pot actuar a través de canals ionics (Bolotina et al., 1994), incrementant la
conductancia al K” i que indueix aixi la hiperpolaritzacié de la membrana, o bé activant
tirosina-cinases, fosfatases (Stamler, 1994), GTPases (Lander et al.,, 1995),
ADPribosiltransferases citosoliques (Brune & Lapetina, 1989) o factors de transcripcio
(Lander et al., 1995). A diferéncia d’aquestes dos gasos, la resta de neurotransmissors

del tracte digestiu actuen sobre receptors.
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Receptors purinérgics

Als anys 80, Burnstock (Burnstock, 1980) va proposar una classificacié formal
dels receptors per 1’adenosina i per I’ATP. Els receptors selectius per adenosina i
adenosina monofosfat (AMP) es van anomenar purinoceptors P1 i els selectius per ATP
1 adenosina difosfat (ADP) es van anomenar purinoceptors P2. Aquesta classificaci6 es
va ampliar en subdivisions addicionals, els receptors P1 es van dividir en Aj, Aza, Azp i
As 1 els receptors P2 en les families P2X 1 P2Y. Actualment hi ha pocs agonistes i
antagonistes selectius per discriminar clarament entre receptors P2X i P2Y, o entre
diferents subtipus de receptors dins de cada familia, encara que el 2-methylthio ADP (2-
MeSADP) i el MRS2179 sembla que siguin un agonista i un antagonista selectius,
respectivament, per als receptors P2Y; (Camaioni et al., 1998).

Els receptors per 1’adenosina com per I’ATP juguen un paper important en la
modulacié de la motilitat en el tracte GI. L’adenosina pot activar directament receptors
localitzats en la musculatura llisa i produir tant relaxacié com contracci6 (Kadowaki et
al., 2000;Nicholls et al., 1996) o actuar presinapticament reduint [’alliberacido de
neurotransmissors excitadors com I’ACh 1 la SP (Kadowaki et al., 2000;Moneta et al.,
1997). En moltes especies, I’ATP activa receptors P2 en el muscul llis per produir
relaxacid de la musculatura llisa en el tracte GI, encara que hi ha algunes evidéncies en
que ’ATP també produeix contraccidé del muscul llis en algunes regions. En un estudi
en el qual s’usen diferents parts del tracte digestiu del ratoli (fundus gastric, duode,
ileum 1 colon) s’observa que receptors P2Y; neurals estan implicats en la relaxacio a
totes les regions del tracte digestiu, en gran part alliberant NO; la relaxacié també és
deguda a receptors P2Y, P2Y, i P2Y, localitzats en la musculatura llisa. Els receptors
P2X, estan implicats en la contracci6 només en el colon (Giaroni et al., 2002). En
estudis més recents s ha vist que 1’estimulaciod eléctrica de camp (EFS) allibera NO i un
segon neurotransmissor sensible a ’MRS2179 en el fundus del ratoli (de Man et al.,
2003) i en el colon huma (Auli et al., 2005;Gallego et al., 2005) fet que suggereix, la
participacié d’una purina actuant a receptors P2Y.

Els receptors P1 estan acoblats a la proteina G, ja sigui disminuint-ne la
produccio de cAMP o bé augmentant-la. També s’ha descrit que poden activar la via de
la fosfolipasa C (PLC) i produir la formaci6 del trifosfat d’inositol (IP3) i diacilglicerol
(DAG). L’IP; estimula D’alliberament de Ca™ intracel-lular per la interacci6 amb

receptors especifics localitzats al reticle sarcoplasmatic. L’augment del Ca'" citosolic
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per I’IP; pot estimular diferents vies com la de la proteina cinasa C (PKC), fosfolipasa
A2 (PLA2), canals de K dependents de Ca™" i oxid nitric sintetasa. Els receptors P2X
son canals ionics que uneixen ATP (ATP-gated), la seva activacié produeix una rapida
(entre 10 ms) i selectiva permeabilitat a cations (Na', K™ i Ca"™). Aixod contrasta amb la
resposta lenta (menys de 100 ms) de ’ATP quan actua sobre receptors metabotropics
P2Y, que impliquen acoblament a proteina G i sistemes de segons missatgers. La
majoria dels receptors P2Y actuen via proteina G acoblada a 1’activacié de PLC, i
produeixen la formacié d’IP; i la mobilitzacid de calci intracel-lular. S’ha descrit també

I’acoblament a I’AC en alguns receptors P2Y (Ralevic & Burnstock, 1998).

Receptors de VIP/PACAP

Els receptors per VIP i per PACAP formen part d’una familia de receptors
formada per set receptors transmembrana acoblats a la proteina G, en la qual també
s’inclouen els receptors per CGRP. El PACAP t¢ elevada afinitat per tres receptors
diferents (receptors PAC1, VPACI1 i VPAC2). Dos d’aquests, el VPACI1 i el VPAC2,
son també receptors d’alta afinitat pel VIP. Els tres receptors estan majoritariament
acoblats a la proteina Gs, que és la que activa I’adenilat ciclasa (AC); els PACI i
VPACI poden estar també¢ acoblats a les proteines Gq i Go respectivament, les quals

son responsables de la mobilitzacié de calci (Harmar et al., 1998).

Receptors de CGRP

Historicament, els receptors de CGRP han estat classificats en dues classes:
CGRP1 1 CGRP2. Els receptors CGRPI son més sensibles que els CGRP2 a
I’antagonista peptidic CGRP8-37. Per altra banda, els analegs lineals de CGRP,
[Cys(ACM)2,7]-CGRP i [Cys(Et)2,7ThaCGRP, soén agonistes més potents per receptors
CGRP2 que per CGRP1. El CGRP augmenta el cAMP intracel-lular en molts sistemes
perd no en tots, i pot activar també canals de K i de Ca™ via proteina G (Poyner et al.,

2002).
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Figura 5. Esquema resum dels principals neurotransmissors inhibidors amb els seus canals de K"
associats (Sanders, 2000)

1.3.6. Interaccions entre els neurotransmissors inhibidors

S’han descrit diferents mecanismes d’interaccié entre els neurotransmissors
inhibidors. S’ha proposat que I’NO es pot alliberar en paral-lel 1 tenir accions
independents (cotransmissio) junt amb I’ATP (Soediono & Burnstock, 1994) i el VIP
(Bayguinov et al., 1999). L’NO també¢ pot ser alliberat per altres neurotransmissors com
el VIP a nivell presinaptic (Kumano et al., 2001;Grider et al., 1992) i també és possible
que el VIP indueixi la sintesi d’NO a nivell postsinaptic (Ergun & Ogulener, 2001), de
la mateixa manera que ho poden fer I’ATP (Xue et al., 2000b), el PACAP (Zizzo et al.,
2004) i el CO (Lim et al., 2005). Per altra banda, també s’ha descrit que I’NO pot
alliberar VIP i PACAP a nivell del terminal nervids (Grider et al., 1992;Zizzo et al.,
2004) i que el VIP pot induir la sintesi de CO (Watkins et al., 2004).

1.3.7. Cél-lules intersticials de Cajal

A més de les neurones i la glia de ’ENS, el tracte digestiu conté cel-lules
intersticials de Cajal (ICC). Aquestes van ser descrites per primera vegada per Santiago
Ramoén y Cajal cap a I’any 1890 usant tincions de blau de metile. Les va descriure com:
“células fusiformes o triangulares de pequena talla, pobres en protoplasma, del cual
parten varias expansiones varicosas, larguisimas y de ordinario ramificadas en angulo
recto. Habitan especialmente entre los haces de fibro-células, adosandose a los
manojos del plexo intersticial o secundario,; pero se las ve también en el contorno del
plexo de Auerbach y en la inmediacion de los vasos. Algunas de sus expansiones
abandonan los hacecillos nerviosos y marchan independientemente sobre la trama
contractil, siguiendo de preferencia a los intersticios musculares y constituyendo un

plexo de malla angosta, desigual y frecuentemente incompleta. Las ultimas ramillas,
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pdlidas y granulosas, parecen conexionarse con las células musculares.” (Ramoén y
Cajal, 1904). Cajal creia que aquestes cel-lules eren neurones simpatiques intersticials,
no vas ser fins als anys 90 que es va veure amb estudis immunohistoquimics que no
tenien marcadors classics de neurones mienteriques, ni de glia, ni de fibroblasts, ni de
muscul llis, pero si d’enolasa especifica de neurones, resultats que suggerien una relacio
amb algun tipus neuronal (Prosser et al., 1989). Posteriorment Huizinga et al. (Huizinga
et al., 1995), van demostrar que aquestes cel-lules expressaven el receptor c-kit.
Actualment la preséncia d’aquest receptor €s usada com a gold standard per marcar
aquestes cel-lules.

Estudis morfologics on s’observa una disminucié de les ICC, han portat a la
conclusio que aquestes cel-lules poden tenir un paper important en la patofisiologia de
diferents malalties com ara 1’estenosi pilorica hipertrofica infantil, alguns sindromes de
pseudoobstruccid intestinal cronica (Kenny et al., 1998;Vanderwinden et al., 1996a), la
constipacid de transit lent, la malaltia de Chagas, les alteracions de la motilitat
relacionades amb la diabetis , i I’hipoganglionosi (Vanderwinden et al., 1996b;Hagger
et al., 2000;He et al., 2000;Nakahara et al., 2002;Rolle et al., 2002;Tong et al., 2004;Yu
et al., 2002).

Localitzacioé de les ICC

Les ICC es localitzen en les diferents capes que formen el tracte digestiu
(Sanders et al., 2002).

e [CC del plexe mientéric (ICC-AP)
En el plexe mienteéric, les ICC estan estretament associades amb els ganglis 1 amb les

cel-lules musculars de les capes circulars i longitudinals adjacents.
e [CC intramusculars (ICC-IM)

Amb técniques d’immunohistoquimica, usant anticossos contra aquest receptor, s’ha
evidenciat la preseéncia d’ICC-IM al llarg de tot el tracte digestiu, des de 1’esofag fins a
I’TAS (Hagger et al., 1998;Romert & Mikkelsen, 1998;Ward et al., 1998;Battish et al.,
2000;Burns et al., 1996). Usant técniques de microscopia electronica, s’ha vist que a
I’esofag, al LES, a I’estdémac, a I’intesti prim 1 al colon, aquestes c¢l-lules estan en
contacte molt estret amb les varicositats terminals de les neurones motores entériques i

formen unions gap amb les c¢l-lules musculars llises (Daniel & Posey-Daniel,
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1984;Faussone-Pellegrini & Cortesini, 1985;Faussone-Pellegrini, 1987) fet que fa

suggerir que aquestes c¢l-lules puguin participar en la neurotransmissio6 (Figura 6).

Figura 6. Fotografia de microscopia
electronica en la musculatura circular
de I’estomac de la rata. Es Pot veure el
contacte estret entre el terminal nervios

(NE) i una ICC-IM, aquesta esta en

contacte amb una cél-lula muscular llisa

a través d’una uni6 gap (Mitsui & Komuro, 2002) .

Altres estudis en microscopia electronica, en canvi, han descrit que la varicositat
terminal pot contactar amb el muscul directament, sense la preséncia de les ICC (Mitsui
& Komuro, 2002). Aquestes observacions suggereixen que hi ha dos tipus
d’interaccions varicositat-muscul: una innervacid directa, on hi ha un contacte directe
entre el terminal i la cél-lula muscular 1lisa; i una innervacio indirecta, on el terminal

interacciona amb la cel-lula muscular llisa a través d’una ICC (Figura 7).

Motorneurona entérica

: ) (innervacio directa)
Motorneurona entérica

(innervaci6 indirecta)

GAP junctions amb cel.lules musculars

Figura 7. Models d’interaccié6 motoneurona-cél-lula muscular llisa. Modificat de Sanders et al.

News Physiol. Sci. 2000

e [CC del plexe muscular profund (ICC-DMP)
A Tintesti, les cel-lules semblants a les ICCs-IM estan restringides a la regio del plexe
muscular profund i reben el nom d’ICC-DMP (Wang et al., 2003).

e ICC del plexe submucos (ICC-SMP)
A D’estomac i al colon, una poblacié6 d’ICC també es troba a la musculatura circular

tocant el plexe submucos (Alberti et al., 2005;Mitsui & Komuro, 2003).
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Funcié de les ICCs

e ICC-APiICC-SMP
En estudis de microscopi electronic s’ha vist que les ICC formen unions gap

amb les cél-lules musculars llises 1 amb altres ICC del seu voltant. En estudis amb

Esophagus Stomach Intestine Colon

Epithelium
Laming Propia o= === ==d fooeood oo
Muscularis Mucosae : p— p—

Figura. 8. Esquema

SubmMUCOSA |- oo TR, o> resum de la relacio de
X X X Oblique Muscle '\Plexus submucosus les cel.lules lnterStICIal
_______ extremus
Circular Muscl X X x o B B S b o .
rertarisee X X X : : : Deep muscular de Cajal amb altres
X X X - : - ) plexus
Intermuscular — — — — estructures del tracte
Plane |@++++@D| (@Ex%%QCD| (ErxXxCD| |QDx%%xCD
Longitudinal GI (Christensen, 2001)
Muscle

==10dr==Ganglion in Ganglionated Plexuses (Submucous and Myenteric Plexuses)

-======*=Plexuses of Nerve Processes alone
“X==X=%=Plexuses of Nerve Processes with Abundant interstitial Cells
[X_X_X]Muscle Masses containing Abundant interstitial Cells

ratolins mutants W/Wv (no tenen ICCs al plexe mientéric) i en estudis de patch-clamp
posaria: s’ha suggerit que les ICC-AP de I’estomac, de I’intesti prim i del colon, i les
ICC-SMP en el colon, poden tenir funcions duals com a marcapassos i com a vies de
conducci6 de les ones lentes (Huizinga et al., 1995;Langton et al., 1989;0rdog et al.,
1999).
e ICC-IMilICC-DMP

En estudis funcionals in vitro, s’ha vist que en ratolins mutants Ws/Ws, que no
tenen ICC-IM, la innervaci6 inhibidora nitrérgica no és funcional ni en I’estomac
(Burns et al., 1996), ni en el LES ni en el pilor (Ward et al., 1998). En canvi, en estudis
in vivo en el LES (Sivarao et al., 2001) i en estudis iz vivo i in vitro en I’'IAS (Terauchi
et al., 2005;de Lorijn F. et al., 2005), s’ha vist que la neurotransmissi6é nitrérgica
inhibidora esta preservada en els animals mutants, cosa que suggereix que les ICC-IM
no tenen un paper important en aquest tipus de neurotransmissio. Pel que fa al
component excitador, s’ha descrit en el fundus gastric del ratoli que aquestes c¢l-lules
juguen un paper molt important en la neurotransmissio colinergica (Ward et al., 2000).

S’ha descrit que les ICC-DMP formen contactes semblants amb sinapsi amb
nervis nitreérgics i colinergics i contactes amb c¢l-lules musculars mitjangant unions gap,
fet que fa pensar que les ICC-DMP poden estar relacionades amb la neurotransmissio
del muscul llis en I’intesti (Wang et al., 2003). També s’ha descrit que les ICC-IM

poden funcionar com a sensors d’estirament (streach sensors) (de Lorijn F. et al., 2005).
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2. Anatomia muscular i fisiologia de I’esofag

La funci6é de I’esofag és transportar el material engolit des de la faringe fins a
I’estomac. L’esofag es diferencia de la resta del tracte digestiu perqué no té funcions
secretores o d’absorcid importants, 1 també pel tipus d’epiteli de la mucosa. Per altra
banda, la funci6 de I’esfinter esofagic inferior €és crear una zona d’alta pressido que

impedeixi el reflux del contingut gastric cap a ’esofag.

2.1 Anatomia muscular de I’esfinter esofagic inferior

En humans, I’esofag esta format per una porcié de muscul estriat d’uns 12 cm
que compren la faringe i part de I’esofag cervical, i, per una altra d’uns 15 cm formada
per muscul llis, que s’estén del ter¢ del mig fins a la unié gastroesofagica, localitzada al
nivell del diafragma. En aquest nivell, la musculatura de 1’esofag forma el LES. Les
principals funcions del LES son permetre el pas del bol durant la ingesti6 d’aliments de
I’esofag fins a I’estomac 1 prevenir el reflux d’una quantitat significativa del contingut
gastric cap a 1’esofag. La funcid de la barrera antireflux depén de la competéncia tant
del LES com del diafragma crural (Figura 9) (Hill et al., 1996;Pandolfino et al., 2003).
Estudis amb teixit fixat 1 usant teécniques d’imatge de manometria tridimensional in vivo
demostren que en humans el LES no és un anell muscular, sind que esta format per les
fibres semicirculars de clasp adjacents a la curvatura menor (que forma un anell
incomplet en forma de U) i1 per bandes musculars a la banda de la curvatura major,
formades per fibres gastriques obliqiies (fibres de sling) (Liebermann-Meffert et al.,
1979;Stein et al., 1995). En altres especies, com en el gos (Friedland et al., 1971),
I’opossum (Christensen & Torres, 1975) i el gat (Friedland et al., 1971;Preiksaitis et al.,
1994b) el muscul circular del LES forma un anell complet. Ambdos musculs mantenen
’esfinter tancat i contribueixen a la pressio del LES. En I’nica especie on s’ha observat
que la distribuci6 de les fibres de clasp i de sling és idéntica a la de ’home ha estat en el

porc (Vicente et al., 2001).
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Lower
Esophageal Slin
Sphincter —— Longitudinal Muscle Esgphageal : g
i Circular Muscle Y Clasp -
Exerna[lntema‘ “,v‘ | Diaphragm Gasric fundus \

Costal part Sling

Crural part

Sling fibers
Stomach Squamocolumnar junction

Figura 9. Anatomia de la unidé gastroesofagica en I’home. A) L’esfinter esofagic inferior representa
la part interna (esfinter de muscul llis) mentre que el diafragma representa la part externa (esfinter
de miuscul estriat). Podem veure també a la part dreta de la figura les fibres de sling. Adaptat de
(Mittal & Balaban, 1997). B) Esquema de la distribuci6 de les fibres de clasp i sling en el LES huma
(Preiksaitis & Diamant, 1997) i C) en el porc (Vicente et al., 2001)

2.2 Fisiologia de I'’esofag i del LES. Control de I’activitat motora

En la porcié del muscul llis de I’esofag, la deglucié genera un reflex peristaltic
que ¢és generat centralment 1 que esta mediat per neurones eferents vagals procedents del
DMN. La peristalsi induida per la deglucié voluntaria s’anomena peristalsi primaria per
distingir-la de la peristalsi secundaria, la qual és produida per reflexes locals com la
distensio. La peristalsi primaria és abolida per vagotomia o refredament vagal bilateral
(Roman & Gonella, 1981) (Ryan et al., 1977). Els eferents vagals estimulen la peristalsi
per activacio i modificacio del reflex peristaltic intrinsec. Per altra banda, la peristalsi
secundaria en el muscul llis esta generada per un reflex local i no es modifica per
vagotomia (Kravitz et al.,, 1978;Roman & Gonella, 1981); en canvi, la peristalsi

secundaria en el muscul estriat esta controlada centralment (Roman & Gonella, 1981).

2.2.1. Peristalsi secundaria en el muscul estriat

Contrariament al que ocorre en el muscul llis, en el muscul estriat, la peristalsi
secundaria si que s’aboleix per vagotomia. Aquest fet indica que el control de la
peristalsi és d’origen central (Roman & Gonella, 1981). L’estimulacio electrica
d’aquestes neurones eferents generen només contraccions simultanies a tots els nivells
del muscul estriat, fet que fa pensar que es necessita aquesta integracid central per
organitzar la natura seqiiencial de les contraccions peristaltiques (Grundy, 1988). La

peristalsi en la porcid de muscul estriat esta generada pel nucli ambigu 1 mitjangada per
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LMNs vagals. El nucli ambigu genera una activacid seqiiencial d’aquestes neurones que

produeixen contraccions successives en I’esofag estriat (Figura 10).

Nucleus
Ambiguus Figura 10. Mecanisme de la peristalsi evocada

vagalment en el muscul estriat de I’esofag. vs,

Estimulacié vagal. (Chang et al., 2003)
™ 1

N 2
Striated Muscle 3

‘Smoot Muscle | 4
Stimulus V.

q oo

(@]

) (

2.2.2. Peristalsi secundaria en el muscul llis

La peristalsi esofagica intrinseca estd mitjancada per neurones mienteriques
inhibidores no adrenérgiques no colineérgiques (NANC) i motoneurones excitadores
actuant coordinadament. Encara que s’anomenen inhibidores, I’estimulacié de les
motoneurones inhibidores en tires de muscul llis indueix una resposta bifasica que
consisteix en una inhibicid seguida d’una contraccio rebot. En el muscul llis que no té to
basal, I’inhibici6 es veu només com un periode de laténcia durant el periode
d’estimulaci6 nerviosa. La contraccié del muscul llis després d’aquest periode d’estimul
prolongat s’anomena contraccidé rebot o contraccié en “off” (Knudsen et al., 1991) .
Weisbrodt et al. (Weisbrodt & Christensen, 1972) van descriure en tires de muscul
circular esofagic d’opossum que la duracié del periode de laténcia de la contraccié en
“off” s’ incrementa progressivament en direccié craneocaudal. A partir d’aquests
resultats, aquests autors van proposar que el gradient de laténcia al llarg de I’esofag esta
generat per nervis NANC. Estudis posteriors van demostrar que I’'NO era el
neurotransmissor NANC responsable d’aquesta resposta bifasica (Preiksaitis et al.,
1994a;Murray et al.,, 1991;Knudsen et al., 1991). Estudis in vitro i in vivo amb
opossums demostren que I’L-NAME (inhibidor NOS) aboleix la laténcia i el gradient de
latencia de les contraccions esofagiques produides per I’estimulacié de nervis NANC a

diferents nivells de I’esofag (Yamato et al., 1992b;Murray et al., 1991).
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Les neurones excitadores del plexe mienteric esofagic utilitzen majoritariament
I’ACh com a neurotransmissor i freqlientment son anomenades colinérgiques. In vitro,
I’estimulacid nerviosa de curta durada, indueix una resposta inhibidora NANC que
apareix primer i que va seguida per una contraccio colinergica que pot sobreposar-se
amb la contraccido rebot NANC. Quan I’estimul nervids és perllongat, la contraccio
colinérgica i la contraccié rebot NANC poden aparcixer separades. Les contraccions
que ocorren durant I’estimul s’anomenen contraccions en “on”; les contraccions que
ocorren al finalitzar I’estimul s’anomenen contraccions en “off” (Crist et al., 1984a). De
manera similar a les neurones NANC, les neurones colinérgiques formen un gradient
colinérgic, pero en aquest cas decreix distalment al llarg de 1’esofag (Crist et al., 1984Db).
Aquest model incorpora el gradient d’influéncies NANC incrementades i un
d’influéncies colinergiques disminuides al llarg de 1’esofag per explicar I’amplitud 1 la
laténcia de la peristalsi esofagica (Figura 11). Aixi es pot explicar tant els mecanismes
periferics pel comportament peristalsi-like de les tires circulars de I’esofag in vitro, com

la peristalsi esofagica provocada per estimulacio vagal aferent in vivo.

= Figura 11. Mecanisme periféric
b}
° UES de la peristalsi. En aquest model
=] .
= proposat per Crist et al, es
3 . ) descriuen gradients de neurones
% Cholinergic
i = ""’/ colinérgiques i no colinérgiques al
02 D00 Non-cholinergic ., ., .

llarg de la porcio de muscul llis de

SNeNe)

D 0 0O Pesofag. L’influéncia colinérgica
= D00] : . Lo
o Cholinergic| predomina a I’esofag proximal i
3 oo )
= e decreix distalment.
= Non-cholinergic
=2 4 Contrariament, la influéncia no
uE) colinérgica és minima

LES - proximalment i incrementa en
- stimulus P’esofag distal. UES, esfinter

esofagic superior (Chang et al.,

2003)
2.2.3. Peristalsi primaria
El reflex deglutori, que evoca peristalsi primaria, esta organitzat en el centre de
degluci6 (localitzat al tronc cerebral), aquest centre es comunica amb el plexe mientéric
esofagic mitjancant neurones aferents vagals. Estudis amb opdssums anestesiats (Gidda

& Goyal, 1984) en els quals es van provocar deglucions i es van enregistrar potencials a
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les fibres eferents, han suggerit que després de la degluci6 s’activen primer les neurones
NANC del plexe, i causen una rapida inhibici6 del muscul llis de ’esofag, fet que
ocorre en menys d’1 s. Aquest fenomen es coneix com a inhibicié deglutoria. El grau i
la durada de la inhibici6 augmenta a mesura que ens apropem a la part distal de
I’esofag, per rad de I’increment del gradient NANC, descrit anteriorment. La resposta
inhibidora esta seguida per wuna contraccid6 amb laténcies progressivament
incrementades al llarg de I’esofag. La deglucié també inicia 1’activacio seqiliencial d’un
segon grup de fibres eferents amb periodes de laténcia compresos entre 1 15 s. Aquestes
fibres amb laténcies de major durada s’especula que projecten cap a les neurones
excitadores del plexe mientéric de I’esofag. Durant la degluci6 la seqiiéncia d’excitacio
colinérgica se superposa a la NANC modulant I’amplitud i el gradient de laténcia de la

contraccid peristaltica primaria (Chang et al., 2003) (Figura 12).

DMNTr Figura 12. Paper dels nervis eferents vagals
en la peristalsi primaria. L’activacié

seqiiencial de les neurones NANC i

DMNc colinérgiques del plexe que innerven la
\(0-<(+)Ach /\ porciéo de miscul llis de ’esofag explica la
X8< \—4 inhibiciéo deglutoria seguida de peristalsi.

Les fibres de laténcia curta activen la NANC

\ ] (+)Ach del plexe per produir inicialment una
c : / \
\<._< = [— inhibicié del muscul llis, per altra banda, les

> : fibres de laténcia llarga estimulen

LES

f subseqiientment neurones colinérgiques per
Estimul

produir contraccions que estan

programades per coincidir amb la contracci6 NANC rebot (Chang et al., 2003).

En humans, la inhibici6 deglutoria que precedeix la peristalsi primaria s’evidencia quan
deglucions repetides i successives es produeixen en intervals propers. Cada deglucio
successiva inhibeix la contracci6 peristaltica de la deglucio precedent, i només 1’tltima

degluci6 esta associada amb la contraccid peristaltica (Sifrim et al., 1992).
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2.2.4. Esfinter esofagic inferior

El LES esta format per muscul llis amb propietats miogéniques intrinseques que
manté ’esfinter tancat en condicions basals. Aquesta contraccidé tonica fa que
manometricament el LES s’evidencii com una zona d’alta pressio a I’extrem inferior de
I’esofag. Aquest to miogenic estd modulat tant per les vies vagals inhibidores com per
les excitadores. En estudis in vivo s’ha vist que quan les influéncies excitadores i
inhibidores son iguals, ni la vagotomia bilateral (Rattan & Goyal, 1974) ni la
neurotoxina tetrodotoxina (TTX) canvien la pressié del LES (Goyal & Rattan, 1976).
Per altra banda, antagonistes selectius de només una via produeixen efectes oposats de
I’altra via. Aix0 vol dir que el bloqueig de la via excitadora colinérgica usant
anticolinergics (Dodds et al., 1981) o toxina botulinica (Pasricha et al., 1993)
disminueix la pressié del LES a causa d’una acci6 oposada dels nervis inhibidors, tot i
que en algunes especies 1’atropina no produeix cap canvi en la pressié del LES (Dodds
et al., 1981) . En canvi, el bloqueig de la via nitrérgica inhibidora amb inhibidors de la
NOS produeix un increment de la pressié del LES (Xue et al., 1996;Yamato et al.,
1992a).

L’activacio selectiva de la via vagal inhibidora pot generar la relaxacié del LES.
La relaxacié del LES és una part integral de la peristalsi primaria induida per la
deglucio. Amb I’estimul de la deglucio, el LES es relaxa durant 8-10 s 1 posteriorment
es produeix una contraccid a la part proximal del LES. Aquesta série d’esdeveniments
permeten al bol engolit passar a través de la zona d’alta pressio. La relaxacio del LES és
el component més sensible de la peristalsi primaria perque la relaxacio pot ocorrer sense
una peristalsi faringia o esofagica associada. La relaxaci6 del LES produida per
distensi6 de la porcio llisa de I’esofag, amb o sense peristalsi secundaria associada, €s
conseqiiencia de reflexos locals, 1 no s’afecta per vagotomia. Les vies vagals inhibidores
i excitadores s’activen selectivament en un nombre de reflexos motors que impliquen
I’esfinter esofagic inferior. L estimulacio de les aferents vagals abdominals i la distensio
de D’estdbmac proximal disparen les vies inhibidores que produeixen la relaxacid del
LES. Reflexos vagovagals com eructar i les relaxacions transitories de 1’esfinter
(tLESRs) també depenen de I’activacid de la via inhibidora del LES (Chang et al.,
2003).
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3. Trastorns de la motilitat esofagica

Els trastorns de la motilitat de 1’esofag comprenen diferents simptomes,
especialment disfagia i dolor toracic. Aquests trastorns es diagnostiquen per manometria
esofagica, on es mesura la pressio i la relaxacio del LES i la preséncia de peristalsi en el
cos esofagic. Els parametres de les contraccions peristaltiques que es tenen en compte
per al diagnostic son Iamplitud (alta o baixa), la duracid, la naturalesa repetitiva i la
presencia d’ones no transmeses o parcialment transmeses. A continuacio s’expliquen
breument les anomalies primaries com son 1’acalasia, I’espasme esofagic difus, 1’esofag
hipercontractil, 1’hipocontractil i també algunes anomalies secundaries, com els
trastorns de la motilitats produits en 1’escleroderma, malaltia de Chagas 1 diabetis
(Richter, 2001). Després es parla també de la malaltia per reflux gastroesofagic
(GERD), que, com es veura, es pot deure a una alteracié de la motilitat i,
secundariament, pot ocasionar alteracions en la motilitat esofagica a causa de

I’exposici6 acida (Castell et al., 2004).

3.1. Anomalies primaries de la motilitat esofagica
Acalasia

La simptomatologia es caracteritza per una obstruccié funcional amb disfagia,
malestar toracic i regurgitacio. El simptoma més freqlient ¢és la disfagia a solids i
liquids, la gravetat de la qual fluctua, perd que pot ser important fins a produir una
perdua de pes significativa.

Els estudis manomeétrics es caracteritzen per (Clave & Castellvi, 2004):

- abseéncia d’ones peristaltiques en I’esofag llis (criteri diagnostic obligat)

-abséncia o relaxaci6 incompleta de 1’esfinter durant la deglucio. Aquest fet el
distingeix d’altres trastorns amb aperistalsi

-pot produir-se també un increment de la pressio del LES (>45 mmHg)

L’origen de D’acalasia és desconeguda, s’han suggerit factors hereditaris,
degeneratius, autoimmunes i infecciosos com a possible causa. Aquests dos ultims
factors son els dos més comunament acceptats (Castagliuolo et al., 2004;Ruiz-de-Leon
et al., 2002;Storch et al., 1995;Storch et al., 1995). S’han identificat canvis patologics
en especimens procedents de necropsies o d’intervencions quirurgiques com soén una

resposta inflamatoria prominent perd irregular, consistent en I’aparicio de limfocits T i
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un nombre variable d’eosinofils i mastocits, 1 algun grau de fibrosis neural mienterica
(Raymond et al., 1999). El resultat final d’aquests canvis inflamatoris €s una peérdua
selectiva de motoneurones inhibidores nitrérgiques (Lui et al., 1997;Mearin et al., 1993)
1 neurones que contenen VIP (Aggestrup et al., 1983;Sigala et al., 1995). En estudis de
microscopia electronica, en teixit de pacients amb acalasia, es mostra la preséncia de
vacuoles en les ICCs (Zarate et al., 2004) fet que fa pensar en una possible lesi6é també
d’aquestes cél-lules. Aquesta pérdua de neurones inhibidores provoca una relaxacid
incomplerta del LES 1 una aperistalsi causada per la perdua del gradient de laténcia que

permet contraccions seqiiencials al llarg de I’esofag.

Espasme esofagic difus

L’espasme esofagic difus es caracteritza per un peristalsi normal intermitentment
interrompuda per contraccions simultanies. Aquest malaltia és poc freqiient, ocorre al
voltant d’un 3-5% dels pacients estudiats per anomalies de la motilitat esofagica. Es
desconeix [’etiopatologia d’aquest desordre. En estudis en qué s’usen tests de
provocaci6 amb metacolina, betanecol, carbacol i1 pentagastrina s’observen unes
contraccions augmentades en aquests malalts (Mellow, 1977). En un estudi on es
correlaciona el gruix de la musculatura en estat basal i ’amplitud de la contraccio
peristaltica (Pehlivanov et al., 2002), s’observa que hi ha una associaci6é que explicaria
per queé aquests malalts tenen les contraccions augmentades i1 responen amb
contraccions majors a l’estimulacié d’agonistes colinérgics. També s’ha suggerit que
aquesta sensitivitat augmentada pot ser deguda a un defecte en la inhibicié neural al
llarg el cos esofagic, possiblement en relacié amb una disfuncié en la sintesi d’NO i/o
en la seva degradacio (Konturek et al., 1995). L’espasme esofagic difts es diagnostica
per manometria esofagica, s’observen unes contraccions simultanies no peristaltiques
intermitents barrejades amb peristalsi normal. Altres troballes manométriques menys
consistents inclouen contraccions de llarga durada, ones repetitives (tres pics o més),
contraccions espontanies no induides per la deglucio, i anomalies de la pressio del LES
o de la seva relaxacio. En estudis de pH-metria ambulatoria de 24 h s’ha vist que entre

un 20% 1 un 50% dels malalts tenen GERD.
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Esofag hipercontractil

Els pacients amb peristalsi esofagica simptomatica (esofag en trencanous,
nutcracker esophagus) presenten contraccions no peristaltiques d’elevada amplitud i
poden presentar també contraccions peristaltiques de duracié major. Existeix un
subgrup de pacients que presenta també un LES hipertens. Aquests dos resultats
manometrics sovint coexisteixen, i suggereixen que poden representar una sindrome
d’un esofag hipercontractil. La causa de 1’esofag hipercontractil €s incerta; tot i aixo,
algunes contraccions d’elevada pressid poden ser secundaries a factors exogens com
reflux gastroesofagic o I’estreés. El principal simptoma dels pacients amb esofag

hipercontractil és dolor toracic.

Esofag hipocontractil

La majoria del pacients que son diagnosticats, com que tenen una alteracié de la
motilitat no especifica, tenen patrons de motilitat caracteritzats per qualsevol de les dues
alteracions segiients: contraccions peristaltiques de baixa amplitud o contraccions
simultanies en 1’esofag distal, o una peristalsi fallida en la qual les ones no travessen per
complet tot I’esofag distal (anomenada motilitat esofagica inefectiva). El concepte
d’ones de baixa amplitud que sén inefectives esta suportat per estudis que usen
simultaniament manometria i1 videoradiografia de bari per mostrar que les ones
contractils de menys de 30 mmHg d’amplitud, encara que son peristaltiques, no
transporten eficagment i no netegen un bol de bari de ’esofag. La majoria dels malalts
amb motilitat esofagica inefectiva tenen GERD. Una pressio baixa del LES és vista
comunament amb pacients amb GERD, fet que suggereix que I’esofag hipocontractil
pot ser secundari a un dany acid cronic de 1’esofag distal. EI LES hipotonic pot no ser
sever; tot 1 aix0, hi ha estudis que suggereixen que una exposicid acida anormal en
aquests malalts es correlaciona millor amb una debil bomba esofagica que amb la

pressio del LES disminuida.

3.2. Anomalies secundaries de la motilitat esofagica

Els malalts amb alteracions secundaries de la motilitat esofagica tenen patrons
de motilitat anormals secundaris a una malaltia sistémica. En I’escleroderma, per
exemple, les anomalies de la motilitat es troben en un 80% dels malalts. El procés de la

malaltia subjacent esta causat per I’obliteracio vascular i la fibrosis secundaria que
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afecta el muscul llis esofagic i la seva innervacid. Aquest procés produeix una
disminuci6 de la pressio en el LES (<10 mmHg) i una motilitat distal debil i inefectiva.
Aquests malalts normalment tenen GERD, fins un 60% tenen esofagitis, i alguns tenen
esofag de Barrett.

La malaltia de Chagas, que esta causada per la infeccid6 amb al parasit
Trypanosoma cruzi, és una malaltia endémica del Brasil. En I’esofag produeix una
sindrome molt semblant a 1’acalasia. Tot i aix0, a diferéncia dels malalts amb acalasia
classica, els malalts amb Chagas tenen altres evidéncies de malaltia sistémica que
inclouen cardiomiopatia, megacolon i megaureter.

La neuropatia autonomica pot conduir a una motilitat anormal en la majoria de
pacients amb diabetis insulinodepenent, i algunes vegades pot assemblar-se a 1’espasme
esofagic difus. S’ha vist en malalts diabétics asimptomatics, en queé s’han usat estudis
radiografics, que mostren una reduccié o una abséncia de contraccions peristaltiques.
D’una manera semblant, estudis manomeétrics mostren una fallida de les seqiiéncies de
contraccions i multiples ones desorganitzades junt amb una descoordinacié de la funcid
del LES. L’amiloidosi, 1’alcoholisme 1 I’esclerosi multiple poden estar també
acompanyades per hipocontraccions en 1’esofag distal. La pseudoobstruccié intestinal
idiopatica cronica esta gairebé sempre associada amb anomalies de la motilitat,
particularment pérdua de peristalsi en 1’esofag distal, la qual de vegades pot mimetitzar

I’acalasia (Richter, 2001).

3.3. Malaltia per reflux gastroesofagic (GERD)

El reflux gastroesofagic és un fenomen tant fisiologic, que ocorre en la poblacid
general, com patologic que pot produir simptomes des de suaus a severs. La pirosi, una
sensacio de cremor o desconfort darrera de I’estérnum, és el simptoma més comu del
GERD. La majoria de malalts amb GERD tenen un esofag endoscopicament normal.
Aquests malalts que tot 1 no tenir signes d’inflamaci6é ni d’erosid, perd que tenen els
simptomes de GERD aixi com sensacions de cremor darrera de I’estérnum, s’inclouen
en el que s’anomena malaltia per reflux no erosiva (NERD). S’estima que un 10%
d’individus de la poblacié general tenen episodis de pirosi un cop al dia 1 que més d’un
40% experimenten aquest simptoma al menys un cop al mes. S’utilitzen basicament dos

grups de farmacs per al tractament del reflux: els que redueixen la produccié d’acid o

_25.-



Introduccid

inhibidors de la bomba de protons (PPIs) i els que protegeixen la mucosa (antiacids),
que actuen neutralitzant I’acid.

La patogenesi del GERD ¢és multifactorial; implica I’aparicié de diferents canvis
en la fisiologia normal que augmenten la preséncia del reflux acid a 1’esofag. Aquests
canvis inclouen alteracions en les relaxacions transitories de I’esfinter (tLESRs),
disminuci6 de la pressio del LES, disminuci6 del buidament gastric, aclariment esofagic
inefectiu, disminucié de la salivacio i alteracions en la resisténcia de la mucosa (Castell

et al., 2004).

Relaxacions transitories de LES (tLESRs)

Després de menjar, el LES esta normalment tancat. Quan relaxa, pot permetre el
pas d’aliments 1 acid cap a I’esofag. En malalts amb GERD, la distensio6 gastrica indueix
un augment del nombre de tLESRs, les quals son la principal causa dels episodis de
reflux. Com que el nombre de tLESRs augmenta, la freqiiencia dels episodis de reflux
augmenta, i llavors tamb¢ augmenta el temps de pas d’acid a ’esofag.

Les tLESRs ¢és el mecanisme pel qual ocorre el reflux en la poblacié sana (reflux
fisiologic). La majoria dels malalts amb GERD tenen una pressié normal del LES, i sén
les tLESRs la causa principal de reflux en aquests malalts (80% dels episodis de reflux).
Les tLESRs poden ser induides per estimulacié gastrica o faringia, la qual inicia un
reflex inhibidor vagovagal (Figura 13). S’activen les vies sensitives que van cap al nucli
del tracte solitari, s’activen després les fibres motores eferents del nucli motor dorsal del
vague, que innerven el MP, on fan sinapsi amb les motoneurones inhibidores i
excitadores. Normalment les tLESRs duren menys de 30 s. S’ha vist en voluntaris sans
que I’hormona gastrointestinal colecistoquinina augmenta el reflux gastroesofagic
després de la ingesta per rad de I’increment de I’index de tLESRs i per reduccié del to
del LES (Clave et al., 1998). Aquestes accions estan mitjangades per receptors CCK-A
situats fora del LES. L’intens efecte de I’activacid d’aquests receptors extraesfinterics
(probablement situats als aferents vagals) s’imposa a la resposta contractil directa
induida per la CCK sobre el muscul del LES, resposta mitjancada tamb¢ per receptors
CCK-A (Gonzalez et al., 2000). Aixi doncs, les tLESRs poden ser també induides per
I’augment dels nivells de CCK postprandials. Actualment no hi ha farmacs al mercat

per tractar el GERD que disminueixin la freqiiencia de les tLESRs, encara que s’han
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provat en animals i en humans farmacs com el baclofén (agonista GABA B) amb un

bon resultat (Wise & Conklin, 2004).
A B

[ Smooth muscle
B Striated muscle
== Sensory pathway
<= Motor pathway
Nucleus solitarius

Dorsal vagal Nucleus
Nucleus ambiguus

Cortical stimuli
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Caudal DMN

Vagus Nerve
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Pharynx ganglion >
\ Vagus A
"/ 'Nerve Ach (+)
\ Ach LES I Myenteric Plexus
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| NO (-)
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LES Plexus m
Subdiaphragmatic

Vagus Nerve

Figura 13. Vies nervioses que coordinen les relaxacions transitories de I’esfinter esofagic inferior.

A) Adaptat de (Mittal & Balaban, 1997) i B) adaptat de (Chang et al., 2003)

Disminucio del to del LES

El LES és la barrera primaria antireflux. Una pressio disminuida permet el reflux
cada cop que la pressid de I’estomac sobrepassa la del LES. Aquesta condici6 esta
present en una minoria dels casos de GERD, i esta normalment associada a esofagitis

sc€vera.

Buidament gastric endarrerit
Si el buidament gastric esta endarrerit, el volum del fluid gastric esta augmentat.
Es creu que un buidament gastric endarrerit contribueix en una petita proporcio de casos

de GERD per un increment del fluid disponible per refluir.

Aclariment esofagic inefectiu

L’aclariment acid de 1’esofag consta dun procés de dos passos, anomenat
mecanisme antireflux. La peristalsi elimina el contingut gastric de I’esofag, i la saliva
engolida neutralitza 1’acid residual. S’ha vist en alguns pacients amb GERD una

disminuci6 en I'amplitud de la peristalsi secundaria i contraccions segmentaries.
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Alteracions en I’aclariment esofagic poden ser causades per un augment en el volum del

refluent i/0 un efecte irritant durant un episodi de reflux precedent.

Disminucio de la salivacio

La saliva — que té un pH de 7,8-8,0 —, és rica en bicarbonat i pot neutralitzar
normalment I’acid residual que recobreix 1’esofag després de la peristalsi secundaria.
Aixi doncs, una disminucié en la salivacid pot contribuir a la duracié de 1’exposicid

acida a I’esofag.

Alteracions en la resisténcia de la mucosa

La resisténcia tissular en 1’esofag consisteix en unes membranes de cél-lules i
unes complexes unions intercel-lulars, que protegeixen contra 1’acid limitant que els
hidrogenions (H+) difonguin dins I’epiteli. L’esofag també produeix bicarbonat, que
tampona 1’acid, i moc, que forma una barrera protectora en la superficie de I’epiteli. La
resisténcia de la mucosa esofagica a 1’acid és menor que la de I’estomac. Quan ocorre
un dany esofagic, hi ha massa acid 1 massa pepsina presents perque la mucosa estigui
protegida. Llavors la pepsina del refluent pot danyar 1’esofag digerint les proteines de

I’epiteli.

_28 -



Introduccid

4. Objectius

L’objectiu d’aquesta tesi ha estat estudiar in vitro, usant la técnica de bany d’organs, els
neurotransmissors implicats en la relaxaci6 i la contraccio i en el control del to en
I’esfinter esofagic inferior. Per aixo s’ha usat teixit procedent de tres especies: 1’home,
el porc i la rata. També s’ha estudiat el paper de les cel-lules intersticials de Cajal
(ICCs) en la neurotransmissié excitadora i inhibidora, usant un model mutant en rata
(Ws/Ws) que no presenta algun dels tipus d’ICCs. Els objectius concrets de cada estudi

es descriuen a continuacio.

Objectiu 1. Caracteritzar 1’efecte de 1’estimulacié de les motoneurones excitadores 1
inhibidores i les influéncies neurals sobre el to en el LES huma.
1.1. Caracteritzar els neurotransmissors alliberats per les motoneurones
excitadores 1 inhibidores
1.2. Comparar la resposta a I’estimulaci6 de les motoneurones excitadores 1
inhibidores usant nicotina i estimulacio eléctrica de camp (EFS)

1.3. Avaluar les influéncies neurals sobre el to

Objectiu 2. Caracteritzacio dels mecanismes neuromiogénics 1 dels neurotransmissors
que controlen el to i la relaxaci6 de LES del porc.

2.1. Avaluar les influéncies neurals sobre el to

2.2. Caracteritzar la resposta dels possibles neurotransmissors

2.3. Caracteritzar farmacologicament els neurotransmissors alliberats per les

motoneurones usant EFS 1 estimulacid dels receptors nicotinics

Objectiu 3. Avaluar les diferéncies existents entre les regions de clasp i sling en el LES
del porc pel que fa al control del to i a la contribuci6 dels diferents components
implicats en la relaxaci6 i en la contracci6.

3.1. Avaluar les influéncies neurals sobre el to

3.2. Caracteritzar i avaluar la contribuci6 dels components implicats en la
relaxacid 1 en la contraccio

3.3. Avaluar D’efecte de 1’addici6 exogena del donador d’NO nitroprussiat de

sodi (SNP), de I’ATP i del carbacol
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Objectiu 4. Caracteritzacio i implicacid de les cel-lules intersticials de Cajal (ICCs) en
la neurotransmissio inhibidora i excitadora en el LES de la rata.

4.1. Estudiar de la distribucié de les ICC en rates Sprague-Dawley, en rates
mutants Ws/Ws i en les seves germanes no mutants +/+

4.2. Caracteritzacid dels neurotransmissors inhibidors i excitadors en rates

Sprague-Dawley, rates +/+ i rates mutants Ws/Ws
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Capitol 1

Different responsiveness of excitatory and
inhibitory enteric motor neurons in the
human esophagus to electrical field

stimulation and nicotine

1.1. Abstract

To compare electrical field stimulation (EFS) with nicotine in the stimulation of
excitatory and inhibitory enteric motor neurones (EMN) in the human oesophagus.
Circular lower oesophageal sphincter (LES) and circular and longitudinal esophageal body
(EB) strips from 20 humans were studied in organ baths. Responses to EFS or nicotine 100
uM were compared in basal conditions, following L-NNA 100uM, and following L-NNA
and apamin 1 uM. LES strips developed myogenic tone enhanced by tetrodotoxin 5 uM
(TTX) or L-NNA. EFS-LES relaxation was abolished by TTX, unaffected by
hexamethonium 100 uM, and enhanced by atropine 3 uM. Nicotine-LES relaxation was
higher than EFS-relaxation, reduced by TTX or atropine, and blocked by hexamethonium.
Following L-NNA, EFS elicited a strong cholinergic contraction in circular LES and EB,
and nicotine a small relaxation in LES and no contractile effect in EB. Following L-NNA
and apamin, EFS elicited a strong cholinergic contraction in LES and EB, and nicotine a
weak contraction amounting to 6.644+3.19% and 9.20+5.51% of that induced by EFS. EFS
elicited a contraction in longitudinal strips; following L-NNA and apamin, nicotine did not
induce any response.

Inhibitory EMN tonically inhibit myogenic LES tone, and are efficiently stimulated
both by EFS and nicotinic acetylcholine receptors (nAChRs) located in somatodendritic

regions and nerve terminals, releasing NO and an apamin-sensitive neurotransmitter. In
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contrast, although oesophageal excitatory EMN are efficiently stimulated by EFS, their
stimulation through nAChRs is difficult and causes a weak response, suggesting the
participation of non-nicotinic mechanisms in neurotransmission to excitatory EMN in

human oesophagus.

1.2. Introduction

The two main physiologic motor events in the human oesophagus are the
swallowing-induced primary peristalsis and LES relaxation, and the transient LES
relaxation that causes physiological gastro-oesophageal reflux and allows belching.
Stimuli triggering both motor events are integrated in the CNS, conveyed to the dorsal
motor nucleus of the vagus which contains the preganglionic neurones, and travel along
a few vagal efferent fibres to a huge number of EMN located in the myenteric plexus
(MP) (Christensen J, 1994;Hornby & Abrahams, 2000). The oesophageal MP is a
network of interconnected ganglia that also have integrative functions independent of
the CNS that determine the peristaltic nature of the oesophageal body contraction and
LES relaxation, and modulate LES resting tone (Christensen J, 1994;Paterson et al.,
1992). The oesophageal EMN have their cell bodies in the myenteric ganglia, and their
motor axons travel in small nerve bundles, penetrating the longitudinal and circular
smooth muscle layers (Christensen J, 1994;Hornby & Abrahams, 2000). Efforts during
recent years have been directed at characterising the final neurotransmitters involved in
the terminal motor pathways of EMN to the oesophageal smooth muscle, but little is
known about the physiology of the neuronal circuitry that directly controls oesophageal
peristalsis, LES tone, and LES relaxation. In vitro studies on human oesophageal strips
using direct activation of EMN by electrical field stimulation (EFS) have shown that
LES relaxation is mainly caused by nitric oxide (NO) released from inhibitory EMN,
while oesophageal contraction is mainly caused by acetylcholine (ACh) released from
excitatory EMN acting on muscarinic receptors located in the smooth muscle (Krysiak
& Preiksaitis, 2001;Preiksaitis et al., 1994).

The vagal efferent fibres synapse with EMN in myenteric ganglia, and the
overall consensus is that vagal fibres can stimulate both inhibitory and excitatory EMN
(Hornby & Abrahams, 2000). Acetylcholine released by vagal fibres in the LES of
guinea pigs acts upon inhibitory motor neurones through nicotinic and muscarinic
receptors (Goyal & Rattan, 1975), although in most animals a serotoninergic antagonist

is also required to completely antagonise ganglionic transmission in this pathway
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(Rattan & Goyal, 1978). Nevertheless, there is some controversy over the existence and
nature of the vagal input to the excitatory EMN, as they appear to lack direct vagal
nicotinic inputs in the rat (Coruzzi et al., 1985) and guinea pig (Yuan et al., 1998) LES.
On the other hand, excitatory and inhibitory enteric motor reflexes caused by distention
or mucosal stimulation are also inhibited by nAChR antagonists (Schneider et al.,
2000). There is little data available on the receptors and interneurones involved in
neural transmission from vagal pathways and interneurones to EMN in the smooth
muscle of the human oesophagus.

The aim of the present study was to characterise, in vitro, the effect of
stimulation with nicotine upon intrinsic excitatory and inhibitory EMN in the smooth
muscle of the human oesophagus, and to compare it with the effect of direct stimulation

by EFS.

1.3. Methods

1.3.1. Preparations

Twenty specimens including part of the gastric fundus, the gastro-oesophageal
junction (GOJ), and the EB were obtained from eight patients with oesophageal cancer and
twelve organ donors (female/male=1.2, mean age=56.3+4.5 years). The study protocol had
been previously approved by the Institutional Review Board of the Hospital de la Santa
Creu i Sant Pau, that of the Hospital de Mataro, and that of the Hospital Clinic i Provincial,
Barcelona, Spain. The specimens were opened following the lesser curvature of the
stomach, the transitional line was marked with sutures and the mucosa was resected.
Consecutive 3 mm-wide strips, including the circular muscle, the longitudinal muscle and
the MP, were cut parallel to the circular muscle fibres. Four to six consecutive strips were
obtained from each specimen, from both the right (clasp) and/or the left (sling) side of the
GOJ starting 3 mm distal to the zone of the transitional line (Preiksaitis & Diamant, 1997),
and four to six circular strips were obtained from the EB, 6-9 cm above the transitional
line. In five specimens, full-thickness longitudinal strips were also obtained from the EB,
6-9 cm above the transitional line. Strips were always obtained from macroscopically non-

invaded regions.
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1.3.2. Procedures

Studies started within the 18 h-period following resection. Final strips measuring
10 mm in length were placed in 25 ml-organ baths containing Krebs solution constantly
bubbling with 5% CO; in O, (Clave et al., 1998;Tottrup et al., 1990a). Changes in
tension of the strips were measured using isometric force transducers and recorded on a
chart recorder (model 03 Force Transducer and model 7 Series Polygraph, Grass
Instruments Co, Quincy, MA). In each experiment, up to six strips from the same
specimen were simultaneously studied. After an equilibration period of one hour, strips
were stretched to 150% of their initial length and positioned between two parallel
platinum wire electrodes 10 mm apart (Tottrup et al., 1990a;Tottrup et al., 1990c).
Thereafter, the tension of most strips taken from the GOJ progressively increased over
the following 1-2 hours. This increase in tension was defined as the active resting tone
(Tottrup et al., 1990c).
1.3.3. Experimental design

The influence of EMN on active LES resting tone was studied by measuring the
changes in tension of LES strips after exposure to tetrodotoxin 5 uM (TTX, Sigma, St.
Louis, MO, USA), to hexamethonium 100 uM (HEX, Sigma), to N nitro-L-arginine
100 uM (L-NNA, Sigma), to atropine 3 uM (ATR, Braun Medical S.A., Barcelona,
Spain); and the myogenic contribution was evaluated after 10 min of exposure to a
Krebs calcium-free buffer [14]. The concentrations of TTX and L-NNA had previously
been shown to abolish maximal EFS-induced relaxation [12-14]. The effect of these
antagonists was evaluated 30 minutes after their being added to the tissue bath.
Responses of circular LES and circular and longitudinal EB strips to EFS and nicotine
were assessed: a) at basal conditions, b) during nitrergic blockade by L-NNA 100 uM,
and c) during simultaneous blockade by L-NNA and apamin (APA, Sigma) 1 uM. The
concentration of apamin was the same as that which abolished the relaxation induced by
exogenous ATP 10 mM or PACAP 10uM in porcine LES in our previous studies (Farré
et al.,2002).
1.3.4 Electrical field stimulation (EFS)

EFS was applied by means of an electrical stimulator (Model S88, Grass
Instruments Co) and a power booster (Stimu-Splitter II, Med-Lab Instruments,
Loveland, CO) in order to obtain four identical and undistorted signals. Pulses of 0.4 ms

duration and 0.3-70 Hz frequency were delivered in 5 s-trains using supramaximally
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effective voltage which had been previously set at 26 V (Clave et al., 1998;Tottrup et
al., 1990a). LES and EB responses to EFS were characterised using TTX 5 uM,
hexamethonium 100 uM, or atropine 3 uM. The concentration of atropine was the same
as that which had abolished the response of LES strips to carbachol 10 uM (Sigma) in
our previous studies on human LES (Gonzalez et al., 2000).
1.3.5. Stimulation of nicotinic acetylcholine receptors (hnAChRs)

The effect of nicotine (NIC, Sigma) was evaluated by exposing the strips to the
drug (2-100 uM) for 2 minutes. After washing the strips with 100 ml of fresh buffer
there was a 30-minute period before the next exposure. Repetitive additions of nicotine
(20 uM) did not result in desensitisation of nAChRs (not shown). LES and EB response
to nicotine (100 uM) were characterised by HEX, TTX 10 uM, or ATR. The effect of
nicotine was studied on circular LES and EB strips at rest, on circular EB strips
precontracted with carbachol 2 uM, and on longitudinal EB strips.
1.3.6. Data analysis

The effect of EFS or pharmacological agents was determined in terms of changes
in tone. Relaxation was expressed in g and/or in the percentage of active LES resting tone
or carbachol-induced tone in EB strips. Contraction was expressed in g. The number of
experiments was represented by n (number of strips) and N (number of specimens). Values
were expressed as mean + SEM. Student-t test was selected for comparisons, using the

paired mode when appropriate. Statistical significance was accepted if P<0.05.

1.4. Results
1.4.1. Control of LES resting tone and effect of EFS and

nicotine on LES strips

75 strips taken from the GEJ of 17 specimens that developed active tone and
relaxed upon EFS were considered as pertaining to the LES. Mean resting tone was
3.6+0.36 g. Both TTX 5 uM and L-NNA 100 uM significantly increased (P<0.01) LES
resting tone by 13.4342.47 (n=11, N=6) and 21.54+2.9% (n=20, N=9), respectively.
Neither hexamethonium 100 uM (n=6, N=4) nor atropine 3 uM (n=5, N=4) significantly
affected resting tone. Atropine also failed to significantly modify LES resting tone

following TTX (-2.20+£0.35% n=4, N=2) or L-NNA, (-0.76+0.23%, n=4, N=2). Exposition
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for 10 min of the LES strips to a Krebs calcium-free buffer significantly decreased resting
tone by 47.5+4.8% (n=8, N=4).

At basal conditions, EFS induced an isolated “on” relaxation during stimulus in
35/75 LES strips, and an “on” relaxation followed by an “off” contraction at the end of the

stimulus in 40/75 (fig 1A).

Figure 1. Tracings showing the effect of

A L-NNA ATR?‘)INE EFS (10 Hz, pulses indicated below

Ss

ml tracings) or nicotine (100 uM, dots above
g
tracings) on LES strips. A. EFS-induced

responses ("on"  relaxation, '"off"

contraction). L-NNA transformed this

response into an "on'" contraction (central

B L']\iNA ﬁllSg panel) that was fully blocked by atropine.

NIC NIC Following L-NNA and atropine, a slight

"off" relaxation appeared. B. Nicotine-
induced LES relaxation (left panel) was
inhibited but not blocked by L-NNA. C.
LNNA FAPA NIC _lzg EFS induced a strong cholinergic

contraction during simultaneous blockade
by L-NNA and APA; in this experimental

setting, NIC induced a slight cholinergic

contraction

When strips from the same specimen were compared, LES strips that showed biphasic
responses to EFS were always obtained from higher parts of the LES than the strips that
showed only an isolated “on” relaxation (n=16, N=8). The amplitude of both “on” and
“off” responses was frequency-dependent. Maximal relaxation in lower LES strips was
observed at 10 Hz (3.54+0.45 g). Maximal relaxation in upper LES strips was observed at
3 Hz (3.35+0.41 g, NS vs. lower, fig 2A), and maximal "off" contraction (1.60+0.25 g) at 3
Hz (fig. 2B, n=22, N=11). EFS-induced relaxation was unaffected by HEX 100 pM,
completely blocked by TTX 5 uM and significantly enhanced by ATR (fig.3). In all LES
strips, L-NNA 100 uM transformed the “on” relaxation into an “on” contraction during
EFS (fig 1A) which was also frequency-dependent and of higher amplitude than the “off”
contraction, (fig 2B), and fully abolished by atropine 3 uM (fig. 2B, n=7, N=3). A slight
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“off” relaxation following L-NNA and atropine appeared in 5/7 of these strips (fig 1A);
this “off” relaxation was fully blocked by TTX 5 uM.

A Be o C s e
® UPPERLES O +L-NNA("ON")
A +L-NNA
O LOWERLES O +L-NNA +ATR
0 - _ 8 0 -
C 2z c *
Z 6 - Zz .
82 = S
% § 4 =4
4] >
i Z 21 6 -
& g &
'6 1 Il 1 1 O 1 i 8 [ P T — |
01 1 10 100 o1 1 10 100 6 -5 -4 =3
FREQUENCY (Hz)  FREQUENCY (Hz) NIC (log mol/L)

Figure 2. A. Frequency-dependent relaxation curves induced by EFS in upper (n=12, N=4) and lower
(n=11, n=5) LES strips showing similar profiles. B. L-NNA changed the "on" relaxation to a
frequency-dependent "on" contraction during EFS which was fully blocked by atropine (n=12, N=6).
C. Nicotine induced a dose-dependent relaxation (n=5, N=3). Following NO blockade by L-NNA, a

residual but significant relaxation was still induced by 100 pM nicotine (n=4, N=3, * = p<0.05)

Nicotine relaxed LES strips in a concentration-dependent manner (fig 2C). Mean
relaxation induced by the highest concentration tested (100 uM), was 4.44+0.68 g (n=14,
N=7), significantly higher than that obtained by EFS 10 Hz (2.32+0.41, n=15, N=7,
p<0.01). HEX (100 uM) completely blocked the maximal response to nicotine. In contrast,
TTX (10uM) significantly decreased by 38+7.6%, but did not block, the relaxation
induced by nicotine, and ATR significantly inhibited the NIC induced relaxation by
88.45+11.55% (n=5, N=2, fig 3). L-NNA 100 uM abolished the relaxation induced by
nicotine at concentrations lower than 30 pM; at 100 uM, nicotine induced a slow
relaxation accounting for 0.54+0.19 g (p<0.05, fig. 1B and fig. 2C). Nicotine 100 uM did
not elicit any contraction in circular LES strips in the presence of L-NNA 100 puM.
Following simultaneous blockade with L-NNA and Apamin, EFS induced a strong
cholinergic “on” contraction (6.28+1.65 g at 10 Hz, n=8, N=3) in all LES strips; in
contrast, in the same experimental setting, NIC only elicited a slight contraction
(0.2740.15 g, n=8, N=3) amounting to 6.64+3.19% of that induced by EFS on the same
strips (fig 4).

-47 -



Different responsiveness in human esophagus

Capitol 1

z—=Z= NIC
s DRUG
0
*
-2 \—1!
C 4
5.4 4 HEX
=
%6 - TTX ATR
= #
=
T
10 - TTX
EFS NIC 100 uM

Figure 3. Effect of the neurotoxin TTX,
the ganglionic blocker HEX, and ATR
on EFS (5 Hz) or nicotine-induced LES
relaxation (#,*,€ = p<0.05 vs control; * =
blockade, # = inhibition, € = increase).
HEX did not affect EFS-relaxation (n=5,
N=3) and fully blocked nicotine-induced
relaxation (n=3, N=2). TTX fully blocked
EFS-induced relaxation (n=5, N=3); in

contrast, relaxation induced by nicotine

was significantly reduced but not

abolished by TTX (n=4, N=2) suggesting the presence of somatodendritic as well as nerve terminal

nAChRs in nitrergic EMN. ATR significantly enhanced EFS-induced relaxation (10 Hz, n=5, N=3)

and, in contrast, significantly inhibited nicotine-induced relaxation (n=5, N=3)
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Figure 4. Quantitative effects of stimulation
of LES EMN by EFS or nicotine. At basal
conditions (A and B left panels) inhibitory
LES EMN were efficiently stimulated by
both EFS and nAChRs (A: n=7, N=3; B:
n=8, N=3). A. Following Nitrergic blockade,
EFS induced a strong cholinergic
contraction showing intense stimulation of
excitatory EMN, and, in the same
experimental conditions, stimulation of
nAChRs still induced a slight relaxation. B.
During simultaneous blockade with L-NNA
and apamin, EFS also induced a strong
contraction and nicotine induced a slight
cholinergic contraction amounting to 6.64%
of that induced by EFS and showing less
efficient stimulation of excitatory LES EMN
through nAChRs. (* = p<0.05)
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1.4.2. Effect of EFS and nicotine on circular and longitudinal EB
strips

Thirty-eight circular strips taken from the EB of 11 specimens did not develop
active resting tone. EFS induced two types of contractions on circular EB strips. During
the application of the stimulus, 50% strips responded with slight mono- or multiphasic
“on” contractions and, briefly, after cessation of the stimulus, a more prominent “oft”
contraction emerged (fig SA) in all strips. The amplitude of both contractions was
frequency-dependent and "off" contractions were higher than "on" contractions (p<0.05,
fig 6A). Atropine 3 uM fully abolished “on” contractions; in contrast it only partially
antagonised "off" contractions (fig. 6A). L-NNA 100 uM transformed the response to EFS
into a frequency-dependent monophasic "on" contraction (fig SA) of higher amplitude than
the "off" contraction (17.02+1.48 g vs. 4.73+4.04 g at 20 Hz, p<0.05) which was totally
blocked by atropine 3 uM at 0.5-20 Hz (fig 6B).

A L-NNA ATROPINE 105 Figure 5. Representative tracings showing the

l 1 _l 2g .
response of human EB strips to EFS (20 Hz, pulses

indicated below tracings) or to nicotine (100 uM,

- = dots above tracings). A. Left panel: control

response including "on'" contraction, latency and
L-NNA e "off" contraction. Central panel: L-NNA

! T
NIC transformed the response to EFS into a

NIC

~—~——;\ - monophasic "on" contraction that was totally

blocked by atropine (right). B. Nicotine induced a

C ﬁl relaxation in circular EB strips precontracted with
25g

L-NNA +APA
1 ﬁ» , carbachol. L-NNA antagonised, but did not block,
NIC e

—_—

the relaxation induced by nicotine (central). C.

During simultaneous nitrergic and purinergic
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D s 1 min blockade, EFS induced a strong "on" contraction

ATROPINE . B EF
‘\ 1 BE NIC and nicotine elicited a slight cholinergic contraction
—

in circular EB strips (right). D. Longitudinal EB

—_— strips responded to EFS with an "on" contraction

10s 10s
E L*NN/\JAPA I B e that was antagonised by atropine, and a minor
NIC
* "off" contraction appeared (center). Nicotine did

not induce any effect. E. In longitudinal strips pre-
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contraction (center) and nicotine did not induce any effect (right)
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Figure 6. Frequency-response curves of EB strips. Circular EB strips: A. EFS-induced "off"
contractions (n=24, N=9) were of higher amplitude than "on" contractions (n=19, N=9). "On"
contractions were fully cholinergic (n=5, N=4) whereas "off"" contractions were only partly inhibited by

atropine (n=5, N=4). B. EFS induced only "on" contractions in the presence of L-NNA that were fully

blocked by atropine (n=6, N=4). Longitudinal EB strips: C. EFS-induced "on" contractions that were
antagonised but not blocked by atropine (n=6, N=3)

Nicotine (20-100 uM) did not elicit any mechanical response in EB circular strips
at rest (n=4, N=2). In EB strips precontracted at 5.3+0.6 g by 2 uM carbachol, nicotine 100
uM induced an immediate relaxation (fig 5B), decreasing the carbachol-induced tone by
82.2+5.8% (n=6, N=2). The relaxation induced by nicotine was completely blocked by
HEX 100 uM, and antagonised by pretreatment with 100 uM L-NNA, but a remaining
relaxation of 0.83+0.3 g (p<0.05) on the carbachol-induced tone was still elicited (fig. 5B).
Following simultaneous blockade with L-NNA and apamin, EFS induced a strong
cholinergic “on” contraction (16.56+1.57g at 20Hz) and NIC elicited a slight cholinergic
contraction (1.49+1.02 g, n=9, N=3), 9.20+5.51% of that induced by EFS (fig 7B).

Longitudinal EB strips did not develop active resting tone. EFS induced a
frequency-dependent “on” contraction on longitudinal EB strips (fig 5D) reaching
14.03+2.52 g at 70 Hz (fig 6C). Atropine 3 uM significantly reduced (from 90.2+9.8% at
10Hz to 94.39+£3.21% at 70 Hz) the amplitude of longitudinal contractions (fig 7C) and
evoked the appearance of a residual low-amplitude "off" contraction following EFS (fig.
6C). Nicotine (20 uM -100 pM) did not elicit any mechanical response in longitudinal EB
strips at rest (n=5, N=3). Following L-NNA and apamin, EFS also induced a strong

cholinergic "on" contraction and nicotine did not induce any response (n=6, N=3, fig 7C).
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1.5. Discussion

We have found that inhibitory EMN in the human oesophagus are easily and
efficiently stimulated both by EFS and by nAChRs located in somatodendritic regions
as well as in nerve terminals. In contrast, although oesophageal excitatory EMN can be
efficiently stimulated by EFS even at basal conditions, its stimulation through nAChRs
is very difficult, requiring a full blockade of inhibitory motor pathways and causing a weak
response, suggesting the participation of non-nicotinic mechanisms in ganglionic
neurotransmission to excitatory oesophageal EMN in humans. We have also shown that
inhibitory EMN tonically inhibit LES resting tone, and that NO is the main but not the
only inhibitory neurotransmitter released by inhibitory EMN, suggesting a minor role

for an apamin-sensitive neurotransmitter in human oesophagus.
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The human LES is constituted by the sling muscle on the angle of Hiss and the
clasp component in lesser curvature, which develop greater active tone. This explains
the asymmetry of LES pressure in vivo (Preiksaitis & Diamant, 1997). We studied a
mixture of strips coming from both LES sides although, due to our method of
dissection, we probably obtained more sling strips than clasp-like fibres, thus
influencing our resting LES tone values. Our results show a sharp reduction in LES
resting tone following 10 min exposure to the clacium-free buffer, further confirming that
human LES tone is mainly myogenic and depends on extracellular calcium (Tottrup et al.,
1990c). There is controversy over the relative contribution of extra- and intracellular
calcium sources on myogenic LES tone (Biancani et al., 1987;Salapatek et al., 1998a),
and we cannot exclude a further reduction or even abolition of active tone by
prolongation of exposition of LES strips to a calcium-free medium (Biancani et al.,
1987). On the other hand, the relative neurogenic contribution to LES tone may vary
according to the species of animal. Previous studies on human LES strips failed to
demonstrate any effect of TTX (Preiksaitis & Diamant, 1997); however in vivo, NO
synthase inhibitors increased LES resting pressure in animal (Boulant ef al., 1994;Xue et
al., 1996;Yamato et al., 1992), and human (Konturek et al., 1997) studies. A muscular as
well as a neural constitutive NO synthase could be responsible for this NO-mediated
inhibitory tonic influence on the LES muscle (Salapatek et al., 1998b). In our study, the
similarity to the increase in LES tone induced by TTX and L-NNA suggests that, in
humans, NO tonically released from inhibitory EMN continuously inhibits the myogenic
LES resting tone. The lack of effect of atropine suggests the absence of an intrinsic
cholinergic contribution to LES tone in vitro, agreeing with previous in vitro studies on the
human LES (Preiksaitis & Diamant, 1997). In vivo, atropine reduced LES pressure in
healthy humans (Dodds et al., 1981;Mittal et al., 1995), and hyoscine butylbromide, a
muscarinic antagonist which does not cross the blood-brain barrier, did not alter LES
pressure (Lidums et al., 1997). Altogether, these findings strongly suggest that the
atropine-induced fall in LES pressure in humans occurs at the CNS rather than at
peripheral sites.

In our study, EFS exclusively activates EMN during stimulus without direct
activation of muscle (Clave ef al., 1998;Richards et al., 1995;Tottrup et al., 1990a;Tottrup
et al., 1990c) or preganglionic fibres because the neurotoxin TTX blocks and the
ganglionic blocker hexamethonium did not affect EFS-induced responses. The

simultaneous activation of both excitatory and inhibitory EMN by EFS is shown in our
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LES experiments by the selective blockade of inhibitory neurotransmitters (the relaxation
disappears and is replaced by a contraction induced by activation of excitatory EMN) or
blockade of the excitatory neurotransmitters (the relaxation increases). We used full
thickness oesophageal preparations that included the MP in order to compare these well-
characterised neural responses induced by EFS with those induced by nicotinic stimulation
of EMN. Most oesophageal EMN have single process Dogiel type I morphology and the
soma located in myenteric ganglia. In the LES of opossums, inhibitory EMN are larger and
with longer projections than the excitatory EMN, and the proportion of local excitatory and
inhibitory EMN is similar and about 50% (Brookes et al., 1996). In the human intestine,
circular inhibitory EMN also have larger cell bodies and larger projections (3.2 mm) than
the excitatory EMN (2 mm) (Porter et al., 1997), and EMN to longitudinal muscle were
smaller than those to the circular muscle (Porter et al., 1996;Wattchow et al., 1995). Based
on these morphological data, we inferred that our human oesophageal circular preparations
also contain a significant number and a similar proportion of both local excitatory and
inhibitory EMN. Immunohistochemical and functional studies have shown that nAChRs
are located in somatodendritic regions of EMN in myenteric ganglia (Schneider et al.,
2000), and nAChRs that cause transmitter release by action potential-independent
mechanisms have also recently been described in nerve terminals of excitatory EMN
(Galligan, 1999;Schneider et al., 2000). In our study, nicotine-induced LES relaxation was
partly antagonised by higher concentrations of TTX than those that fully blocked EFS-
relaxation and more than 30 times higher than those used to block nerve-mediated effects
in previous studies (Galligan, 1999;Schneider et al., 2000). Our data suggests the presence
of nAChRs in the soma as well as in the nerve terminals of human LES inhibitory EMN,
providing strong evidence for functional integrity of myenteric ganglia in our preparation.
It also allows an adequate experimental model for the comparison of the responses elicited
by stimulation of both intact and undamaged excitatory and inhibitory EMN. Our
preparation is transmural and contains the circular as well as the longitudinal muscular
layer and all the components of MP including myenteric ganglia, excitatory and inhibitory
EMN, and is not merely a muscle-axon preparation as nicotine did not induce any effect
on human muscle-axon LES preparations without MP (Tottrup et al., 1990a;Tottrup et al.,
1990c).

Integrated neuromuscular responses to EFS in our study were similar to those
previously reported in the human oesophagus (Burleigh, 1979;Preiksaitis & Diamant,
1997). Our results further confirm that NO is the main mediator for EFS-relaxation in the
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human LES (Preiksaitis et al.,, 1994) and suggest the release of one or more minor
inhibitory neurotransmitters, as an “off” relaxation sensitive to TTX appeared in our study
following nitrergic blockade (Uc et al, 1999). Our study also agrees with previous
studies that showed a relaxant effect through stimulation of nAChRs by nicotine or
DMPP in human LES strips (Burleigh, 1979;Smid & Blackshaw, 2000) also mainly
mediated by NO. Immunomorphological studies in the human oesophagus found that
most nitrergic EMN also contain VIP, galanin and PACAP (Ny et al., 1995;Singaram et
al., 1994;Uddman et al., 1991); and VIP, PACAP and adenosine relaxed human LES
strips in functional studies (Ny et al., 1995;Tottrup et al., 1990b). We recently found
nitrergic and apamin-sensitive inhibitory co-transmission on porcine LES (Farré et al.,
2002), very similar to that found by Yuan on the opossum (Yuan ef al., 1998). In our
previous study on porcine LES, apamin inhibited the relaxation induced by ATP or
PACAP (Farré et al., 2002), and ATP has been proposed as the mediator for the apamin-
sensitive component in the opossum LES (Yuan et al., 1998). What we found in the
present study on human LES is indirect evidence for an apamin-sensitive inhibitory
neuromuscular co-neurotransmitter, as nicotine induced a relaxation following nitrergic
blockade and a small contraction following simultaneous blockade with L-NNA and
apamin. Further studies will ascertain the specific co-neurotransmitter involved in human
LES relaxation and explore its interaction with NO.

We compared the responses induced by direct stimulation of EMN by EFS with
those induced through stimulation of nAChRs. In our human study, LES stimulation by
nicotine in basal conditions caused a more intense relaxation than that induced by EFS,
both being LES inhibitory responses of comparable magnitude and suggesting high
efficiency of stimulation of inhibitory EMN. Simultaneous blockade of inhibitory
neurotransmitters by L-NNA and APA was required in opossum LES in order to show
focal EFS-induced stimulation of excitatory EMN (Yuan et al., 1998). This was not the
case in our study as a significant number of circular LES strips responded in basal
conditions to EFS with “off” contractions and circular EB strips responded with both
"on" and "off" frequency-dependent contractions (Richards et al., 1995;Tottrup et al.,
1990a;Tottrup et al., 1990c). The "on" contraction was abolished by atropine, clearly
showing its origin in cholinergic EMN. The latency depended on activation of inhibitory
EMN and it was fully blocked by NO synthesis inhibitors, as shown in other studies
(Christensen J, 1994;Preiksaitis et al., 1994). In contrast, the "off" contraction was only
partly antagonised by atropine (Christensen J, 1994;Krysiak & Preiksaitis, 2001;Richards
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et al., 1995;Tottrup et al, 1990a) suggesting the participation of a second non-
cholinergic mechanism such as rebound depolarisation (Paterson et al., 1991), or a second
excitatory neurotransmitter, such as tachykinins (Krysiak & Preiksaitis, 2001). We
explored the effect of nicotine on circular LES and EB circular strips at basal conditions
and following blockade of NO synthesis representing the majority of inhibitory
innervation. We expected nicotine would strongly stimulate nAChRs on cholinergic
EMN and make the strips contract, but it had no effect. However, EFS easily induced a
strong stimulation of excitatory EMN in both human LES and EB under the same
experimental conditions during nitrergic blockade. It could be argued that the
experiment must prove that inhibitory EMNs are completely suppressed prior to
stimulation of excitatory EMNs with nicotine in order to explain why nicotine does not
contract the muscle strips. Residual effect of the inhibitory EMNSs after blockade with L-
NNA may be strong enough to negate the effects of nicotine on excitatory EMNs;
however this is not the case for EFS that acts as our “control” of a strong direct activation
of excitatory EMN in identical experimental conditions. In addition, our experimental
design included the comparison between EFS and nAChRs stimulation of EMN during
simultaneous blockade by L-NNA and Apamin in a third set of experiments. In order to
enhance our observations, the comparisons between EFS and nAChRs-mediated
responses were always performed in pairs, each strip acting as its own control. In this
experimental setting, stimulation of nAChRs induced a slight contraction in LES and EB
accounting for 6.64% and 9.20% respectively, of that obtained by EFS, and showing that
nAChRs stimulate excitatory EMN much less efficiently than EFS. Two additional
observations further confirmed the low sensitivity of excitatory oesophageal EMN to
nAChRs stimulation. First, as an isolated but significant observation, we found -as others
have (Misiewicz et al., 1969)- a strong direct stimulation of excitatory EMN by EFS and
no responses to nicotine in patients with achalasia and fully impaired inhibitory
neurotransmission (not shown). Second, that atropine inhibits nicotine-LES relaxation
(the opposite effect than on EFS relaxation) in our study, an effect very similar to that
caused by atropine during vagal efferent stimulation (Goyal & Rattan, 1975). As we
cannot attribute this effect to direct pharmacological antagonism (Heller J, 2001), we
speculate that the effect caused by atropine during LES stimulation by nAChRs could be
exerted on an interneuronal synapse, overriding the effect of atropine on excitatory EMN
at a neuromuscular level, and further showing a strong stimulation by nAChRs of a

polysynaptic inhibitory motor pathway and a weak stimulation of the excitatory one. In
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addition, the differences between the responsiveness of excitatory EMN to EFS and to
nicotine are also clearly observed in our experiments with longitudinal strips. As few
inhibitory EMN were found in the outer longitudinal smooth muscle layer of human
oesophagi in morphological studies (Singaram et al., 1994), no relaxant responses to EFS
could be evoked in longitudinal strips from human LES and EB strips (Tottrup et al.,
1990c¢), and EFS induced an “on” contraction in our basal studies. Stimulation of nAChRs
in these conditions did not induce any contraction, nor were any responses obtained by
nicotine following simultaneous blockade by L-NNA and apamin in longitudinal studies.
Thus, the low responsiveness of oesophageal excitatory EMN to stimulation through
nAChRs was observed in our study of circular LES and EB circular strips as well as in the
longitudinal EB layer.

Classical in vivo studies by Rattan and Goyal on the opossum suggested that the
vagi do not mediate any influence upon excitatory LES EMN and the vagal influence on
the sphincter is entirely inhibitory (Goyal & Rattan, 1975;Rattan & Goyal, 1974). These
authors also found that nicotine only stimulated inhibitory EMN (Rattan & Goyal, 1975)
and suggested that excitatory EMN may lie in an extravagal sympathetic pathway to the
LES (Rattan & Goyal, 1974). Recent studies on the same animal also found that vagal
stimulation did not evoke measurable excitatory responses even following complete
blockade of inhibitory LES pathways by L-NNA and apamin, suggesting that
preganglionic vagal efferent pathways probably activate LES inhibitory EMN more
efficiently than excitatory, or the excitatory lack direct vagal inputs (Yuan et al., 1998).
These results also agreed with those of our study but did not show how cholinergic EMN
in LES and EB were stimulated during primary and secondary peristalsis. Iz vivo studies
found hexamethonium-sensitive transmission to excitatory EMN in rat LES (Kawahara
et al., 1997), contrasting with in vitro studies also in the LES of the same animal
showing the absence of direct nicotinic inputs to excitatory EMN (Coruzzi ef al., 1985),
and suggesting a polysynaptic pathway. In addition, recent studies in mice found
completely separate sets of preganglionic neurones located in different parts of dorsal
motor nucleus of the vagus projecting onto nitrergic or cholinergic LES EMN (Goyal et
al., 2001), providing an anatomical base for the physiological differences observed.
Otherwise, synaptic transmission in the ganglia of the autonomic nervous system is
classically described as mediated by acetylcholine acting on nAChRs; however,
ganglionic neurotransmission in the oesophagus can include important non-nicotinic

and also non-cholinergic synaptic responses. On the one hand, classical studies
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characterized the vagal efferent pathway to the opossum LES by means of both vagal
efferent stimulation and intramural EFS, and found that muscarinic (M1) and
serotoninergic (SHT3) receptors also mediate vagal inputs to inhibitory EMN (Gilbert et
al., 1984;Paterson et al, 1992) probably representing a mechanism of reserve or
redundancy of ganglionic transmission in this pathway [6]. We failed to show this
pathway in the present study, as the muscarinic ganglionic stimulant McN-A-343
(Gilbert ef al., 1984) induced a contraction very similar to that induced by carbachol and
was also unaffected by TTX in our LES preparations (not shown) suggesting an effect
on muscular receptors. On the other hand, recent studies on animal models found up to
three subsets of EMNs in the MP that could be distinguished on the basis of the
neurotransmitters producing fast excitatory postsynaptic potentials (fEPSPs) in each
subset. In one subset (representing only 25%-36% of EMNs), fEPSPs was mediated
solely by Ach acting at nAChRs. In the other subsets, fEPSPs were mixed with a slight
contribution of Ach acting on nAChRs and a strong contribution of ATP acting on
purine P2X receptors, or 5-HT acting on 5-HT(3) receptors (Galligan et al.,
2000;Galligan, 2002). The relevance of each of these alternative mechanisms of
ganglionic neurotransmission can vary along the gastrointestinal tract and its role on
neurotransmission to excitatory oesophageal EMN needs further investigation.

Our results suggest that while vagal fibres or interneurones could easily and
efficiently stimulate inhibitory EMN through nAChRs in human LES and EB, full
stimulation of intrinsic excitatory EMN requires other neurotransmitters or other
circuits. Little is known about the anatomy and physiology of the neuronal circuitry that
directly controls the smooth muscle of the oesophagus. Understanding these circuits
could improve our current pharmacological approach of transient LES relaxations and
gastro-oesophageal reflux disease, and also our current treatments for primary and
secondary oesophageal motor disorders. Further studies are needed to describe these

neuronal circuits and to assess its relevance in health and disease.
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Capitol 2

Pharmacologic characterization of intrinsic
mechanisms controlling tone and relaxation of

porcine lower esophageal sphincter

2.1. Abstract

The neurotransmitters mediating relaxation of lower esophageal sphincter (LES) were
studied by using circular LES strips from adult pigs in organ baths. LES relaxation by sodium
nitroprusside (SNP, 1 nM-3 uM), VIP and PACAP (1 nM-1 uM), ATP (10 uM-30 mM), and
tricarbonyldichlororuthenum dimer (CORM-1 1 uM-1 mM) was unaffected by tetrodotoxin
(TTX 1 uM) or L-NAME (100 uM). Calcitonin gene-related peptide (CGRP 1 nM-1 uM)
unaffected LES tone. ATP-relaxation was blocked by 1 uM apamin and the P2Y, antagonist
N°-methyl 2'-deoxyadenosine 3',5'-bisphosphate (MRS2179 10 puM). Apamin inhibited
PACAP-relaxation. VIP- and PACAP-relaxation was blocked by a-chymotrypsin 10 U/ml. L-
NAME (-62.52+13.13%) and ODQ 10 puM (-67.67+6.80%) similarly inhibited EFS-
relaxation, and apamin blocked non-nitrergic relaxation. Nicotine-relaxation (100 uM) was
inhibited by L-NAME (-60.37+10.8%) and ODQ (-41.90+7.89%); and apamin also blocked
non-nitergic relaxation. Non-nitrergic and apamin-sensitive LES relaxation caused by EFS or
nicotine was strongly inhibited by MRS2179, slightly inhibited by a-chymotrypsin and the
P2X, 3 receptor antagonist NF279 (10 uM), and unaffected by selective heme oxygenase
inhibitor tin protoporphyrin IX (100 uM). Porcine LES relaxation following stimulation of
intrinsic inhibitory motor neurons is mediated by two main neuromuscular pathways: a) NO
through guanylate cyclase signaling and apamin-insensitive mechanisms, and b) by nonintrergic
apamin-sensitive neurotransmission mainly mediated by ATP or a related purine acting on P2Y,

Aquest capitol s’ha acceptat per ser publicat a:
Farré R, Auli M, Lecea B, Martinez E, Clavé P. Pharmacological characterization of intrinsic mechanisms
controlling tone and relaxation of porcine lower esophageal sphincter. J Pharmacol Exp Ther 2005.
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receptors but also with a minor contribution of purinergic P2X receptors and PACAP on LES
relaxation. Nitrergic and purinergic co-transmitters show parallel effects of similar magnitude
without major interplay. Our study shows no role for CGRP, and only a minor one for VIP

and CO in porcine LES relaxation.

2.2. Introduction

The lower esophageal sphincter (LES) acts as a barrier at the gastroesophageal
junction (GEJ). Basal tone of LES is primarily myogenic in origin and is modulated by a
combination of hormonal factors and neurogenic mechanisms that are not yet fully understood
and involve local enteric motor neurons (EMN) and extrinsic nerves. Non-adrenergic, non-
cholinergic (NANC) EMN are the final step in the inhibitory vagal pathway to LES, allowing
swallowing-induced and transient LES relaxation that cause physiologic gastroesophageal
reflux and belching (Chang et al., 2003). Vasoactive intestinal peptide (VIP), NO, ATP,
pituitary adenylate cyclase-activating peptide (PACAP), carbon monoxide (CO), and
calcitonin gene-related peptide (CGRP) have been proposed as putative neurotransmitters for
these inhibitory EMN in LES on the basis of morphological and physiological studies.
Colocalization of these neurotransmitters and/or their synthesizing enzymes on inhibitory
EMN of the upper gastrointestinal tract including LES has been described by
immunohistological and other morphological studies (Ny et al., 1994;Ny et al., 1995a;Uc et
al., 1997;Werkstrom et al., 1997). Physiological and pharmacological studies have
demonstrated the direct effects or characterized the actions of these neurotransmitters
following stimulation of inhibitory LES EMNs (Imaeda & Cunnane, 2003;Ny et al.,
1995b;Ny et al., 1997;Uc et al., 1997;Yuan et al., 1998). However, evidence suggests that NO
from neural sources is the major contributor to LES relaxation (Gonzalez et al., 2004;Murray
et al, 1991;Tottrup et al., 1991), and the relative physiological contribution of other
neurotransmitters remains unclear. On the other hand, several mechanisms of interaction
between these neurotransmitters have been proposed: a) release “in parallel” and independent
actions on specific postjunctional sites (cotransmission) (Burnstock, 2004), b) effects coupled
“in series” with NO-mediated release of other neurotransmitters (Grider et al., 1992), or pre-
and/or postjunctional modulation of NO synthesis by other neurotransmitters (Ergun &
Ogulener, 2001;Mashimo et al, 1996). The underlying mechanisms and physiological
relevance of these interactions on LES have not been discovered. Most of these studies

focused on the mechanisms of LES relaxation during simultaneous and direct electrical
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stimulation of excitatory and inhibitory EMN and little data is available on the effects of these
inhibitory neurotransmitters following other more specific stimuli for inhibitory EMN. In a
recent in vitro study on human LES, we found that inhibitory EMNSs are efficiently stimulated
both by EFS and nicotinic acetylcholine receptors (AChRs) located in somatodendritic
regions and nerve terminals, whereas esophageal excitatory EMNs are also efficiently
stimulated by EFS but their stimulation through nicotinic AChRs is difficult and causes a weak
response (Gonzalez et al., 2004).

The porcine gastrointestinal tract possesses anatomic and pathological similarities to
that of humans and similar organization of the enteric nervous system, differing from small
laboratory animals, and has been used as a homologous animal model for the development of
new pharmacologic strategies to treat human neurogastrointestinal disorders (Brown &
Timmermans, 2004;Pasricha et al., 1993). The size, histology (smooth muscle cells) and
neurochemical code of porcine LES EMNs are similar to that of humans (Aggestrup et al.,
1986;Pasricha et al., 1993). The aim of the present study was to characterize the
neuromyogenic mechanisms and neurotransmitters (NTs) controlling tone and relaxation of
porcine lower esophageal sphincter (LES) following stimulation of inhibitory EMNs by EFS
and through nicotinic AChRs.

2.3. Methods

2.3.1. Preparations

Specimens including part of the gastric fundus, the gastro-esophageal junction (GEJ), and
the esophageal body were obtained from 53 adult pigs (age, 6 months; weight, 75-80 Kg).
Animals were stunned and killed by exsanguination in a slaughterhouse in compliance with
specific national laws following the guidelines of the European Union (Pérez Rubalcaba A.,
1995) . Specimens were immediately collected, placed in carbogenated Krebs solution at 4°C and
transported to the laboratory within 1 hour. The GEJ was opened along the greater curvature, the
mucosa and submucosa were resected at the squamocolumnar union, and clasp and sling fibers
composing LES were identified (Preiksaitis & Diamant, 1997). Full thickness preparations
including the circular and longitudinal muscle layers as well as the myenteric plexus were
obtained by cutting 3mm-wide strips parallel to circular muscle fibers from the clasp region of

the LES of each specimen.
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2.3.2. Procedures

Studies started within 18 hours of sacrifice. Strips measuring 10 mm in length were
placed in 15 mL organ baths containing Krebs' solution constantly bubbling with 5% CO, in O,
Changes in tension of the strips were measured using isometric force transducers, recorded on a
chart recorder (model 03 Force Transducer and model 7 Series Polygraph, respectively, Grass
Instruments Co, Quincy, MA, USA), and digitized (AcqKnowledge MP100, Biopac Systems
Inc, CA, USA). After an equilibration period of 30 min, strips were stretched up to 150% of their
initial length and positioned between two parallel platinum wire electrodes 10 mm apart. Most
strips taken from the GEJ progressively increased their tension during the following 1-2 hours.
This increase in tension was defined as the active resting tone (Tottrup et al., 1990). EFS was
applied by means of an electrical stimulator (Model S88, Grass Instruments Co) and a power
booster (Stimu-Splitter 1I, Med-Lab Instruments, Loveland, CO, USA) in order to obtain six
identical and undistorted signals. Only the strips that developed active tension during the
equilibration period and relaxed with EFS and/or nicotine were considered as pertaining to the
LES and included in the study.
2.3.3. Solutions and Drugs

The Krebs solution used in these experiments contained (in mM) 138.5 Na', 4.6 K", 2.5
Ca** 12 Mg+, 125 CI', 21.9 HCO5™,1.2 Hy,PO4, 1.2 SO4” and 11.5 glucose. Sodium nitroprusside
(SNP), VIP, ATP, CGRP, apamin, nicotine, hexamethonium, L-NAME, suramin, VIP 6-28, 1H-
[1,2,4]oxadiazolo-[4,3-a]quinoxalin-1-one (ODQ), a-chymotrypsin and CORM-1 (tricarbonyl
dichlororuthenum dimer) were obtained from Sigma—Aldrich Co (Madrid, Spain). Tetrodotoxin
(TTX) was purchased from Latoxan (Valence, France), PACAP 28 from Peptides Institute
(Osaka, Japan), and the competitive antagonist for P2Y receptors MRS 2179 (2’-Deoxy-N°-
methyladenosine 3’°,5’-bisphosphate tetraammonium salt), the antagonist for the P2X,3
receptors NF 279 (8,8’-[Carbonylbis(imino-4,1-phenylenecarbonylimino-4,1-
phenylenecarbonylimino)]bis-1,3,5-naphthalenetrisulfonic acid hexasodium salt) and the
selective heme oxygenase inhibitor tin protoporphyrin IX (SnPP-IX) from Tocris Cookson Ltd
(Bristol, UK). All drugs were dissolved in distilled water, with the exception of ODQ which was
dissolved in ethanol <5% vv, and CORM-1 and SnPP-IX that were freshly prepared before each
experiment and dissolved in DMSO. Final concentration of DMSO in the organ bath did not
exceed 0.1% vv' . Experiments using SnPP-IX were conduced in the dark. In pilot studies we
found that at these concentrations neither ethanol and DMSO did not significantly alter resting

tone or EFS-induced responses (data not shown).
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2.3.4. Experimental Design

In order to ascertain the physiological relevance of each putative neurotransmitter on
LES physiology, our experimental design included: a) the effect of neurotransmitters on LES
tone, the selection and characterization of specific antagonists for each neurotransmitter, and
the evaluation of their possible interactions, particularly the possible induction of NO-
synthesis by any other neurotransmitter; b) the study of neuromyogenic mechanisms
controlling active LES tone; and c) the characterization of the relaxatory responses following
stimulation of LES enteric inhibitory motor neurons by EFS or through nicotinic AChRs, the
effects of the neurotransmitters released, and the assessment of the possible NO-mediated
release of any other putative neurotransmitters.
2.3.4.1. The effect of neurotransmitters on LES tone and the selection of
specific antagonists

Concentration-related curves of the effects of SNP, VIP, PACAP, ATP and CGRP
were obtained by exposing LES strips to single doses of agonists for up to 3 min. After
washing the strips with 45 mL of fresh buffer there was a 30-minute period before the next
exposure. Concentration-response curves for CORM-1 were obtained in a cumulative fashion.
Concentrations of neurotransmitters were selected according to previous studies, most on LES
(Ny et al., 1995b;Rattan et al., 2004;Uc et al., 1997;Uc et al., 1999;Yamato et al., 1992). We
used 1 nM-3 uM for SNP; 1 nM-1 uM for VIP, PACAP, and CGRP; 10 uM-30 mM for ATP,
and 1 pM-1 mM for CORM-1. Reported concentrations are final bath concentrations.
Submaximal LES responses to SNP, ATP, VIP, PACAP, and CORM-1 were studied in the
presence of the neurotoxin TTX (1 puM) and the following substances: ODQ (10 uM),
inhibitor of soluble GC; apamin (1 uM), blocker of small conductance Ca*"-activated K" (SK)
channels; MRS 2179 (10 uM), competitive antagonist for P2Y| receptors and NF279 (10 uM)
(De Man et al., 2003) for P2X , 3 receptors; the peptidase a-chymotrypsin (10 U/mL), and the
VIP antagonist, VIP 6-28 (100 nM); and also following the NO-synthase inhibitor L-NAME
(100 pM) to explore the possible involvement of NO in the response of other
neurotransmitters. Antagonists were added to the baths 30 min before addition of
neurotransmitters with the exception of a-chymotrypsin which was added 10 min before. In
preliminary experiments we found that, at the dose and time of exposition used, o-

chymotrypsin did not affect responses to repetitive doses of VIP or PACAP (not shown).
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2.3.4.2. Control of active LES resting tone

The neurogenic vs myogenic contribution to active LES resting tone was assessed by
measuring changes in tone following exposure to the neurotoxin TTX 1 uM and to a Ca**-free
medium for 30 min. The influence of tonic activity of inhibitory EMN upon LES resting tone
was studied by measuring maximal changes in tone following exposure to L-NAME 100 uM,
ODQ 10 pM, apamin 1 pM, and MRS 2179 10 uM for 30 min; or a-chymotrypsin 10 U/mL
for 10 min. The influence of cholinergic EMN upon LES tone was assessed by atropine 1 uM
for 30 min.
2.3.4.3. Stimulation of EMN by EFS, the effects of the neurotransmitters
released, and characterization of NO-mediated effects.

Transmural EFS (pulses of 0.4 mS duration, frequency 0.3-20 HZ) were applied to
LES preparations in 5 s trains at 26 V (Gonzalez et al., 2004). The amplitude of EFS-induced
responses did not decay during control experiments lasting up to four hours (not shown). The
neural origin of EFS-induced responses was assessed by TTX 1 uM and hexamethonium 100
uM. First, two experiments were conducted during direct stimulation of inhibitory EMN by EFS
and sequential addition of antagonists in order to assess the nature and effects of the
neurotransmitters released. In the fist experiment (Experiment E-1) the nitrergic and cholinergic
components of EFS responses were sequentially blocked by L-NAME and atropine 1 uM, and
apamin was assessed on non-nitergic relaxation. Results were compared with experiment E-2
during blockade by ODQ 10 uM of the target (guanylate cyclase) of the synthesized and released
NO, allowing the effect of any neurotransmitter coupled in series with NO, or released by NO. In
experiments E-3 to E-6 the effect of MRS 2179 (experiment E-3), NF 279 (experiment E-4), a-
chymotrypsin (experiment E-5), and SnPP-IX 100 uM (Experiment E-6) on L-NAME resistant
relaxation was assessed. Drugs were added to the baths 30 min prior to EFS with the exception
of a-chymotrypsin which was added 10 min before.
2.3.4.4. Stimulation of EMN with nicotine, identification of the neurotransmitters
released and characterization of NO-mediated effects.

A concentration-related curve of the effect of nicotine (1-300 uM) on LES strips was
obtained by exposing the strips for 2 min to single doses of the drug in order to assess the
LES relaxation induced by stimulation of EMN through nicotinic AChRs. Strips were
washed with 45 mL of fresh buffer and left for 30 min before exposure. Repeated additions of
nicotine (100 uM) did not desensitize nicotinic receptors (not shown). The specificity of the

effects of nicotine was assessed by the ganglionic blocker hexamethonium 100 uM, and the
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site of effect by TTX 1 uM (Galligan, 1999;Gonzalez et al., 2004). Nicotine dose which
caused a submaximal LES relaxation was first selected for the studies with antagonists in
order to characterize the neurotransmitters released by stimulation of inhibitory EMN through
nicotinic AChRs. In the fist experiment (Experiment N-1) the nitrergic component of nicotine
response was assessed by L-NAME, and apamin was assessed on non-nitergic relaxation.
Results were compared with experiment N-2 during blockade by ODQ 10 uM of the target
(guanylate cyclase) of the synthesized and released NO allowing the effect of any
neurotransmitter coupled in series with NO, or released by NO. In experiments N-3 to N-6 the
relative effect of MRS 2179 (experiment N-3), NF 279 (experiment N-4), a-chymotrypsin
(experiment N-5), and SnPP-IX (Experiment N-6) on L-NAME resistant relaxation was
assessed. Drugs were added to the baths 30 min before the stimulation of inhibitory EMN with
nicotine with the exception of a-chymotrypsin which was added 10 min before. Experiments
were conduced at basal conditions and not in NANC conditions in order to compare neural

stimulation by EFS or with that of nicotinic AChRs (Gonzalez ef al., 2004).
2.3.5. Data Analysis

The effect of EFS and pharmacological agents were determined in terms of changes in
tone. Relaxation was expressed in g and/or in the percentage of active LES resting tone. The
dose-response curve was computer-fitted using nonlinear regression and the maximal
response elicited by the agonist and the ECsy were calculated (GraphPad prism, Version 2.1,
U.S.A.). Contraction was expressed in g and/or in percentage of active LES resting tone. Data
are expressed as mean + mean standard error. Student-t test was selected for comparisons,
using the paired mode when appropriate, and the effect of pharmacological agents on
frequency-response curves was performed using two-way repeated measure ANOVA. When
the t-test was significant, the Bonferroni test was carried out to determine the frequencies of

statistically different responses. A p value <0.05 was considered statistically significant.

2.4. Results

2.4.1. Effect of neurotransmitters on LES tone and selection of

specific antagonists

LES strips developed an active resting tone of 4.90+0.30g (n=34). SNP, VIP, PACAP,
ATP, and CORM-1 relaxed LES strips; in contrast CGRP had no effect at any dose tested
(Figure 1 and 2). The NO-donor SNP, the CO donor CORM-1 and VIP (Figure 1) induced a

monophasic LES relaxation. PACAP induced a biphasic response with an initial fast followed
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by a slow and sustained relaxation (Figure 1). ATP 1 mM evoked a triphasic mechanical
response including an initial fast relaxation, which was followed by a fast contraction, and a
slow sustained relaxation (Figure 1). Relaxation induced by SNP, CORM-1 and VIP was
slower than initial fast relaxation induced by PACAP and ATP (Table 1). SNP, VIP, PACAP,
CORM-1 and ATP relaxed LES strips in a concentration-dependent manner (Figure 2). Table
1 summarizes the dynamics of the effects of proposed neurotransmitters on LES. PACAP and
NO induced a complete LES relaxation at uM concentrations and showed ECs in the 10 nM
range. ATP induced a complete relaxation at mM concentrations. VIP relaxed the active tone

of strips by only 47+12.2% at uM concentrations and CORM-1 by 30.94+6.7% at mM

concentrations.
SNP VIP CORM-1 ATP PACAP CGRP
mﬁ 107 M 10-3M 107 M 107 M

Figure 1. Representative tracings showing the morphology of LES relaxation induced by each proposed

neurotransmitter. The NO donor SNP, VIP, and the CO donor CORM-1 induced a monophasic

relaxation. PACAP induced a biphasic relaxation. ATP induced an initial fast relaxation, followed by a

fast contraction and a sustained relaxation and CGRP did not induce any effect on LES tone
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The doses of neurotransmitters causing submaximal LES relaxation selected for
studies with antagonists were SNP (1 uM), VIP (100 nM), CORM-1 (500 uM), ATP (1 mM),
and PACAP (100 nM), the effects of antagonists having been evaluated in individual
experiments using 3-7 specimens. Inhibition of NO synthesis by L-NAME did not
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significantly modify any of the responses induced by SNP (+0.50+4.02%, ns), VIP (-
8.56+2.91%, ns), ATP (FR +0.30+4.86%, FC -13.24+4.47%, SR +4.01+11.27%, ns), or
PACAP (FR -11.64+10.92%, SR -13.40+ 5.28%, ns). NO-induced relaxation by SNP was
specifically blocked by ODQ (-98.35£1.15%, p<0.05) and unaffected by the other
antagonists. Fast relaxation induced by ATP was unaffected by ODQ (+4.00+3.13%, ns), L-
NAME (+0.30+4.86%, ns) or a-chymotrypsin (+0.26+8.04%, ns). In contrast, apamin fully
blocked (-98.84+1.16%, p<0.01) the initial fast relaxation and switched the LES response to
ATP into a biphasic response with an initial contraction of 1.68+0.78g and a slow sustained
relaxation. The ATP-induced contraction was not affected either by TTX (-0.44+16.18%, ns),
or ODQ (-12.18+6.05%, ns). MRS 2179 10 puM strongly inhibited fast ATP-induced
relaxation (-76.3+4.88%, p<0.05) and fast contraction (-80.38+0.75%, p<0.05). Apamin
inhibited fast component (-76.78+6.06%, p<0.05) and had no effect on the slow component (-
31.7549.49, ns) of PACAP-induced LES relaxation. Unexpectedly, CORM-1 relaxation was
unaffected by either ODQ or apamin. VIP 6-28 100 nM did not significantly affect VIP
relaxation (+1.78+7.02%, ns); and a-chymotrypsin fully blocked VIP and PACAP-induced
relaxation (-100%, p<0.05). TTX did not significantly affect the relaxation induced by SNP (—
3.04 £2.17%, ns), VIP (-5.62+5.49%, ns), ATP (FC +27.314+ 9.21% and SR +21.30+ 9.57%,
ns), and PACAP (FR -20.26+16.89%, ns and SR -30.57+ 8.93%, ns).
2.4.2. Control of active LES resting tone

Figure 3 illustrates the myogenic and neurogenic factors contributing to LES tone.
Exposure of LES strips to a Krebs Ca”'-free buffer fully abolished active resting tone by
96.40+5.82% (n=9). Simultaneous blockade of intrinsic excitatory and inhibitory neural
inputs by TTX did not significantly affect active LES tone (-6.93+8.84% n=7, ns). In contrast,
atropine significantly reduced active LES resting tone by -24.3+3.1% (n=17) (p<0.05); and L-
NAME, ODQ and apamin significantly enhanced active LES resting tone by 46.45+3.31%
(n=17), 28.224+2.83% (n=19), and 20.3+2.1% (n=12), respectively (p<0.05); MRS 2179
enhanced LES tone by only 2.87+2.16% (n=6, ns). The enhancement caused by L-NAME on
LES tone was higher than that caused by ODQ or apamin (p<0.001). a-chymotrypsin exerted
a variable effect on LES, as active tone was either enhanced by 41+47% (n=8), or reduced by
36.81+47% (n=7) following 10 min exposure to the drug. These experiments show that
porcine LES tone is mainly myogenic, depends on extracellular Ca®*, and is modulated by tonic

input from cholinergic EMNs as well as by continuous influence of inhibitory EMNSs.
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2.4.3. Inhibitory NTs in EFS-induced relaxation

LES strips responded to EFS with a sharp relaxation during electrical stimulus (“on”

relaxation) followed by a phasic contraction at the end of the stimulus (“off” contraction)

(Figure 4). The amplitude of both responses was frequency-dependent and maximal relaxation

(4.21£0.25g or 90.4+3.1% of resting tone) was reached at 3 Hz (n=34). EFS-induced
relaxation was fully blocked by TTX at all frequencies tested (-100%, n=5, p<0.001), and
unaffected by hexamethonium (+6.78+14.65% at 3 Hz, n=3, ns).
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Subsequent addition of atropine reduced “off” contraction and enhanced “on” relaxation.

Apamin blocked L-NAME resistant EFS-induced relaxation and switched “off” contraction to

an “on” contraction during EFS without changes in amplitude. In experiment E-1 (Figure 4),
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L-NAME significantly inhibited EFS relaxation with significant effects at all frequencies
tested and an average effect of -62.52+13.13% (n=5). Subsequent addition of atropine
enhanced relaxation at 20 Hz (p<0.05).

Apamin fully blocked the L-NAME resistant “on” relaxation in 4 out of 5 experiments
(p<0.05). In the same experiment, L-NAME reduced the amplitude of basal EFS-“off”
contraction with significant effects at 0.5 to 20 Hz (P<0.05). The subsequent addition of
atropine further reduced “off” contraction at 10 and 20 Hz and apamin switched the “off”
contraction to an “on” contraction during EFS without affecting the amplitude of the
response. These results clearly show that EFS- induced LES relaxation is mainly mediated by
both NO synthesis and other neurotransmitters acting through apamin-sensitive K channels.

In the second experiment (Experiment E-2, Figure 5) we explored the possible effect
of any inhibitory neurotransmitter released by NO. In this experiment ODQ reduced EFS
relaxation with significant effects at all frequencies tested (n=5, p<0.05). Subsequent addition
of atropine increased the relaxation at 10 and 20 Hz, and apamin fully blocked this non-
nitrergic EFS “on” relaxation in 4 out of 5 experiments (p<0.05). Also in experiment E-5,
ODQ reduced the amplitude of the "off" contraction at frequencies above 1 Hz (p<0.05);
subsequent addition of atropine further reduced the amplitude of the contraction at 10 and 20
Hz (p<0.05), and similarly, apamin switched the “off” response into an “on” contraction. In
these experiments with stimulation of EMNs by EFS, the average of inhibitory effect of ODQ
on relaxation (-67.67+6.80%) was similar to that caused by L-NAME arguing against the
possibility of a relaxatory effect of any NTs released by NO. Apamin also caused similar and

comparable effects in both experiments.
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The nature of the non-nitrergic neurotransmitter released by EFS was explored in
experiments E-3 to E.6. In experiment E-3 (Figure 6), MRS 2179 strongly inhibited the non-
nitrergic EFS relaxation with significant effects at 3-20 Hz (n=5, p<0.001). In experiment E-4
NF 279 slightly but consistently reduced non-nitrergic EFS relaxation, also with significant
effects at 3-20 Hz (n=5, p<0.001). In experiment E-5 (Figure 6), a-chymotrypsin only slightly
inhibited the L-NAME resistant “on” relaxation with significant effects at 3 and 20 Hz (n=5,
p<0.05), and in experiment E-6, SnPP-IX did not affect EFS relaxation (n=5, ns).
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EFS-relaxation, and, in contrast,

Tin-protoporphyrin IX did not induce any effect on EFS-relaxation in experiment E-6

Results from experiments E-1 suggest that EFS relaxation is mainly mediated by NO
and an apamin-sensitive neurotransmitter, and results from experiments E-3 and E-4 show
that the non-nitrergic and apamin-sensitive component is strongly inhibited by a purinergic
P2Y, receptor antagonist and only slightly reduced by a P2X,,3 purinergic receptor
antagonist. This clearly indicates the effect of a purinergic neurotransmitter mainly acting at
P2Y receptors through apamin-sensitive small conductance Ca*"-activated K™ channels. In
addition the non-nitrergic and apamin-sensitive component was only slightly reduced by a-
chymotrypsin, and unaffected by heme oxygenase inhibition, suggesting only a minor role for

a peptidic neurotransmitter agreeing with the pharmacological profile of PACAP as the direct
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effect of PACAP on LES is inhibited by both apamin and a-chymotrypsin, and no role for CO
during EFS-relaxation.
2.4.4. Inhibitory neurotransmitters in nicotine-induced relaxation
Nicotine (1-300 uM) relaxed LES strips in a concentration-dependent manner. ECs
was 20.2 uM and maximal relaxation (3.93+£1.03g or 100.36+3.37% of resting tone) was
reached at 100 uM (n=5). The amplitude of the relaxation induced by stimulation of nicotinic
AChRs was similar to that obtained by EFS (ns). Hexamethonium fully blocked nicotine-
induced LES relaxation (-98.27+3.51%, n=3, p<0.05), and TTX reduced by 28.08+12% but
did not block maximal relaxation induced by nicotine (n=5, p<0.05).
Nicotine-induced relaxation (100 M) was also significantly reduced by L-NAME by
60.37£10.80% (n=5, p<0.05, Experiment N-1 in Figure 7).
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Figure 7. Characterization of NTs released during stimulation of LES EMN by nicotine 100pM. A)
Representative tracings showing the morphology of nicotine-induced responses. B) Quantitative effects
(n=5 in each experiment). Horizontal axis depicts the time schedule of the experiment during sequential
addition of antagonists. * = p<0.05 vs previous experimental condition. Experiment N-1. Blockade of NO
synthesis by L-NAME significantly reduced the amplitude of the nicotine-induced relaxation. Subsequent
addition of apamin fully blocked the non-nitrergic relaxation and induced the appearance of a contraction
that was fully blocked by atropine. Experiment N-2. Blockade of NO effects by ODQ reduced the
amplitude of the relaxation. Subsequent addition of apamin blocked the residual relaxation and induced

the appearance of a contraction that was fully blocked by atropine

-73 -



Pharmacological characterization of porcine LES Capitol 2

Subsequent addition of apamin blocked nonitrergic relaxation and transformed the
nicotine-response into a biphasic contraction with an amplitude of 0.65+0.14 g and 1.76+0.19
g, respectively. This double-peaked contraction was fully blocked by atropine (p<0.05). In
parallel experiments (Experiment N-2, Figure 7), ODQ significantly reduced the nicotine-
induced relaxation by 41.90+7.98% (n=5, p<0.05), and apamin further blocked the nicotine-
relaxation which also led to a cholinergic double-peaked contraction (0.77+0.13 g and 2.10
+0.41 g, respectively). In these experiments with stimulation of EMN trough nicotine AChRs,
the effect of ODQ was similar to that induced by L-NAME (ns), and comparable to that
caused by apamin in both parallel studies. Relative inhibition caused by L-NAME, ODQ, and
apamin did not differ in both EFS and nicotine experiments (ns).

Experiments N-3 to N-6 (Figure 8) were performed to characterize the nature of the
non-nitrergic neurotransmitters released following stimulation of inhibitory LES EMN
through nicotinic AChRs. Nicotine-induced relaxation resistant to L-NAME was strongly
inhibited by MRS 2179 by 76.6£9.27% (n=5, p<0.01) in experiment N-3, and also
significantly inhibited by NF 279 by 48.04+16.64% (n=5, p<0.05) in experiment N-4 and by
18.88+1.00% in experiment N-5 by a-chymotrypsin (n=5, p<0.001) in experiment N-5, in
experiment N-6 SnPP-IX did not significantly affect nicotine relaxation. Experiment N-1
shows that LES relaxation following stimulation of inhibitory EMNs through nicotinic
AChRs is mainly caused by NO and one or more apamin-sensitive neurotransmitters. The
nonitrergic and apamin-sensitive relaxation was strongly antagonized by the purinergic
antagonist MRS 2179 in experiment N-3, further confirming the effect of a purinergic
neurotransmitter mainly acting at P2Y receptors through apamin-sensitive small conductance
Ca*"-activated K* channels. In addition, nonitrergic and apamin-sensitive nicotine-induced
relaxation is also moderately antagonized through purinergic P2X , 3 receptor antagonists and
by a-chymotrypsin also suggesting a minor role for a peptidic neurotransmitter agreeing with
the pharmacological profile of PACAP, and no role for CO in LES relaxation following
stimulation of inhibitory EMN through nicotinic AChRs.
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Figure 8. Characterization of NTs
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2.5. Discussion

Our study shows that porcine LES tone is mainly myogenic and is modulated by tonic
input from excitatory and inhibitory EMNs. We found that relaxation of porcine LES following
stimulation of inhibitory EMN:Ss is caused to a similar extent by two main pathways: a) a nitrergic
one mediated by NO through guanylate cyclase signaling and apamin-insensitive pathways, and
b) a nonintrergic pathway coupled to apamin-sensitive small conductance Ca*"-activated K
channels mainly mediated by ATP or a related purine acting through P2Y receptors and a minor
contribution of purinergic P2X receptors and PACAP on LES relaxation. Our results suggest
parallel release of nitrergic, purinergic, and peptidergic neurotransmitters, independent
effects, and no major interplay on their release or postjunctional effects (Figure 9). Our study
did not find any role for CGRP in porcine LES. In addition although CO and VIP caused a
direct LES relaxation in our study, we did not find any major role for them in neuroeffector
LES relaxation.

Porcine, like human, LES is formed by the gastric sling muscle on the angle of Hiss
and the clasp component in lesser curvature (transverse esophageal fibers) (Preiksaitis &
Diamant, 1997). We only included clasp strips that developed active tension and relaxed
during stimulation of inhibitory EMN, ensuring that we had selected LES strips with intact
innervation. Our preparation was transmural and contained all the components of MP,
including myenteric ganglia and excitatory and inhibitory EMN, and was not merely a

muscle-axon preparation. We tested the effect of a NO-donor, VIP, ATP, PACAP, a CO-
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donor and CGRP because these substances colocalize in esophageal inhibitory EMN (Ny et
al., 1995a;Uc et al., 1997). Colocalized substances can participate as neuromodulators,
neurotransmitters or with neurotrophic effects (Burnstock, 2004). We found that the NO-
donor, VIP, ATP, the CO-donor, and PACAP, but not CGRP, relaxed LES strips through a
TTX-insensitive mechanism. NO, ATP, and PACAP induced a complete LES relaxation, and
CO and VIP were clearly less efficient, as observed in porcine gastric fundus (Colpaert et al.,
2002). In contrast, the same dose of CGRP that relaxed LES strips in opossums failed to relax
our preparation despite the similarity between both species in the EFS-induced responses (Uc
et al., 1997). These discrepancies could be explained by species differences and/or CGRP
acting through more complex neural circuits in “in vivo” studies (Rattan et al., 1988). As
expected, relaxation induced by SNP was specifically blocked by ODQ in our study showing
a direct NO effect through guanylate cyclase pathways. The relaxation caused by VIP was
unaffected by L-NAME or by ODQ arguing against the theory of a “serial cascade” involving
NO production in nerve terminals and/or smooth muscle cells by VIP (Ergun & Ogulener,
2001;Grider et al., 1992). Apamin inhibited ATP and PACAP but not NO, CO or VIP
relaxation in our study; and a-chymotrypsin that cleaves VIP and PACAP at the level of
tyrosine residues (Mule & Serio, 2003) antagonized both VIP and fast-PACAP relaxation
without affecting the NO or ATP response. ATP induced a complex LES response similar to
that observed on vascular smooth muscle (Ralevic, 2002). Smooth muscle cells along the
gastrointestinal tract can simultaneously express G-protein coupled P2Y receptors mediating
the relaxatory effects of purines, and ion-gated P2X receptors mediating either contractions
(Giaroni et al., 2002) or relaxations (Storr et al., 2000). Activation of P2X receptors could
initially induce an increase in intracellular Ca™" leading a contraction, and a relaxation as a
result of secondary activation of apamin-sensitive Ca™ -dependent K'-channels (Ishiguchi et
al., 2000). MRS 2179 is a specific antagonist for P2Y; purinoreceptor subtype (De Man et
al., 2003) that in our study strongly antagonized the ATP relaxation. ATP can also induce NO
production in smooth muscle cells (Xue et al., 2000), however in our study neither L-NAME
or a-chymotrypsin affected ATP-induced relaxation, also arguing against an “in series”
relation between NO or VIP and ATP.

We assessed the physiological relevance of NO, ATP, PACAP, CO and VIP by testing
the effect of their antagonists on LES resting tone and during stimulation of inhibitory EMNs
by EFS or through nicotinic AChRs. The most important component of LES tone is myogenic
and the relative neurogenic contribution to LES tone varies with the animal species. Our results

showed an intense reduction in LES resting tone by the Ca**-free buffer, further confirming that
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porcine LES tone is mainly myogenic and depends on extracellular Ca*" (Tottrup et al., 1990).
Our study also showed that atropine decreased LES less intensively tone than the removal of
extracellular Ca®* showing a moderate tonic input from cholinergic EMNs; and L-NAME, ODQ,
and apamin enhanced LES tone also showing a tonic influence of inhibitory EMNs. NO synthase
inhibitors also increased LES resting tone in humans (Gonzalez ef al., 2004). The higher effect of
L-NAME compared with ODQ in our study could be explained by a finding in canine LES
showing ODQ-dependent mechanisms mediating only the actions of NO from nerves, whereas
NO from muscles utilized ODQ independent mechanisms to modulate LES tone (Daniel ef al.,
2002). Interestingly, we failed to show any effect of atropine on LES tone in an earlier study on
human LES (Gonzalez et al., 2004), suggesting a stronger influence of cholinergic EMNs in
porcine LES that should be taken into account when considering the effects of some new
pharmacological treatments for achalasia in humans based on the reduction of cholinergic inputs
such as botulin toxin (Pasricha et al., 1993).

Porcine LES responses to EFS and nicotine in this study are similar to those we found
in earlier studies on human LES (Gonzalez et al., 2004). The effects of EFS were fully
blocked by the neurotoxin TTX and unaffected by the ganglionic blocker hexamethonium,
showing the origin of these responses in the activation of EMNs. Our results on pigs show
that maximal EFS relaxation was inhibited to the same degree by L-NAME and ODQ (by
60%), and that apamin fully blocked the EFS induced relaxation resistant to NO inhibition in
both series of experiments. Our results clearly show that the neural relaxation induced by EFS
has two main components, one mediated by a direct effect of NO on smooth muscle and a
second one of comparable magnitude mediated by an apamin-sensitive neurotransmitter that
has been indirectly attributed to ATP in previous studies (Imaeda & Cunnane, 2003;Yuan et
al., 1998). We found that the apamin-sensitive component of EFS-relaxation has three
components: it is strongly inhibited by MRS 2179 showing that a purine mediates this
component by acting on P2Y, receptors; it is slightly but consistently inhibited by NF 279
also suggesting the involvement of P2X receptors; and it is slightly inhibited by the peptidase
chymotrypsin suggesting that PACAP (an apamin-sensitive peptidergic neurotransmitters)
also has a minor role in EFS-induced relaxation. Similar results on the involvement of P2Y1
and also P2X receptors on purinergic inhibitory neurotransmission were found by De Man in
the mouse jejunum (De Man et al., 2003) and ATP-induced relaxation of rat pylorus has been
attributed to P2X purinoceptors located on smooth muscle cells (Ishiguchi et al., 2000).
Finally, heme oxygenase inhibitors did not modify the EFS-inhibitory responses in our

preparation or in porcine stomach (Colpaert et al., 2002) or porcine ileum (Matsuda et al.,
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2004) precluding a major role for CO during EFS relaxation. In addition, the similarity of the
responses in experiments with ODQ (where NO is synthesized and released and could induce
the release of any other NT) and L-NAME (where NO is not synthesized) argues against
release of VIP or any other neurotransmitter by NO (Grider et al., 1992) and also against NO
inhibition of the release of ATP (Ishiguchi et al., 2000). Our results suggest mechanisms of
simultaneous release and independent actions (co-transmission) for the nitrergic, purinergic,
and peptidergic inhibitory neurotransmitters released during EFS.

We also explored the neurotransmitters released on stimulation of EMN with nicotine.
Immunohistological and functional studies have shown that nicotinic AChRs are located in
somatodendritic regions of EMN and participate in the transmission of vagal inputs (Chang et
al., 2003;Galligan, 1999). In earlier studies we found functional evidence of the presence of
nicotinic AChRs at pre-junctional sites of inhibitory EMN in human LES (Gonzalez et al.,
2004). In the present study, the effects of EFS were fully blocked by TTX, but in contrast,
nicotine-induced LES relaxations were only partly antagonized by TTX, further suggesting
the presence of nAChRs in nerve terminals of the inhibitory EMN of porcine LES. Previous
studies on cats (Kortezova et al., 1994) and our previous studies on human LES also found a
residual relaxation induced by nicotine following NO blockade. However, the relative
magnitude of the non-nitregic component varies between these species as NO synthesis
inhibitors reduced relaxation induced by stimulation of nAChRs by more than 85% in humans
(Gonzalez et al., 2004), 70-80% in cats (Kortezova et al., 1994), and by 40-60% in the present
study on pigs. On the other hand, stimulation of myenteric plexus ganglia of guinea-pig ileum
with the nicotinic agonist DMPP induced both VIP and NO release, VIP release being further
facilitated by NO production (Grider et al., 1992). In our present study, the relaxation
resistant to NO blockade (L-NAME or ODQ) was fully antagonized by apamin and a weak
contraction induced by stimulation of cholinergic EMNs appeared. Similarly to the findings
on EFS-relaxation, we also found three components on apamin-sensitive nicotine-LES
relaxation the main component being antagonized by MRS 2179 and mediated by a purine
through P2Y1 receptors, a second minor component antagonized by NF279 and mediated also
by a purine but through P2X receptors, and a minor third component antagonized by a-
chymotrypsin and also probably mediated by PACAP (Smid & Blackshaw, 2000) and
unaffected by inhibitors of heme oxygenase. Our results also showed that LES relaxation
induced by nicotine in basal conditions was similar to that induced by EFS, suggesting high
efficiency of stimulation of inhibitory EMN by nicotinic AChRs. The "off" contraction
induced by EFS in this study was partly antagonized by atropine, partly caused by a rebound
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depolarization —because an important part of the “off” contraction is inhibited by NO
blockers— and partly caused by the probable participation of a minor secondary non-
cholinergic excitatory neurotransmitter such as tachykinins (Chang et al, 2003). In this
experimental setting, stimulation of nicotinic AChRs during simultaneous blockade of nitrergic
and apamin-sensitive effects induced only a slight contraction in LES, suggesting that nicotinic
AChRs stimulate excitatory EMN much less efficiently than inhibitory EMN, as we found in
human LES in an earlier study (Gonzalez et al., 2004). These results further suggest that
whereas vagal fibers or interneurons could easily and efficiently stimulate inhibitory EMNs in
porcine LES, full stimulation of intrinsic excitatory EMNs requires non-nicotinic

neurotransmitters (Galligan et al., 2000) or other circuits that need further investigation.

Figure 9. Schematic
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Capitol 3

Asymmetrical mechanisms  controlling
resting tone, relaxation and contraction in

clasp and sling regions of porcine LES

3.1. Abstract

To compare in vitro the functional properties of the clasp and sling muscles of the
Lower Esophageal Sphincter (LES). Circular LES strips (clasp/sling pairs) from 25 adult
pigs were studied in organ baths to assess the mechanisms controlling LES tone and the
responses following neural stimulation by electrical field stimulation (EFS) or through
nicotinic receptors. Tension developed by sling strips was higher than that developed by
clasp fibers (7.59+0.89 g versus 4.72+0.67 g, p<0.05). LES tone is more sensitive to
extracellular calcium depletion in clasp strips and to nitrergic and cholinergic blockade in
sling strips. TTX did not affect LES tone and blocked responses to EFS in both LES
regions. Amplitude of EFS “on” relaxation and “off” contraction was higher in clasp strips.
ODQ reduced the “on” relaxation and “off” contraction in clasp; and blocked the “on”
relaxation and enhanced the “on” contraction in sling fibers. Amplitude of nicotine
relaxation was similar in clasp and sling regions. In the clasp region, nicotine relaxation
was reduced by ODQ or TTX. In sling fibers, nicotine induced a relaxation at rest and, in
contrast, a cholinergic contraction following ODQ or TTX.
The porcine LES shows a strong transversal intrinsic functional asymmetry suggesting a
specialization at the neuronal level. Tonic input from EMNs has a greater influence on

tone developed by sling fibers. Neural stimulation induced strong nitrergic responses and
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weak cholinergic responses in clasp fibers; and, in contrast, weak nitrergic responses and

strong cholinergic responses in the sling region.

3.2. Introduction

The main physiological function of the lower esophageal sphincter (LES) is to
generate a high pressure barrier to prevent reflux of gastric acid contents into the
esophagus. The second is to open during swallowing to allow bolus passage, and also
during transient LES relaxations that causes physiological gastro-esophageal reflux and
allows belching. In vivo studies on humans, piglets, opossums, and cats using
manometry have shown a significant radial asymmetry in the distribution of the high
pressure barrier as the highest pressures were recorded in the left lateral direction of the
LES (Preiksaitis et al., 1994a;Richardson & Welch, 1981;Schulze et al., 1977;Vicente
et al., 2001;Welch & Drake, 1980). Moreover, in both human and animal in vivo
studies, atropine produces a greater drop in LES pressure on the left side of the LES
(Preiksaitis et al., 1994a;Richardson & Welch, 1981). There is little data available on the
origin and physiological role of this transversal functional LES asymmetry and its
relevance to the pathophysiology of esophageal diseases such as achalasia or
gastroesophageal reflux disease.

The origin of the asymmetry in LES motility is uncertain and has been attributed to
anatomical and physiological factors. The macroscopic arrangement of LES circular
smooth fibers of the inner muscle in humans and pigs is very similar, with transverse
muscle clasps on the lesser curve side (“clasp fibers”), and long oblique gastric “sling”
fibers in the greater curvature on the left side of LES (Liebermann-Meffert et al.,
1979;Vicente et al., 2001). In addition, clasp and sling fibers differ in function: in vitro
studies have shown that LES pressure is due to a myogenic mechanism that is concentrated
in the clasp muscle fibers and a neurogenic cholinergic contribution primarily due to the
action of sling muscle fibers (Preiksaitis et al., 1994a;Preiksaitis & Diamant, 1997). This
transversal functional asymmetry has been attributed to specialization at both muscular
(Muinuddin et al., 2003;Muinuddin et al., 2004a;Preiksaitis et al., 1994a) and neuronal
level (Brookes et al., 1996;Yuan et al., 1998;Yuan & Brookes, 1999).

The porcine and human LES possess anatomical and pathological similarities and
similar organization of the enteric nervous system, differing from small laboratory animal

models. Porcine LES has been used as a homologous animal model for the development of
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new pharmacologic strategies to treat human neurogastrointestinal disorders (Brown &
Timmermans, 2004;Pasricha et al., 1993). The size, the transversal anatomical asymmetry
(clasp and sling fibers), the histology (smooth muscle cells) and the neurochemical code of
porcine LES EMNs is similar to that of humans (Aggestrup et al., 1986;Pasricha et al.,
1993). We have recently explored the intrinsic mechanisms that control human and porcine
LES motility in vitro (Gonzalez et al., 2004;Farr¢ et al., 2005) . In humans we found that
inhibitory EMN releases NO as the main neurotransmitter and also a minor apamin-
sensitive one (Gonzalez et al., 2004). Relaxation of porcine LES following stimulation of
inhibitory EMNS is caused to a similar extent by two parallel pathways: a) a nitrergic one
mediated by NO through guanylate cyclase signaling pathways, and b) an apamin-sensitive
pathway mainly mediated by ATP or a related purine acting through P2Y'1 receptors (Farré
et al., 2005). In both species, effects of excitatory EMNs were mainly mediated by
acetylcholine (ACh).

The present study was undertaken to compare the in vitro functional properties of
LES clasp and sling muscles in a porcine model. We explored the myogenic and
neurogenic mechanisms of control of resting tone and characterized the inhibitory and
excitatory responses following stimulation of intrinsic nerves with electrical field

stimulation (EFS) or through nicotinic ACh receptors.

3.3. Methods

3.3.1. Preparations

Specimens were obtained from 25 adult pigs (age: 6 months, weight: 75-80 Kg)
and included part of the gastric fundus, the gastro-esophageal junction (GEJ), and the
esophageal body. Animals were stunned and killed by exsanguination in a slaughterhouse
in compliance with specific national laws that follow the guidelines of the European Union
(Perez Rubalcaba A., 1995). Specimens were immediately collected, placed in
carbogenated Krebs solution at 4°C and transported to the laboratory within 1 hour. The
GEJ was opened along the anterior side, the gastric mucosa was stripped and the clasp and
sling fiber bundles of LES were readily identified as a thickened band of semicircular
smooth muscle adjacent to the greater and lesser curvature of the stomach, respectively
(Figure 1 A and B) (Preiksaitis & Diamant, 1997). Full thickness preparations including
the circular and longitudinal muscle layers as well as the myenteric plexus were obtained

from each LES side by cutting 3 mm-wide strips parallel to circular muscle fibers. Up to
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six consecutive strips were obtained from either the clasp or sling region of the LES of

each specimen, starting 3 mm distal to the transitional line.

Figure 1. Anatomical disposition of clasp and sling fibers at the porcine gastroesophageal junction. A)

Orientation of the fibers in a frontal plane incised along the greater and lesser curvature. B)
Arrangement of clasp and sling fibers in a transversal plane observed from the gastric side. Esophageal

lumen (E), greater curvature side (GC) and lesser curvature side (LC)

3.3.2. Procedures

Studies started within 18 hours of sacrifice. Final strips measuring 10 mm in length
were placed in 15 mL-organ baths containing Krebs' solution constantly bubbling with 5%
CO; in O, Changes in tension of the strips were measured using isometric force
transducers (model 03 Force Transducer and model 7 Series Polygraph, respectively, Grass
Instruments Co, Quincy, MA), and recorded in a computer using the data acquisition
software Acgknowledge 3.7.2 (Biopac Systems, Inc. Ca, USA). In each experiment, up to
three pairs of clasp/sling strips were simultaneously studied. After an equilibration period
of 30 min, strips were stretched up to 150% of their initial length and positioned between
two parallel platinum wire electrodes 10 mm apart. Thereafter, most strips taken from the
GEJ progressively increased their tension over the following 2-3 hours. This increase in
tension was defined as the spontaneous tension (Christensen ef al., 1973) and the total tone
developed by each strip was measured. EFS was applied by means of an electrical
stimulator (Model S88, Grass Instruments Co) and a power booster (Stimu-Splitter II,
Med-Lab Instruments, Loveland, CO) in order to obtain six identical and undistorted
signals. Only the strips that developed spontaneous tension during the equilibration period
and relaxed during EFS were considered as pertaining to the LES and studied thereafter.

At the end of each experiment, the strips were blotted on filter paper for 30 minutes and
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the weight of each strip was determined. Weight of the strips was similar in both regions
(0.31%0.02 g in clasp vs 0.30+0.02 g, n=13 pairs, N=5 pigs, ns).
3.3.3. Experimental design

3.3.3.1. Origin and mechanisms controlling LES tone. The myogenic
contribution to LES resting tone was assessed by measuring changes in total tone
following exposure to a Ca**-free medium for 30 minutes (Gonzalez et al., 2004). The
influence of EMN tonic activity upon resting tone on each side of the LES was studied
by measuring changes in tone following exposure to the neurotoxin TTX 1 uM, to ODQ
10 uM, and atropine 1 uM for 30 minutes.

3.3.3.2. Effect of agonists for putative excitatory and inhibitory
neurotransmitters. The dose-related effects and maximum responses on LES tone of
the NO-donor SNP, carbachol (CCh) or ATP were assessed in the presence of the
neurotoxin TTX 1 uM in order to compare the responsiveness of clasp and sling strips
to the putative neurotransmitters. Concentration-related curves of the effects of agonists
were obtained by exposing LES strips to single doses of agonists for up to 3 minutes
(reported concentrations are final bath concentrations). After washing the strips with 45
mL of fresh buffer there was a 30-minute period before the next exposure.

3.3.3.3. Characterization of motor responses following stimulation of
EMNSs by EFS or through nAChRs. The neural responses in clasp and sling regions
were compared in experiments with stimulation LES EMNs by EFS or through
nAChRs. Transmural EFS (pulses of 0.4 ms duration, frequency 0.3-20 Hz) were
applied to LES preparations in 5 s trains at 26 V (Gonzalez et al., 2004). Experiments
were conducted during stimulation of inhibitory EMN by EFS with sequential addition
of antagonists in order to assess the nature and effects of the neurotransmitters released.
The nitrergic and cholinergic components of EFS responses were sequentially blocked
by ODQ and atropine and the effect of apamin on ODQ resistant relaxation was
assessed . The effect of single dosis of nicotine (100 uM) on LES strips was also
assessed (Farré et al., 2005). After washing the strips with 45 mL of fresh buffer there
was a 30-minute period before the following exposure. Repetitive additions of nicotine
did not result in desensitization of nAChRs (not shown). The NTs released by
stimulation of EMN through nicotinic AChRs were characterized by sequential addition
of ODQ and atropine; and the site of effect by TTX 1 uM (Galligan, 1999). Drugs were
added to the baths 30 minutes before the stimulation of inhibitory EMN with nicotine.
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3.3.4. Data analysis
Studies were designed to study and compare pairs of clasp and sling strips
obtained from the same specimen. The effect of EFS or pharmacological agents was
determined in terms of changes in total tone. Relaxation was expressed in g and/or as a
percentage of total LES tone. The dose-response curve was computer-fitted using
nonlinear regression and the maximal response elicited by the agonist and the EC50
were calculated (GraphPad prism, Version 2.1, U.S.A.). Contraction was expressed in g.
The number of experiments was represented by n (number of strips) and N (number of
specimens). Data are expressed as means + mean standard error. Student-t test was
selected for comparisons, using the paired mode when appropriate. In order to further
characterize EFS responses, the effect of pharmacological agents on frequency-response
curves was performed using two-way repeated-measures ANOVA. When the t-test was
significant, the Bonferroni test was carried out to determine the frequencies of
statistically different responses. A P value <0.05 was considered statistically significant.
3.3.5. Solutions and drugs
The Krebs solution used in these experiments contained (in mM) 138.5
Nat, 4.6 K+, 2.5 Ca2+, 1.2 Mg+, 125 Cl-, 21.9 HCO3- ,1.2 H2PO4-, 1.2 SO4- and 11.5
glucose. Sodium nitroprusside (SNP), apamin, nicotine, atropine and ODQ were
obtained from Sigma —Aldrich Co (Madrid, Spain). Tetrodotoxin (TTX) was purchased
from Latoxan (Valence, France). All drugs were dissolved with distilled water, with the
exception of ODQ which was dissolved with ethanol <5% vol/vol. In preliminary
studies we observed that, at these concentrations, ethanol did not alter resting tone or

EFS or SNP 100 uM -induced responses (data not shown).

3.4. Results

3.4.1. Control of LES tone, effect of antagonists

All LES strips from both clasp and sling fibers spontaneously developed active
tone. Total tension after the equilibration period was higher in sling strips than in clasp
fibers (4.72+0.67 g versus 7.59+0.89 g, p<0.05). SNP 10 uM, reduced total tension to a
similar extent in clasp and sling muscle strips, by 88.83£1.96 % in clasp versus
85.05+1.44 % (ns) in sling fibers, suggesting that total LES tone was mainly caused by

muscular contraction and not by fibroelastic properties of the tissue. Residual LES tone
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after exposition of LES strips to SNP 10uM was also higher in sling fibers, 1.22+0.24 g,
than in clasp strips, 0.56+0.11 g, p<0.05. Figure 2 illustrates the dynamics of
neuromyogenic factors contributing to LES tone in each region of the LES. Strips from
both regions of LES demonstrate a time-dependent decrease in tone when perfused in
Ca*-free Krebs buffer, the decrease being greater and faster in clasp than in sling fibers.
At T=30 minutes, total tone was reduced by 69.31+5.87% in clasp and 39.18+3.88% in
sling fibers (p<0.05 N=5 pairs). Subsequent perfusion with calcium-containing Krebs
resulted in a return of tone almost to control levels in both LES sides (not shown).
Neural blockade by TTX did not significantly affect total tension either in clasp or sling
muscle (ns, N=5 pairs). In contrast, ODQ induced a rapid increase in tone in both LES
sides with a greater increase in sling (2.46+0.41 g) than in clasp fibers (1.63+0.82 g),
p<0.05. Blockade of tonic effect of excitatory EMNs by atropine induced a decrease in
tone in both LES regions, the effect being stronger in sling than clasp fibers (p<0.05).
At T=30 minutes, total tension was reduced by atropine by 15.18+5.62% in clasp versus

43.38+3.07% in sling strips (p<0.05, N=5 pairs).
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These results suggest that in clasp fibers LES tone is myogenic in origin and
extremely dependent on extracellular Ca** sources and is moderately affected by tonic
neural inputs from either excitatory or inhibitory EMN; in contrast, tone in sling fibers
is less dependent on extracellular Ca®" sources and much more influenced by tonic

neural inputs from both local nitrergic and cholinergic EMNSs.
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3.4.2. Effects of stimulation of EMNs by EFS
LES strips from both clasp and sling regions responded to EFS with a sharp

relaxation during electrical stimulus (“on” relaxation) followed by a phasic contraction
at the end of the stimulus (“off” contraction) (Figure 3A). The amplitude of both
responses was frequency-dependent (Figure 3B) and TTX 1 pM abolished both EFS-
induced responses in clasp and sling muscles at all frequencies tested (-100%, n=5,
N=5). Amplitude of ‘on’ relaxation’ and ‘off” contraction was higher in clasp strips

than in sling fibers (n=16, N=7, p<0.05).
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Figure 4 show the results of experiments assessing the nature of the
neurotransmitters released following stimulation of inhibitory EMN by EFS in each
region of the porcine LES. In clasp muscle (Figure 4A), ODQ strongly inhibited EFS
‘on’ relaxation with significant effects at all frequencies tested (p<0.05). Subsequent
addition of atropine increased relaxation at high frequencies (p<0.05), and apamin
blocked the non-nitrergic EFS “on” relaxation in 4 out of 5 experiments (p<0.05). ODQ
reduced the amplitude of the "off" contraction at 1-10 Hz (P<0.05); atropine further
reduced the amplitude of the contraction at 10 and 20 Hz (P<0.05) showing a moderate
contribution of cholinergic EMNs in the contractile response, and apamin switched the
“off” response into an “on” contraction during EFS. In contrast, in sling muscle, ODQ
fully abolished the ‘on’ relaxation at all frequencies (Figure 4B), sequential addition of
atropine induced an ‘on’ relaxation at 10-20 Hz (p<0.05), and apamin further reduced
the ODQ resistant ‘on’ relaxation (p<0.05). ODQ switched the ‘off’ contraction to an

‘on’ contraction of increased amplitude that was almost blocked by atropine (p<0.05).
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Figure 4. Characterization of EFS-responses to sequential addition of antagonists in clasp (A) and sling
(B) fibers. ODQ reduced both EFS-relaxation and contraction in clasp but blocked EFS-relaxation and
increased the contraction in sling region. The effect of atropine was higher on the sling side. The APA-

sensitive component of EFS relaxation was similar on both LES sides

The effect of atropine was more intense in sling than in clasp fibers. Both clasp and
sling regions show the APA-sensitive component significantly contributes to EFS

relaxation, more so in the clasp region. Comparison by substraction of the frequency
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response curves obtained before and after the addition of each specific antagonist show
that the inhibitory nitrergic and purinergic contribution was higher in clasp than in sling
regions and the cholinergic response was higher in the sling region (Figure 5A, B and

Q).
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Figure 5. A) Nitrergic, B) cholinergic and C) apamin-sensitive contribution to EFS-induced responses

in clasp and sling regions

3.4.3. Effects of stimulation of EMNs through nAChRs

Nicotine 100 uM induced a relaxation of similar magnitude in both clasp and
sling muscles (-86.61+6.19% versus —79.5842.53% of total tone, N=8 pairs, ns). In
clasp strips, ODQ reduced the amplitude of nicotine-induced relaxation by
57.17£3.26% ( N=7 pairs, p<0.05), and in sling fibers ODQ fully blocked relaxation
and switched the nicotine response in a contraction that was blocked by atropine (Figure
6A) and unaffected by TTX (Figure 6B). In clasp strips, TTX reduced the amplitude of
nicotine-induced relaxation by 33.59+7.44% (N=7 pairs, p<0.05) and, in contrast, in
sling strips TTX switched the nicotine-induced relaxation to a contraction (Figure 6C)

that was also blocked by atropine (N=6 pairs, p<0.05).
3.4.4. Effect of agonists on putative excitatory and inhibitory

neurotransmitters

Strips from each region of the LES also differed in the concentration-dependent
profiles induced by agonists (SNP, ATP, CCh) on the proposed main putative inhibitory
and excitatory and neurotransmitters in porcine LES (Farré et al., 2005). The EC50 of
the relaxation induced by SNP was higher in clasp fibers (Table 1), with maximal
effects of similar magnitude (Figure 7). In contrast, maximal effects induced by CCh

and ATP differed. Sling strips showed a higher contraction in response to carbachol and
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a lower relaxatory response to ATP. The EC50 for carbachol and ATP responses did not

differ between clasp and sling fibers (Table 1).
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Figure 6. Regional characteristics of responses induced by stimulation of nAChRs. ODQ (A,B) or TTX
(C) reduced NIC-relaxation in clasp strips and switched this response to a cholinergic contraction in
sling strips (A,B,C)

Table 1. EC50 of responses to NO donor SNP, carbachol and ATP.

EC50 (mol/l) SLOPE
SNP clasp | 7.27x107 -1.02+0.14
sling | 3.02x107#** |-0.97+0.13
CCh clasp 3.13x107 | 0.60+0.44
sling 2.80x107 | 0.64+0.45
ATP clasp 1.46x10*  [-0.81+0.70
sling 3.65x10°  |-0.99+1.42
= CCh N ATP
2 o, 30 | v £ 00 -
; amd 5 25 ) ; -10 { S
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Figure 7. Effect of agonists. Comparison of the C-R curve in response to SNP, carbachol and ATP in

the clasp and sling muscles of the porcine LES
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3.5. Discussion

In this study we found that porcine LES shows a strong transversal functional
asymmetry in the intrinsic mechanisms that control resting tone and the relaxatory and
contractile responses that follow stimulation of myenteric EMNs. Tone developed by
sling fibers is higher, less dependent on extracellular calcium sources, and more
dependent on tonic input of excitatory and inhibitory EMNs than that developed by
clasp fibers. Neural stimulation induced stronger nitrergic responses and weaker
cholinergic responses in clasp fibers; and in contrast, weaker nitrergic responses and
stronger cholinergic responses in the sling region.

Like humans, the porcine LES is formed by the sling muscle on the angle of
Hiss (oblique gastric fibers) and the clasp component in lesser curvature (transverse
esophageal fibers) (Liebermann-Meffert et al., 1979;Vicente et al., 2001). In this study
we studied pairs of clasp/sling LES strips that developed active tension during the
equilibration period and relaxed during stimulation of inhibitory EMN by EFS and/or
nicotine, ensuring that we had selected LES strips with intact intrinsic innervation. Most
esophageal EMN have single process Dogiel type 1 morphology and the soma located
in myenteric ganglia (Brookes et al, 1996). Our preparation was transmural and
contained the circular as well as the longitudinal muscular layer and all the components
of MP, including myenteric ganglia and excitatory and inhibitory EMN, and was not
merely a muscle-axon preparation (Gonzalez et al., 2004). The size and weight of the
strips coming from both LES sides was identical, ensuring an adequate experimental
setting for functional comparisons.

The first result coming from our study was that LES tone was actively caused by
a muscular contraction in both LES regions as tone progressively developed during the
equilibration period and was largely abolished by the muscular relaxation induced by
SNP. In our study, total tone developed by sling fibers was higher than that developed
by claps fibers, a result consistent with the fact that in vivo human and animal studies
show higher contribution of the left side in LES pressure (Preiksaitis et al.,
1994a;Welch & Drake, 1980). In contrast to our results and the functional in vivo
asymmetry, initial in vitro studies in cats (Preiksaitis et al., 1994a) found no differences
or showed that clasp fibers developed more tone than the sling region in feline and
human LES (Muinuddin et al., 2004b;Preiksaitis et al., 1994b). Minor differences in the

methodology used to establish LES tone and probably major differences in the anatomic
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region providing LES strips could explain some of the differences. In our study both
groups of clasp/sling fibers fulfilled our strict definition of LES response: to develop
spontaneous tone and to relax during neural stimulation. In our study, muscular
relaxation caused by SNP was above 85% of total tone on both LES sides, thus intrinsic
myogenic and/or neurogenic factors inducing muscular LES contraction should account
for the differences in total tone. There is disagreement over the relative contribution of
extra- and intracellular calcium sources on myogenic LES tone. Initial studies on feline
LES strips showed only a partial reduction in LES tone after the removal of
extracellular Ca++ or the blocking of extracellular Ca++ influx suggesting an important
role for intracellular Ca sources in maintaining tone (Biancani et al., 1987). In contrast,
other studies on canine LES clearly demonstrate that LES spontaneous tone is mainly
dependent on Ca™" entry from the extracellular solution (Salapatek et al., 1998). In an
earlier study we demonstrated the strong relevance of extracellular calcium sources in
maintaining LES tone in human LES (Gonzalez ef al., 2004) and in this study we also
found that removing calcium from the buffer induced a decrease in tone on both LES
sides, the LES tone in the clasp fibers being more intensely and rapidly affected by
calcium depletion. Muinuddin et al (Muinuddin et al., 2004b) also described transversal
differences of extracellular or intracellular calcium sources in maintaining LES tone in
feline LES very similar to that observed in the present study. Regional differences in
calcium handling were attributed to different pathways for calcium entrance and to a
different contribution of intracellular calcium sources from SR, both being mechanisms
of regional specialization at a muscular level (Muinuddin et al., 2004b). We have also
described in an earlier study how muscular contraction is locally modulated by tonic
neural inputs from local EMNs in both human and porcine LES (Gonzalez et al.,
2004;Farré et al., 2005). NO synthase inhibitors increased LES resting pressure in
opossums (Yamato et al., 1992), dogs (Boulant et al., 1994), cats (Xue et al., 1996) and
humans (Konturek ef al., 1997), also indicating the presence of a NO-mediated inhibitory
tonic influence on the LES muscle in these species. Otherwise, it has been shown in the
canine LES that ODQ mediated only the actions of NO from nerves, whereas NO from
muscles utilized ODQ independent mechanisms to modulate LES tone (Daniel et al.,
2000;Daniel et al., 2002). In the present study ODQ induced an increase in LES tone on
both LES sides, the tone increasing more in the sling region. This result could be caused
by a higher tonic influence of inhibitory EMNs on the sling region and/or to a higher
contribution of cholinergic EMNs to LES tone during blockade of inhibitory neural
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influences. The higher contribution of cholinergic EMNs to LES tone in sling strips was
made apparent in our experiments with atropine and agrees with the observation that
atropine decreases left LES pressure in vivo in humans and cats (Preiksaitis et al.,
1994a;Welch & Drake, 1980). In order to interpret the effect of blockade of enteric
EMNs it should be noted that in our study the clasp region responded more to agonists
mimicking putative inhibitory neurotransmitters (the NO donor SNP and ATP), and in
contrast, sling fibers showed a stronger cholinergic sensitivity. Similar differences
between clasp and sling fibers to cholinergic stimulation have been described in cats
and humans (Preiksaitis et al., 1994a;Preiksaitis & Diamant, 1997). Patients with
achalasia lack inhibitory EMNs in the gastro-esophageal junction (Mearin ef al., 1993)
and usually show increased LES pressures; an enhanced loss of influence of inhibitory
EMNs in the sling region with the maintenance of cholinergic EMNs could explain the
observation that tone in the sling region is strongly increased in achalasic patients
(Mattioli et al., 1993).

The esophagus presents a pattern of motility based on mechanisms of regional
specialization which have been investigated for many years. It is well known that the
esophageal body presents a regional gradient of functional specialization at the neuronal
level that allows for esophageal peristalsis (Chang et al., 2003). The influence of
inhibitory EMNSs increases distally enhancing latency and amplitude of “off”
contractions, and the influence of cholinergic excitatory EMNs decreases distally
reducing “on” contractions (Chang et al, 2003). Immunohistochemical studies on
animal models did not find any morphological differences in the distribution of
excitatory or inhibitory EMNs to account for this regional specialization. There is much
less information on possible “transversal” specialization and regional characteristics of
the relaxation in clasp and sling LES regions. Initial studies show that EFS-relaxation
was more “complete” in feline strips from the right (Preiksaitis ef al., 1994a), and found
a similar pattern of relaxation between clasp/sling fibers in human LES (Preiksaitis &
Diamant, 1997). In addition, studies mapping the regional distribution of EMNs in
guinea pig LES found marked differences in the density, cell body location, and
chemical code of EMNs (Brookes et al., 1996). In the clasp region, the density of
EMNs was low and the location of their cell bodies was equally distributed within the
sphincter and the EB. In contrast, in the sling region, the density of EMNs was four
times higher, being one third local EMNs, only 10% of cell bodies of EMNs were
located in the EB, and up to 57% were located in the MP of the stomach fundus
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(Brookes et al., 1996). This population of “gastric” EMNs reaching the LES was
specific for the sling side, and whereas most descending EMNs from the EB were
inhibitory, the proportion of local EMNs were similarly excitatory or inhibitory, and the
majority of “gastric” EMNs were excitatory (Yuan & Brookes, 1999). Based on these
morphological data, clasp LES fibers probably received more inhibitory influences than
excitatory, and sling fibers received more terminals coming from excitatory EMNs than
from inhibitory. In the present study we characterized the regional LES responses to
stimulation of intrinsic EMNs by EFS or through nAChRs and we found important
differences in the responses induced by both neural stimuli that match the described
morphological neuronal asymmetry. During EFS in the clasp region we found
mechanical responses caused by strong stimulation of inhibitory EMNs causing greater
relaxation than in the sling region, and there was a clear and strong contribution of
nitergic EMNs to “off” contraction, probably by a mechanism of “rebound” contraction
(Chang et al., 2003). In contrast, EFS in the sling region induced a less efficient
relaxatory response, no contribution of nitrergic EMNs to contraction (as ODQ
switched the “off” contraction to an “on” contraction of increased magnitude), and a
more intense stimulation of cholinergic EMNs as the increased “on” contraction
following nitrergic blockade is fully cholinergic. This transversal functional asymmetry
in porcine LES was also evident in our studies with nicotine. The vagal efferent fibers
synapse with EMN in myenteric ganglia and transmission is classically described as
mediated by ACh acting on nAChRs. However, ganglionic neurotransmission in the
esophagus can also include muscarinic (M;) and serotoninergic (5-HT3) receptors to
mediate vagal inputs to inhibitory EMN (Gilbert e al., 1984;Paterson ef al., 1992). We
have recently described that inhibitory EMN in the human LES are easily and
efficiently stimulated both by EFS and by nAChRs located in somatodendritic regions
as well as in nerve terminals. In contrast, although LES excitatory EMN can be
efficiently stimulated by EFS, stimulation through nAChRs is very difficult, requiring
full blockade of inhibitory motor pathways and causing a weak response (Gonzalez et
al., 2004). Ganglionic transmission to excitatory EMNs could also be mediated by a
contribution of ATP acting on purine P2X receptors, or 5-HT acting on 5-HT; receptors
(Galligan et al., 2000;Galligan, 2002). What we found in the present study on pigs
further confirms our earlier functional observations on humans and matches the
transversal asymmetry of morphological distribution of neural elements described in the

guinea pig LES (Brookes ef al., 1996;Yuan & Brookes, 1999). In the clasp region we

-97 -



Asymmetrical mechanisms in LES Capitol 3

found that nicotine induced a relaxant response, similar to that obtained by maximal
EFS and caused by strong stimulation of nitrergic EMNs through nACRs located in cell
bodies and nerve terminals, and there were no effects caused by stimulation of
excitatory EMNSs. In the sling region, inhibitory EMNs were also efficiently stimulated
through nAChRs, and, unlike the clasp region, a contractile response was obtained,
induced by activation of excitatory cholinergic EMNs ' of the strength of the response
obtained by stimulation by EFS. Studies on guinea pig LES have shown a similar
marked functional neural asymmetry as vagal stimulation causes activation of excitatory
and inhibitory EMNs on the sling LES side (Yuan & Brookes, 1999) and only inhibitory
responses in the clasp (Yuan et al., 1998). Our results could be explained by a model
with different populations of motor neurons innervating each region of the porcine LES
with few EMNSs in the clasp region (mainly inhibitory) and a denser population of both
excitatory and inhibitory EMNs in the sling region. This distribution could account for
the asymmetrical effects of antagonists and agonists (as more EMNs means more nerve
endings and more postjunctional receptors) and for neural responses.

In this study we have provided evidence of asymmetrical mechanisms
controlling resting tone, relaxation and contraction in clasp and sling regions of porcine
LES that are largely based on regional specialization at neuronal levels. These
mechanisms could be involved in the pathophysiology of diseases affecting LES
motility. Understanding the regional characteristics of denervation and reinnervation
processes in the LES of achalasic patients might help select more regionally specific
surgical or medical treatments. And understanding the regional characteristics of LES
motility during reflux events caused by swallow-induced and transient LES relaxations,
or slow downward LES pressure drifts (Clave et al., 1998) might help to improve our
knowledge of the pathophysiology of gastroesophageal reflux disease. The relevance of

these issues awaits further investigation.
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Capitol 4

Role of interstitial cells of Cajal (ICC) in
neuromuscular transmission in the rat lower

esophageal sphincter (LES)

4.1. Abstract

The distribution of ICC and neurotransmission were investigated in LES circular
muscle strips from Sprague Dawley (SD), wild-type (+/+) and mutant (Ws/Ws) rats.
Intramural c-kit positive cells were observed throughout both the circular and
longitudinal layers from SD and +/+ rats. In contrast, these were absent in Ws/Ws.
Strips from Ws/Ws rats showed an increased spontaneous motility. Those from SD and
+/+ rats, electrical field stimulation (EFS) induced a relaxation which was L-NNA (1
mM) and apamin (1 uM) sensitive, followed by a contraction which was decreased by
atropine (1 uM). In Ws/Ws rats, depolarisation with KCI1 (10 mM) increased the tone of
the preparation and decreased the spontaneous motility. Similarly to +/+ rats, the
relaxation was L-NNA and apamin-sensitive and the contraction was decreased by
atropine. We conclude that in the rat LES, relaxation is mediated by nitric oxide and an
apamin-sensitive mediator, and contraction by acetylcholine. Nerve-muscle interaction
can be accomplished by a direct relationship between nerve endings and smooth muscle
or alternatively, c-kit-negative interstitial cells could accomplish this function. The lack

of c-kit-positive ICC increases the basal tension and the spontaneous motility.

Aquest capitol esta en procés de revisio:

Farre R, Vidal E, Domenech A, Pumarola M, Clave P, Jiménez M. Role of interstitial cells of Cajal
(ICCs) in neuromuscular transmission in the rat lower esophageal sphincter (LES). Neurogastroenterol
Motil 2005.
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4.2. Introduction

The lower oesophageal sphincter (LES) acts as a barrier at the gastroesophageal
junction. Basal tone of LES is primarily myogenic in origin and is modulated by a
combination of hormonal factors and neurogenic mechanisms involving enteric and
extrinsic innervation. Inhibitory non-adrenergic non-cholinergic (NANC) enteric motor
neurons are the final step of the neural pathway to LES, allowing swallowing-induced
and transient LES relaxation that causes physiologic gastroesophageal reflux and
belching (Chang et al., 2003). It is well established that nitric oxide (NO) plays a
primary role in LES relaxation in different species including humans (De Man et al.,
1991;Farre et al., 2002;Gonzalez et al., 2004;Kortezova et al., 1996;Murray et al.,
1991). Other neurotransmitters have been proposed to share a role with NO in LES
relaxation. These include an apamin-sensitive transmitter, possibly ATP (Imaeda &
Cunnane, 2003;Yuan ef al., 1998) and vasoactive intestinal peptide (VIP) (Biancani et
al., 1984). However, other authors suggest that VIP has a negligible role in LES
relaxation (Daniel et al., 1983;Jury et al., 1992). Acetylcholine is the main
neurotransmitter in excitatory motor neurons (Gonzalez et al., 2004;Tottrup et al.,
1991). However, non-cholinergic excitatory neurotransmitters, possibly substance P,
have also been described in the LES (Krysiak & Preiksaitis, 2001). In the rat, vagal
evoked responses involve the release of several neurotransmitters such as nitric oxide
and a non-nitrergic inhibitory mediator whereas acetylcholine mediates excitation acting
on muscarinic receptors (Kawahara et al., 1997). However, the response “in vitro”
using rat LES strips has not been characterized and the neurotransmitters involved in
LES relaxation and contraction are unknown.

Interstitial cells of Cajal (ICC) are the pacemaker cells of the gut and might be
involved in neurotransmission between nerve endings and smooth muscle (Daniel,
2001;Huizinga, 2001;Ward, 2000). Structural evidence supporting the role of ICC as an
interface between nerve endings and smooth muscle was reported by Daniel in 1984
using the LES of the opossum (Daniel & Posey-Daniel, 1984). In this tissue varicosities
are in close contact with ICC and ICC are coupled through gap junctions to smooth
muscle. This observation supports a functional pathway involving nerve endings, ICC
and smooth muscle.

Mutant rodents that lack specific populations of ICC are important biological
tools to study a putative role of ICC in neurotransmission. The c-kit gene, located in the

white spotting (W) locus, encodes Kit, a tyrosin kinase receptor. Stem cell factor (SCF)
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is the natural ligand for the Kit receptor and the SCF-Kit pathway is essential for the
differentiation and development of several cells such as melanocytes, mast cells and
ICC. A mutation in the gene encoding the Stem Cell Factor is present in SI/SId mice,
whereas a mutation in the gene encoding the c-kit receptor was detected in W/Wv mice
and Ws/Ws rats. In the LES of W/Wv mice intramuscular ICC (ICC-IM) are absent and
a reduction in nitrergic neurotransmission was found (Ward et al., 1998) showing that
ICC-IM might mediate inhibitory inputs from nerve endings to smooth muscle.
Controversially, swallowing and vagal stimulation evoked a normal LES relaxation in
Wv/Wv mice, suggesting that [ICC-IM are not crucial cells mediating neurotransmission
(Sivarao et al., 2001). These discrepancies show that the involvement of ICC-IM in
neurotransmission need further investigation with other mutant animals that might lack
ICC (Sanders et al., 2002).

Accordingly, the aim of this study was to characterize the neurotransmitters
involved in the rat LES relaxation and contraction, and to study the response to EFS in
the LES of Ws/Ws rats, which might lack ICC-IM, as an alternative model to the W/Wv

mice previously studied.

4.3. Material and methods

4.3.1. Tissue preparation
Male Sprague-Dawley (SD), wild-type (+/+) and mutant (Ws/Ws) rats,

(weighing 300-350 g) were used in the present study. Animals were fasted overnight
(18 h) but allowed ad libitum access to water. Rats were killed by decapitation and bled.
The entire stomach, including portions of the oesophagus and duodenum, was removed
and placed in Krebs solution. The stomach and oesophagus were opened by an incision
along the lesser curvature, continuing through the LES and the right side of the
oesophagus. A second incision was made along the greater curvature from middle
corpus to the apex of the fundus, revealing the junction between the oesophagus and the
stomach. The LES was identified at the end of the oesophagus as the transition from
striated to smooth muscle fibres in the longitudinal muscle as it had been previously
reported (Kawahara et al., 1997). The experimental procedure of this work was
previously approved by the Ethics Committee of the Universitat Autonoma de

Barcelona.
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4.3.2. C-kit immunohistochemistry
Immunohistochemical studies were performed on independent investigations.

Three rats of each type were killed. The proximal stomach and lower oesophagus were
isolated and fixed in paraformaldehyde (2%) in phosphate-buffered saline (PBS) (pH
7.3). The tissue was dehydrated, embedded in paraffin and oriented so that longitudinal
sections could be obtained. Sections were cut at 4-um thickness. Antigen retrieval was
performed by microwaving at 95° C for 30 min using TEG buffer (Tris Basic Base and
1 M EGTA pH 9.0). Endogenous peroxidase activity was blocked by incubation in 1%
hydrogen peroxide in methanol for 25 min. Sections were then preincubated in 20%
goat non-immune serum in TBS for 2 hours before being incubated with a policlonal
antibody against c-kit protein (Dakocytomation, Denmark) (DAKO rabbit anti-human
1:100 in 20% goat non-immune serum in TBS) at 4°C overnight. The antirabbit
Envision visualization system (DAKO ENVISION TM + System HRP Rabbit,
Dakocytomation, Denmark) was applied for 30 minutes and sections were developed in
195 mL imidazole buffer containing SmL diaminobenzidine tetrahydrochoride (DAB)
and 100ul H,O,. Paraffin sections were counterstained with haematoxylin stain. Control
tissues were prepared in a similar manner, omitting c-kit antibody from the incubation

solution.

4.3.3. Muscle bath studies

Full thickness preparations including the mucosa and both the circular and
longitudinal muscle layers were obtained from the left side of LES. 1mm-wide and
3mm length strips were dissected parallel to the circular muscle fibres and placed organ
baths containing 15 ml Krebs' solution, constantly bubbled with 5% CO, in O, Changes
in tension of the strips were measured using isometric force transducers and recorded on
a PC (Pentium III, processor speed 1500 MHz, 128 MB RAM) using the data
acquisition software Acgknowledge 3.7.2 (Biopac Systems, Inc.) at a sampling
frequency of 25Hz. Two strips from each animal were simultaneously studied. Strips
were hung loosely, with no tension, in the organ bath for 20-30 minutes before the
beginning of the study. Each strip was gently stretched up to 4.5-5 g and a stable tension
was achieved after an equilibration period of lhour. Spontaneous mechanical activity
(area under curve -AUC- per minute) was measured in SD, wild-type +/+ and Ws/Ws

LES strips.
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4.3.4. Experimental procedure to study neuro-muscular

transmission
Electrical field stimulation (EFS) was applied by means of two platinum wire

electrodes (10 mm apart) located parallel to LES strips. The electrodes were connected
to an electrical stimulator (Model S88, Grass Instruments Co) and a power booster
(Stimu-Splitter II, Med-Lab Instruments, Loveland, CO, USA) in order to obtain
identical and undistorted signals. Transmural EFS (pulses of 0.4 ms and 26V, train
duration 5s at a increasing frequency from 0.3 to 20 Hz) were applied to LES strips
(Gonzalez et al., 2004). To study the inhibitory and excitatory neurotransmission, the
response was evaluated in the presence of the sequential addition of the nitric oxide
syntase inhibitor L-NNA (1 mM), the muscarinic antagonist atropine (1 pM) and the
small conductance Ca++-activated K+ channel blocker apamin (1 uM). In some Ws/Ws
LES strips, KC1 (10 mM) was used to contract the preparation and to evaluate the effect

of these drugs in EFS-induced response.

4.3.5. Solutions and drugs
The composition of the Krebs solution was (in mM) 138.5 Na+, 4.6 K+, 2.5

Ca2+, 1.2 Mg+, 125 Cl-, 21.9 HCO3- ,1.2 H2PO4-, 1.2 SO4- and 11.5 glucose. KCl,
apamin and L-NNA were obtained from Sigma-Aldrich Co (Madrid, Spain). And
atropine sulphate was obtained from MERCK (Darmstadt, Germany). All drugs were

dissolved in distilled water.

4.3.6. Data analysis

Tension was expressed in grams, and the spontaneous mechanical activity was
evaluated by the area under curve per minute (AUCxmin-1). Relaxation was expressed
as the percentage of LES tension at the end of the equilibration period. Contraction was
expressed in grams. The number of experiments was represented by n (number of strips)
and N (number of specimens). Data are expressed as mean + SEM. Student’s t-test was
selected for comparisons, using the paired mode when appropriate. In order to
characterize EFS responses, the comparison of frequency-response curves was
performed using two-way ANOVA for repeated measures followed by a post-hoc test

(Bonferroni). A p value <0.05 was considered statistically significant.
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4.4. Results

4.4.1. C-kit immunohistochemistry
Specific c-Kit-positive ICC were distributed throughout the circular and

longitudinal muscle layers (ICC-IM) in the LES of SD rats (N=3, Figure 1A and B) and
+/+ rats (N=3, Figure 1C and D). Neither SD nor in +/+, c-Kit-positive ICC were found
in the myenteric plexus region (ICC-MP), although ganglia appeared slightly stained
(figure 1 A and C). In the absence of the primary antibody (c-kit), no immunoreactivity
was found. In contrast to SD and +/+ rats, no c-kit immunlabelling was found in Ws/Ws
rats (N=3) neither in the circular nor in longitudinal layers (Figure 1 E and F). These

results show an absence of ¢-Kit- positive ICC in the LES of Ws/Ws animals.

Figure 1. C-kit
immunohistochemistry on the
rat LES in SD, +/+ and Ws/Ws.
Black arrows depict c-kit-
positive ICC located in the
circular (CM) and the
longitudinal muscles (LM) of
both SD (A) and wild-type (+/+)
rats (C), these are absent in
Ws/Ws rats (E). B,D and F

_WILD-TYPE+/+  SPRAGUE-DAWLEY

show a magnification of the

circular muscle. Ganglia (G)

MUTANT Ws/Ws

4.4.2. Tension and spontaneous mechanical activity in SD, +/+

and Ws/Ws mutants
Initial stretch of LES strips did not differ between strains: 4.57+0.08g (SD, n=8,

N=5), 4.88+£0.41 g (+/+, n=9 N=5) and 5.20+0.35 g (Ws/Ws, n=12 N=6). After the
initial stretch, tension decreased time-dependently reaching a stable tension (Figure 2 A
and B). The final tension reached by the strips, expressed as the % of the initial value,
was markedly higher in Ws/Ws strips (60%) than in +/+ and SD and (40 %) (ANOVA

- 107 -



ICCs in neuromuscular neurotansmission in rat LES Capitol 4

p<0.0001, figure 2 A and B). After the equilibration period of 1 hour, Ws/Ws LES strips
showed a higher stable tension (SD: 1.32+0.19 g; +/+: 1.51+0.16 g and Ws/Ws:
2.06+0.0.22 g, p<0.05) and an increased spontaneous motility (SD: 2.86+0.60 g/min ;
+/+: 3.43£1.40 g/min and Ws/Ws: 23.78+6.82 g/min, p<0.002) (Figures 2 C and D).
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Figure 2. Tracings (A and C) and measurements of the tension after the stretching (B), tension after
the equilibration period (D) and spontaneous mechanical activity developed by SD, +/+ and Ws/Ws
LES strips

4.4.3. Neurotransmission in SD, +/+ and Ws/Ws rats

All SD LES strips responded to EFS with a sharp relaxation during the electrical
stimulus (“on” relaxation) followed by a contraction at the end of the stimulus (“off”
contraction) (n=8; N=5). The amplitude of both responses was frequency-dependent
(Figure 3). Maximal relaxation (-46.16+6.50% of the tension) was reached at 3 Hz and
the maximal contraction 1.29+0.37 g at 5 Hz. Regarding EFS-induced relaxation, L-
NNA (ImM) significantly inhibited the response (ANOVA p<0.0001) with significant

effects from 1 to 20 Hz. Subsequent addition of atropine caused an increase in EFS-
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relaxation with significant effects from 10 to 20 Hz (ANOVA p<0.0001). Apamin
(1uM) completely abolished this non-nitriergic relaxation (ANOVA p<0.0001). In
relation to the “off” contraction, L-NNA increased the response (ANOVA p<0.001)
with significant effects from 10 to 20 Hz. Subsequent addition of atropine further
reduced the “off” contraction (ANOVA p<0.001) with significant effects from 3 to 20
Hz and finally, apamin reduced the “off” contraction (ANOVA p<0.001) with
significant effects at 5-10 Hz (figure 3). All together, this results show that in SD rats,
the inhibitory pathway involves a nitrergic and an apamin-sentive mediator whereas the

excitatory pathway is mediated by acetylcholine and possibly another excitatory

neurotransmitter.
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Figure 3. Effect of sequential addition of L-NNA, atropine and apamin in SD LES strips. Right and

left panels show tracings and the frequency-related responses

All +/+ LES strips responded to EFS with a sharp relaxation during electrical
stimulus (“on” relaxation) followed by a contraction at the end of the stimulus (“off”
contraction) (n=9 N=5). The amplitude of both responses was frequency-dependent
(Figure 4). Maximal relaxation (-44.17+5.38% of the tension) was reached at 5 Hz and
the contraction at 20 Hz was 0.72+0.34 g. As for the EFS-induced relaxation, L-NNA
(1mM) significantly inhibited the response (ANOVA p<0.0001) with significant effects
from 1 to 20 Hz. Subsequent addition of atropine did not modify the EFS response and
apamin abolished the non-nitrirgic relaxation (ANOVA p<0.0001). In relation to the
“off” contraction, L-NNA increased the amplitude (ANOVA p<0.001) with significant
effects from 5 to 20 Hz. The subsequent addition of atropine markedly reduced the “off”
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contraction (ANOVA p<0.001) with significant effects from 5 to 20 Hz, and apamin
did not modify amplitude of the non cholinergic contraction (figure 4). All together,
this results show that in +/+ rats, the inhibitory pathway involves a nitrergic and an

apamin-sentive component whereas the excitatory pathway is mainly mediated by

acetylcholine.
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Figure 4. Effect of sequential addition of L-NNA, atropine and apamin in wild-type +/+ LES strips.

Right and left panels show tracings and the frequency-related responses

Ws/Ws LES strips responded to EFS with two different patterns. In the first
group of animals, 66% of the strips (n=8 out of 12 strips) responded with a sharp
relaxation during electrical stimulus (“on” relaxation) followed by a contraction at the
end of the stimulus (“off” contraction). This response was similar to those found in SD
and +/+ LES strips. The amplitude of both responses was frequency-dependent.
Maximal relaxation (-37.15+£8.10% of the tension n=8 N=5) was reached at 3 Hz and

the contraction at 20 Hz was 1.21+0.48 g (figure 5 groupl).
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The second group of animals (33%; n=4 out of 12 strips) responded with a frequency-
dependent “off” contraction (figure 5 group 2).

The spontaneous activity of these two groups was significantly different
(p<0.01). The strips that belonged to the second group of animals presented higher
spontaneous motility than those functionally classified in the first group (group I:
12.81+5.20 g/min and group 2: 45.72+12.00 g/min, p<0.05). When appropriate, to
avoid a decrease in the basal tension and a spontaneous motility that might mask the
muscle response, KCI 10 mM was added to the organ bath. Under these conditions all
the muscles responded with an “on” relaxation followed by an “off” contraction,
showing that the presence of a high motility pattern was masking the nerve-muscle
interaction. Therefore under these conditions we wanted to pharmacologically
characterize the mediators involved in both the excitatory and the inhibitory response.
We evaluated the effect of sequential addition of L-NNA, atropine and apamin in
Ws/Ws LES strips with (n=4 N=3) and without (n=2 N=2) the presence of KCI. All the
strips responded to EFS with a sharp relaxation during electrical stimulus (“on”
relaxation) followed by a contraction at the end of the stimulus (“off” contraction) (n=6
N=3). The amplitude of both responses was frequency-dependent (figure 6). Maximal
relaxation (-48.51+£9.40% of the tension) was reached at 10 Hz and the contraction at 20
Hz was 1.02+0.49 g. L-NNA inhibited the EFS-relaxation (ANOVA p<0.0001) with
significant effects from 5 to 20 Hz. Subsequent addition of atropine did not modified
EFS response. Apamin abolished the non-nitrergic relaxation (ANOVA p<0.0001).
Regarding to the “off” contraction, L-NNA increased its amplitude (ANOVA p<0.001)
with significant effects from 10 to 20 Hz. The subsequent addition of atropine markedly
reduced the “off” contraction (ANOVA p<0.001) with significant effects at 20 Hz, and
apamin did not modified the amplitude of the non-cholinergic contraction. Tracings of
figure 6 show similar effects of the drugs in both experimental conditions (with and
without KCI): L-NNA reduced the relaxation and increased the contraction, posterior
addition of atropine reduced the contraction and, finally, the addition of apamin
abolished the non-nitrergic relaxation. All together, these results show that also in
Ws/Ws rats, the inhibitory pathway involves a nitrergic and an apamin-sentive

component whereas the excitatory pathway is mainly mediated by acetylcholine.
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Figure 6. Effect of sequential addition of L-NNA, atropine and apamin in Ws/Ws LES strips under
basal conditions and with the presence of KCI. Right panel shows tracings under basal conditions
and with the presence of KCl, left panel shows graphic representation that includes strips of both

experimental conditions

4.5. Discussion
The first aim of this work was to pharmacologically characterize the

neurotransmitters that mediate contraction and relaxation at the neuromuscular junction
in the LES of SD rats. In the present study we show that two major inhibitory
neurotransmitters mediate this effect: nitric oxide and an apamin- sensitive component
that might be ATP (Pluja et al., 1999;Yuan et al., 1998). Moreover, the excitatory
component is cholinergic but a second excitatory neurotransmitter might be present.
Moreover, these results are similar to those found in the LES of other species including
humans (Gonzalez et al., 2004;Imaeda & Cunnane, 2003;Yuan et al., 1998). These
results are similar to those found in vivo in rats after vagal stimulation, showing that in
vitro EFS reproduce these effects (Kawahara et al., 1997). The immunohistochemistry
against c-kit antigen show that c-kit-positive ICC are distributed throughout both
muscle layers. Therefore, they were considered intramural ICC as it had been previously
shown in the mice (Ward). These results show that ICC might be an interface between
nerve endings and smooth muscle as it was structurally demonstrated in the LES of the
opossum with electronmicroscopy (Daniel & Posey-Daniel, 1984) . Accordingly, the rat
LES is a suitable model to study neuromuscular interactions because 1- In vivo effects

are reproducible in vitro 2- the neurotransmitters involved in the relaxation and the
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contraction are similar to those found in other species 3-ICC-IMs distribution follows
the distribution of ICC in the LES of other animals.

Mutant animals that lack c-kit-positive ICC are important biological tools to
investigate a putative role of ICC in LES neurotransmission. The results found in +/+
rats were similar to those found in SD rats: 1- smooth muscle inhibition is due to nitric
oxide and an apamin-sensitive mediator, 2- excitation is mainly cholinergic and 3- c-kit-
positive cells are distributed throughout both muscle layers. These results show that the
different genetic background between strains do not modify the relationship between
structure (ICC distribution) and function (neuromuscular transmission). In contrast, in
Ws/Ws rats c-kit-positive cells are absent showing that the mutation impairs the
development of c-kit-positive cells in the LES. This result is similar to the lack of c-kit-
positive cells in sphincters of Wv/Wv mice (Ward et al., 1998). However, the response
to electrical field stimulation in Ws/Ws animals was partially similar to that found in
control animals. In 66% of these strips, an “on” relaxation followed by an “off”
contraction was recorded. This result shows that neurotransmission does not seem to be
impaired despite the lack of c-kit-positive cells. In contrast, in 33% of the strips, the
response was only excitatory suggesting a possible impairment of the inhibitory
pathway. However, to check that nerve-mediated relaxation was effectively impaired,
that is, not due to side effects, we used KCl to pre-contract the strips. Under these
conditions, EFS caused a nitrergic and an apamin-sensitive relaxation and a cholinergic
contraction. These results show that the lack of relaxation found in basal conditions is
not probably due to the absence of ICC but might be related to the difference in
excitability of smooth muscle cells (see below). According to these experiments, neural-
mediated relaxation and contraction could be achieved despite the absence of c-kit-
positive cells.

Consistent with these results, data from our laboratory show that the inhibitory
junction potential in the colon of Ws/Ws rats is present and in this area of the
gastrointestinal tract, c-kit-positive cells are extremely reduced (Alberti et al., 2004).
The major question is if ICC mediate the nerve-muscle interaction in the LES. Two
hypotheses are possible: 1- c-kit-positive ICC-IM might not be essential for
neurotransmission. This possibility should be considered because direct and indirect
(via ICC) innervation has been ultrastructurally described in the rat stomach (Mitsui &
Komuro, 2002) or 2- that this function might be accomplished by c-kit-negative

interstitial cells that are in close association with nerve varicosities and form gap
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junctions with smooth muscle cells (Ishikawa et al., 1997). C-kit-negative interstitial
cells have been characterized in the stomach of Ws/Ws rats and have been considered
fibroblast-like cells (Ishikawa et al., 1997;Wang et al., 2003). These cells do not present
the accumulation of abundant mitochondria found in normal ICC but, unlike fibroblasts,
they have multiple gap junctions with smooth muscle cells. C-kit-negative interstitial
cells can participate in neurotransmission because 1) cell to cell communication through
the presence of gap junctions that couple these cells with smooth muscle cells has been
described and 2) close associations between c-kit-negative interstitial cells have been
reported. In consequence, a putative role in neurotransmission can be attributable to c-
kit-negative interstitial cells. It is important to consider that some studies have reported
that not all ICC identified with the electron microscopy are c-kit-positive. C-kit-
negative ICC have been reported in the deep muscular plexus of the human small
intestine. In this area, the cells have a weak or no immunoreactivity using several c-kit
antibodies that stain ICC-AP in the same specimen, but have ultrastructural properties
similar to ICC (Wang et al., 2003).

Another important point to be considered is the difference in the time course to
reach a stable tension and the difference in spontaneous motility found between groups
of animals. Strips from animals with c-kit-positive ICC (SD and +/+ rats) reach a stable
tension about 40% of the initial tension (4.5-5g) and tracings do not show spontaneous
activity. Accordingly, strips from human or porcine LES do not have spontaneous
motility (Farre et al., 2002;Gonzalez et al., 2004). In contrast, strips from Ws/Ws rats
present a higher tension (60% of the initial tension) and present spontaneous motility.
This is not an expected result because in vivo, the Wv/Wv mice LES is hypotensive
compared to control animals (Sivarao et al., 2001). We do not have a definitive
explanation for this result but c-kit-positive ICC might be important elements that
contribute to smooth muscle excitability. The lack of c-kit-positive ICC might
depolarise smooth muscle cells and increase the probability of opening of calcium
channels leading spontaneous contractions. In this sense, intestinal strips from Wv/Wv
mice, which lack ICC at the Auerbach’s plexus, display spontaneous rhythmic motility
(Daniel et al., 2004). In the other hand, it has been speculated that c-kit deficiency may
affect the function and development of smooth muscle independently of the ICC-IM
deficiency it entails (Sanders et al., 2002); spontaneous motility could be explained, for

example, by abnormalities in K™ and/or Ca™ channels. The nature of the spontaneous
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motility and abnormalities in smooth muscle of Ws/Ws mutant animals needs further
investigation.

We conclude that nitric oxide, and an apamin-sensitive mediator, possibly ATP,
are the main inhibitory neurotransmitters in the rat LES. Smooth muscle contraction is
mainly mediated by acetylcholine. Ws/Ws animals lack c-kit- positive ICC but nerve-
muscle interaction is preserved although in some cases strips need to be precontracted.
Nerve-muscle interaction can be accomplished by a direct relationship between nerve
endings and smooth muscle or alternatively, another subset of cells (c-kit-negative
interstitial cells) could accomplish this function. The lack of c-kit-positive ICC
modifies the basal tension and the spontaneous motility (both are increased in Ws/Ws
rats). The mechanism responsible for such effects is unknown but it might be due to

alteration in smooth muscle excitability.
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La funcio principal de I’esfinter esofagic inferior (LES) és compartimentar dues
zones del tracte gastrointestinal: 1’esofag i ’estdbmac. En condicions de repos el LES
esta en contraccid permanent (to muscular) i evita el pas del contingut gastric cap a
I’esofag. En I’home, Liebermann-Meffert et al. (Liebermann-Meffert et al., 1979) van
descriure que hi ha una asimetria muscular en el LES i van proposar que aquest esta
format per un capa muscular circular engruixida formant un anell parcial (en forma de
U) o fibres de clasp, adjacents a la curvatura menor i per feixos musculars sling-like al
costat de la curvatura major format per fibres gastriques obliqiies. En el porc la
distribuci6 anatomica és idéntica a la de I’home. Ambdos tipus de fibres contribueixen
al tancament del LES (to en repos), i eviten aixi el pas del contingut acid cap a I’esofag.
Per altra banda, durant la deglucio i altres fenomens fisiologics com per exemple les
relaxacions transitories del LES (TLESRs), es produeix [’activacié d’una serie de
mecanismes neurals que acaben amb la relaxacié del LES per permetre, en el primer
cas, el pas del bol de I’esofag cap a I’estomac.

L’objectiu d’aquest treball ha estat investigar in vitro, usant la técnica de bany
d’organs, els diferents mecanismes implicats en la regulacié de 1’activitat motora de
I’esfinter esofagic inferior (LES). Per tant, hem realitzat estudis encaminats a:

a) estudiar el to muscular del LES i la seva influéncia neural

b) estudiar la neurotransmissio a nivell de la uni6 neuromuscular

c) avaluar les diferéncies entre les dues principals regions anatdmiques: clasp i sling

d) caracteritzar els neurotransmissors alliberats a nivell de la uni6

e) comparar la resposta a 1’estimulacié de les motoneurones excitadores i inhibidores
usant nicotina i estimulaci6 electrica de camp (EFS)

f) estudiar el paper de les cellules intersticials de Cajal (ICC) en el to i en la
neurotransmissié inhibidora i excitadora

Per estudiar aquests diferents mecanismes hem utilitzat tres models:

-el porc, atesa la seva disponibilitat i similitud anatomica amb 1’home (Vicente et al.,
2001),
-la rata, i en particular rates amb una mutacid6 al gen Ws, el qual impedeix el

desenvolupament d’algunes classes d’ICC,
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-1, finalment, em pogut disposar de mostres de teixit huma, que és 1’objectiu final de la
recerca encaminada a entendre els mecanismes responsables del control de la motilitat
en I’espécie humana.

Dintre de cadascuna de les discussions parcials s’ha abordat la problematica
particular de cadascun dels aspectes tractats. Aquesta discussid general s’ha volgut
plantejar de forma transversal de cara a donar una visié més integradora dels diferents
mecanismes plantejats en els punts anteriors comparant, a més a més, les diferents
especies estudiades.

S’ha de tenir en compte que existeixen diferéncies importants entre les dues regions
anatomiques, clasp 1 sling, que formen el LES. Aix0 s’ha caracteritzat en el porc per la
facilitat d’obtencio del teixit. En canvi, en el cas de ’home, les preparacions estudiades
han estat majoritariament sling (encara que hem pogut disposar de dos espécimens de la
zona clasp provinents de donants d’organs). Finalment els estudis en rata s’han fet amb
la zona sling. A 1’hora de discutir els resultats és dificil establir un ordre seqiiencial
perque, per una banda, existeixen importants diferéncies funcionals entre zones
anatomiques i, per ’altra, s’han estudiat diverses especies. Finalment, hem optat per la
seqiiéncia descrita anteriorment encara que molts dels resultats estan intimament
correlacionats els uns amb els altres. Per facilitar la lectura de cadascun dels apartats

hem inclos unes taules resum.

To muscular del LES i la seva influéncia neural

El to muscular del LES impedeix el pas del contingut gastric a 1’estdmac. La
pressio del LES varia en funcié de 1’espécie estudiada; aixi, en I’home, la pressio €s
d’uns 15 mmHg (Zaninotto et al., 1988), d’uns 60 mmHg en el gat (Zhang et al., 2005) i
també d’uns 15 mmHg en els garrins (Vicente et al., 2001). La primera pregunta que cal
fer-se és quina és 1’equivaléncia entre el to in vivo (pressid) i el to in vitro que
desenvolupen les preparacions estudiades. Aixi doncs, existeix in vitro:
a) un to actiu (active resting tone) que correspon a I’increment de tensid generat per la
preparacié després de la fase d’equilibri
b) un to passiu (passive resting tone) (Tottrup et al., 1990), que es deu a les propietats
mecanoelastiques de la preparacid i que es pot evidenciar quan s’utilitzen agents

relaxants
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c) un to total que ¢s la suma del to actiu més el to passiu i les seves propietats mecano-
elastiques. En aquest treball hem assumit que el to total equival al to generat in vivo pel
LES, sense tenir en compte el component diafragmatic que s’ha descrit que també

contribueix a la barrera antireflux (Mittal et al., 1988).

1) Origen del to muscular

Per facilitar la comparaci6 entre les diferents especies, considerarem en aquest
apartat les dades corresponents a les fibres sling-like. La comparaci6 entre clasp i sling
en el porc es fara en I’apartat corresponent. Atés el procés de disseccio, la majoria de les
tires usades en I’estudi del LES huma provenen de la part esquerra de I’esfinter, €s a dir,
son fibres sling-like. El to actiu és similar en el porc i en I’home, 3,6+0,36 g i
3,85+0,44, respectivament. En canvi, en la rata, a diferéncia de ’home i del porc, les
tires del LES no guanyen to actiu, tot i que relaxen a 1’aplicacio de I’EFS, fet que
suggereix que tenen un to passiu molt important induit pel mateix estirament de la tira.

El to muscular del LES ¢és d’origen miogenic i pot estar modulat per influéncies
nervioses de tipus inhibidor i excitador.

Aixi doncs, la incubacio del teixit amb un medi lliure de calci (to principalment
miogénic) redueix el to actiu un 47,5+4,8% en I’home 1 78,53+7,82% en el porc.
Aquests resultats demostren que una part important del to muscular és d’origen
miogenic i depén de I’entrada de calci extracel-lular. Aquest resultat ha estat préviament

descrit en ’opossum (Salapatek et al., 1998) 1 en ’home (Tottrup et al., 1990).

2) Influéncia neural

Existeix una influéncia neural sobre el to tant en ’home com en el porc, perd
existeixen diferéncies entre aquestes dues especies. En el porc la incubaciéo amb TTX no
provoca cap modificacié en la tensido de la preparaci6. Aquest resultat no es deu a
I’abséncia d’influéncia neural perqué inhibint vies excitadores colinérgiques amb
atropina es produeix una disminucié d’un 68% en el to actiu de la preparacio i inhibint
vies inhibidores nitrérgiques es produeix un increment d’un 80%. Aixo suggereix, en el
porc, que el to muscular del LES esta influenciat tant per vies nervioses excitadores de
tipus colinérgic i inhibidores de tipus nitrérgic.

En I’home la TTX provoca un augment del to actiu de magnitud similar a la

produida per I’L-NNA, en canvi I’atropina no provoca cap canvi ni tan sols en preseéncia
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de TTX 1 d’L-NNA. Aix0 suggereix que en I’home el to muscular del LES esta
influenciat per vies nervioses principalment de tipus inhibidor.

Igual que en I’home i en el porc, en la rata el blocatge de la sintesi d’NO
augmenta el to de la preparacié. En canvi I’atropina no té cap efecte, com ocorre també
en I’home. Aquests resultats suggereixen que en la rata, el to esta modulat per
motoneurones nitrérgiques del plexe mientéric i que no existeix modulacié important
per part de les neurones colinergiques. En la taula 1 es compara el to actiu, el
percentatge de dependéncia del calci extracel-lular i la preséncia o no d’influéncies

neurals en la modulacié del to entre les tres especies estudiades.

Taula 1. Origen del to muscular i de la seva influéncia neural en I’home, el porc i la

rata
To actiu Dependéncia | Vies implicades
Ca'" extracel.
especies Inhibidores | Excitadores
nitrérgiques | colinérgiques

Huma 3,6+0,36 47,5+4,8% si no
Porc 3,85+0,44 | 78,53+ 7,82% | si si
Rata 0 NA si no

NA no avaluat

Els resultats d’aquest estudi es poden correlacionar amb estudis in vivo amb
gossos (Boulant et al., 1994) i opossum (Yamato et al., 1992) i I’home (Konturek et al.,
1997) en els quals s’han evidenciat que els inhibidors de la sintesi d’NO augmenten la
pressio del LES. L’atropina redueix la pressid del LES in vivo en humans (Mittal et al.,
1995), perd 1’administracié d’un antagonista colinérgic que no creua la barrera
hematoencefalica no produeix cap canvi en la pressié (Lidums et al., 1997). En el porc,
I’administracié d’atropina (Kiatchoosakun et al., 2002) i de BoTx (Pasricha et al., 1993)
en el LES en disminueix la pressié un 50-60%. Aquests resultats, juntament amb les
nostres troballes, suggereixen que in vivo els inhibidors de la sintesi d’NO augmenten la
pressio de I’esfinter per un efecte local sobre les motoneurones inhibidores del plexe
mientéric i, en canvi, I’efecte de 1’atropina es deuria a un efecte a nivell central en
I’home. Contrariament, en el porc s’evidencia una important modulacié colinérgica a

nivell local.
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Neurotransmissio a nivell de la unié neuromuscular

Per estudiar la neurotransmissi6 a nivell de la uni6 neuromuscular em fet servir
dos tipus d’estimuls: 1’estimulacidé per camp eléctric (EFS) i I’estimulacio de les
motoneurones mitjancant ’activacid dels receptors nicotinics d’ACh (nAChRs). En
aquest apartat es descriura la caracteritzaci6 de la resposta a aquests dos estimuls.

Estudis en preparacions del LES de diferents espécies com el conill porqui
(Beveridge & Taylor, 1989), I’opossum (Tottrup et al., 1991) i el gat (Fields et al.,
1995) en els quals s’ha fet servir la teécnica de bany d’organs, mostren que la resposta a
I’EFS consisteix en una relaxacid durant I’estimul, anomenada relaxacid6 en ‘on’,
seguida d’una contraccid un cop finalitzat 1’estimul o contraccié en ‘off’. En les tres
especies estudiades —la rata, el porc i I’home— les tires d’esfinter esofagic inferior
responen també amb aquest patrd caracteristic. La resposta a I’EFS es bloqueja per
TTX, 1 demostra que aquesta resposta ¢s deguda a l’activacid de motoneurones
inhibidores i excitadores.

La freqiiéncia en que es produeix la maxima resposta relaxadora és de 3 Hz en
les tres especies estudiades 1 la seva magnitud és molt semblant: en les fibres sling-like
de la rata la resposta maxima va ser de -46,16+6,50%, en el porc de -58,02+2,22% i en
I’home de -45,08+4,32% del to total. L’amplitud maxima de la contracci6 és, en la rata,
d’1,29+0,37 g a 5 Hz, en el porc d’11,69+0,96 g a 10 Hz i en ’home d’1,60+0,25 g a
5 Hz. Aixi doncs, la resposta a I’EFS ¢és igual quant a la morfologia de la resposta i
forca semblant quant a la seva magnitud i a la freqiiencia en que es produeix la resposta
maxima. Aixi es demostra que, en les tres especies, les motoneurones inhibidores
s’estimulen a més baixes freqiiéncies que no pas les excitadores.

En estudis in vivo en I’opossum (Rattan & Goyal, 1975) i in vitro en el gat
(Kortezova et al., 1994) i Iopdssum (Matsuda et al., 1997) s’ha vist que la nicotina
indueix la relaxacio del LES. En el nostre estudi, 1’estimulacié amb nicotina, indueix en
les tires sling-like una resposta relaxadora de magnitud semblant tant en preparacions de
porc com d’huma. Aquests resultats demostren que en el LES d’aquestes dues espécies,
I’activacio de nAChRs produeix 1’activacié de motoneurones inhibidores.

En estudis amb intesti de conill porqui en que s’ha usat la neurotoxina TTX
(Schneider et al., 2000), s’ha descrit la preséncia de receptors nicotinics en les
motoneurones colinergiques, tant a nivell del soma neural (somatodendritics) com a

nivell del terminal nervios. L’activacido dels receptors somatodendritics indueix una
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resposta que depen d’un potencial d’accid neural que és degut a I’entrada de sodi 1, per
tant, TTX sensible) mentre que 1’activacio del receptors nicotinics a nivell del terminal
provoca l’alliberacié de neurotransmissors sense la necessitat de la geénesi d’un
potencial d’accidé (aquesta resposta €s, doncs, TTX insensible). En el nostre estudi
s’evidencia la preseéncia de receptors somatodendritics en les dues especies (porc i
huma). En el porc, la relaxacid és deguda majoritariament per I’activacié d’aquest tipus
de receptors, ja que la TTX transforma la relaxacié induida per nicotina en una
contraccidé colinérgica. Aixi doncs, semblaria que en el porc les vies inhibidores
presenten receptors somatodendritics i que les excitadores tindrien receptors nicotinics
presinaptics. En canvi, en ’home la TTX disminueix la relaxacié induida per nicotina
un 40%. Per tant, part de la resposta es deu a [D’estimulaci6 de receptors
somatodendritics, 1 una altra part a ’activacié de receptors localitzats en el terminal
nervios. S’ha suggerit que, tot i no ser funcionals per 1’Ach alliberada endogenament,
aquests receptors nicotinics presinaptics poden ser dianes per al desenvolupament de

nous agents procinétics (Galligan, 1999).

Diferencies entre les dues principals regions anatomiques:
clasp i sling
a) Control del to i influéncia neural

En aquest estudi i confirmant un estudi amb garrins (Vicente et al., 2001), es pot
veure que en el porc, igual que en I’home, el LES ¢és format per les fibres de clasp a la
part dreta, formant una U, i les de sling-like a I’esquerra. Aquesta distribucio és diferent
en els altres models estudiats com el gat, I’opossum i el gos, on les fibres de clasp
formen un anell complet. Som, per tant, davant d’'un model anatdmicament molt
semblant a ’home.

Un dels objectius d’aquest estudi va ser explorar en preparacions de les dues
regions del LES si, a part d’aquesta asimetria anatomica, existia una asimetria
funcional. Per avaluar aquesta hipotesi, es va valorar el to miogenic, la influéncia neural
sobre el to muscular i la resposta a I’estimulacié electrica de camp i a la nicotina.

Els nostres resultats demostren que en el porc existeix una marcada asimetria pel
que fa la modulaci6 del to, tot i que el to actiu no difereix entre les fibres de clasp i les
de sling-like 1 confirmen els resultats obtinguts en el gat (Preiksaitis et al., 1994a),

existeixen importants diferéncies pel que fa al to total. El to total és superior en les tires
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de sling (clasp: 4,72+0,67g vs. sling: 7,59+0,89 g). Tot 1 aix0, ambdods tipus de tires
tenen la mateixa capacitat per relaxar quan se les exposa al donant d’NO nitroprusiat
sodic (SNP). Aquestes diferéncies en el to total es poden correlacionar amb estudis in
vivo en el porc (Vicente et al., 2001), en el gat (Preiksaitis et al., 1994a) i en humans
(Welch & Drake, 1980) en els quals la pressié generada per les fibres de sling és
superior a les de clasp.

Pel que fa a I’origen d’aquest to, existeixen diferéncies entre ambdues regions
anatomiques. Tant en clasp com en sling, el to depén del Ca’™ extracel-lular perd
aquesta dependéncia és major en clasp, com s’observa també en estudis realitzats en el
gat, on un medi Iliure de Ca™" redueix més el to en clasp que en sling (Muinuddin et al.,
2004).

Pel que fa a la influéncia neural sobre el to també vam observar importants
diferéncies en funcidé de la regié anatomica estudiada. La TTX no produeix canvis
significatius en la tensio en cap de les dues regions estudiades. Aixo no vol dir que no hi
hagi una influéncia neural sobre el to, perqué¢ 1’ODQ (inhibidor de la guanilat ciclasa)
produeix un augment del to que només és significatiu en sling. Per altra banda,
I’atropina provoca una disminuci6é del to en ambdues preparacions, tot i que aquesta
disminucié és forca superior en sling que en clasp. Aixo suggereix que el to muscular
del LES esta influenciat tant per vies nervioses inhibidores de tipus nitrérgic (sling) com
per excitadores de tipus colinérgic (clasp i sling).

Aixi doncs, podem concloure que en el porc existeix una marcada asimetria en la
dependéncia del Ca™" extracel-lular, forga més important en clasp que en sling, i en la
modulacié del to per part de les motoneurones del plexe mientéric. En sling hi ha un
important component nitrérgic i colinérgic, mentre que en clasp només existeix un

component colinérgic i de menor magnitud.

Taula 2. To actiu, to total, dependéncia del Ca™" extracel-lular i influéncia neural

en les preparacions clasp i sling

CLASP SLING
To actiu 3,66+0,55 g 3,850,444 g
To total 4,72+0,67 g 7,59+0,89 g
Dependéncia Ca™" extracel. | 70% 40%
Component nitrérgic NS 30%
Component colinérgic 20% 40%

NS no significatiu
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En la taula 2 es compara el to actiu, el to total, la dependéncia del Ca™ extracel-lular i la

influéncia neural dels components nitrergic i colinergic entre clasp i sling.

b) Neurotransmissié a nivell de la unié neuromuscular i caracteritzacio
dels components implicats

En aquest estudi també es va avaluar I’existéncia d’una asimetria funcional a
I’estimulaci6 electrica de camp 1 a D’estimulacié dels nAChRs. S’ha vist que les
preparacions de clasp tenen una relaxacidé de major magnitud a tot el rang de
freqliéncies estudiades, comparativament amb les preparacions de sling. En estudis
preliminars amb teixit huma també vam veure aquesta diferéncia (resultats no mostrats),
1 aixi es van confirmar les troballes de Preiksaitis et al. (Preiksaitis & Diamant, 1997) en
que va usar només una Unica freqiiéncia d’estimulacié. Igual que en la relaxacio, en la
contracci6 existeixen diferéncies en funcié de la procedencia de les tires, en el porc s’ha
vist que les tires de clasp tenen una contracci6 en ‘off” d’amplitud major que el sling a
gairebé totes les freqiiencies testades. Aquests resultats es poden interpretar de dues
maneres diferents, o bé 1) existeix una major sensibilitat o eficacia per part de les fibres
musculars als neurotransmissors inhibidors i excitadors, o bé 2) existeix una diferent
innervacio selectiva en aquestes dues regions. Per avaluar aquestes diferéncies vam
aplicar un disseny experimental en fibres de clasp i en fibres de sling de forma
aparellada, basat en avaluar 1) la caracteritzacio farmacologica a la resposta a I’EFS, 2)
la sensibilitat muscular a 1’addicié exdgena de neurotransmissors inhibidors (addici6
d’ATP 1 del donador d’NO SNP) i1 excitadors (agonista muscarinic carbacol). Per
estudiar la contribucié dels diferents neurotransmissors en cadascuna de les regions
anatomiques es va avaluar la resposta atribuible a cada neurotransmissor mitjangant la
utilitzaci6 d’antagonistes per cadascun d’ells. Aixi doncs, la resposta nitrérgica es va
calcular obtenint la diferéncia entre el control i el teixit incubat amb ODQ, la resposta
colinérgica amb posterior incubacidé amb atropina i la resposta purineérgica amb
posterior addici6 d’apamina. Els components nitrérgic, colinérgic i purinérgic son
presents en ambdues regions anatomiques, pero la contribuci6 relativa de cadascun
d’ells és molt diferent. A la regio clasp la contribuci6 dels dos components inhibidors és
major que a la regio sling; en canvi, la contribucié del component colinérgic és major a
la regi6 sling. Aquesta diferent contribucié es podria explicar per la diferent resposta
que tenen les fibres de clasp i de sling a 1’aplicacié exogena de SNP, d’ATP i de

carbacol. La mateixa dosi de SNP i d’ATP provoca relaxacions de magnitud superior en
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clasp que en sling i la mateixa dosi de carbacol provoca contraccions de major magnitud
en sling que en clasp, de gairebé el doble. Hem comparat les EC50 d’aquestes corbes
concentracio-resposta per avaluar si aquestes diferéncies es deuen a una diferent
sensibilitat (si les EC50 son diferents) o bé a una diferent eficacia (si les EC50 son
iguals). Aixi trobem que existeix una diferent sensibilitat pel SNP i una diferent eficacia
per ’ATP 1 pel carbacol de les fibres musculars als neurotransmissors exogens. Aquests
resultats suggereixen que la diferent contribucié de cada neurotransmissor es pot deure a
un mecanisme post unid. Resultats similars s’han descrit en el LES del gat (Preiksaitis
et al., 1994a), on es mostra també una major eficacia de les fibres de sling pel carbacol.
De totes maneres no es pot descartar una contribucid deguda a una diferent innervacio,
descrita previament en el LES del conill porqui. Estudis immunohistoquimics que van
usar anticossos per marcar les motoneurones nitrérgiques i les colinergiques demostren
que existeix una major innervacié nitrérgica en la part dreta i una major innervacio
colinergica en la part esquerra del LES (Yuan et al., 1998;Yuan & Brookes, 1999).
Aquests resultats necessiten ser confirmats en el porc.

La relaxaci6 induida per nicotina ¢s de la mateixa magnitud en preparacions
procedents d’una banda o de I’altra del LES, tot i que existeixen diferéncies en la
localitzacié dels receptors nicotinics a nivell neural entre les regions estudiades. En les
mostres obtingudes de la zona clasp, els receptors de les motoneurones inhibidores es
localitzen en ambdds nivells, a nivell presinaptic i a nivell somatodendritic. En canvi, en
la zona sling els receptors es localitzen majoritariament a nivell somatodendritic, ja que
la TTX bloqueja totalment la relaxacio induida per nicotina 1 apareix una important
contraccid colinergica, fet que suggereix a la vegada la preséncia també de receptors
nACh en les motoneurones excitadores a nivell del terminal nervios.

L’addici6é de nicotina provoca una alliberacié de diferents neurotransmissors en
la zona clasp 1 el la sling. En les preparacions clasp existeix un component nitrergic 1
purinergic de tipus inhibidor molt important, mentre que en la zona sling només el
primer hi és present. En ambdues zones existeix un component colinérgic, perd aquest
€s major en la zona sling. Aixi doncs, I’estimulacié de motoneurones usant un estimul
quimic com la nicotina produeix 1’alliberaci6 de neurotransmissors inhibidors 1
excitadors, pero la seva importancia relativa és diferent en funcid de la regi6 estudiada.

Estudis recents en el clasp del conill porqui (Yuan et al., 1998) mostren que
I’estimulacid vagal no provoca respostes excitadores mesurables ni amb el bloqueig de

la via inhibidora amb L-NNA ni i amb apamina. Perd el mateix grup, si troba una
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resposta excitadora colinergica en la part sling, només un cop bloquejats els dos
components inhibidors (Yuan & Brookes, 1999). Aquests resultats suggereixen que hi
ha una diferent resposta de les motoneurones colinérgiques a 1’estimulacié vagal en
clasp i en sling. En el nostre estudi en el porc es troben resultats similars quan s’utilitza
la nicotina per estimular les motoneurones del plexe, tot i que és molt més facil
estimular les motoneurones colinérgiques en preparacions procedents del sling.

Aixi doncs, les diferéncies entre clasp i sling es podrien resumir de la segiient
manera: 1) la tensio total és major en la zona sling que en la clasp, 2) la dependencia del
Ca"" extracel-lular en el manteniment del to és més gran en clasp, 3) la modulacié
neural del to muscular ¢és diferent: en sling la modulacié és nitrérgica i colinérgica
mentre que en clasp només és colinérgica, 1 aquesta és de menor importancia relativa,
4) I’estimulacié de motoneurones inhibidores i excitadores provoca respostes de major
amplitud en la zona de clasp que la de sling, 5) la contribucié dels neurotransmissors
inhibidors €s més gran en clasp que en sling 1 la dels neurotransmissors excitadors €s
més gran en sling, 6) la sensibilitat de I’administracié exdogena d’agonistes inhibidors és
més gran en clasp mentre que la dels excitadors és més gran en sling, 7) I’estimulacio de
les motoneurones inhibidores alliberen NO i un neurotransmissor sensible a I’apamina
(que és ATP com es veura més endavant), en la zona clasp, mentre que principalment

NO en la zona sling.

Taula 3. Contribuci6 dels diferents components inhibidors i excitadors i resposta

exogena dels neurotransmissors

CLASP SLING
Component +++ ++
nitrergic
Component ++ =+
colinergic
Component +++ +
purinergic
Efecte SNP -+ ++
Efecte carbacol ++ ++
Efecte ATP +++ +

+ poc, ++ forga, +++ molt
En la taula 3 es resumeixen les troballes realitzades en les preparacions procedents de
clasp i de sling utilitzant un criteri subjectiu per donar una idea clara i rapida de les

diferéncies observades.
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Tenim evidéncies que en I’home existeix també una forta asimetria pel que fa als
components implicats en la relaxacio. En dos espeécimens procedents de donants
d’organs es va avaluar la implicacio del component nitrérgic i del component colinérgic
en la resposta induida per I’EFS i per la nicotina. En el sling de ’home, com es descriu
en profunditat més endavant, existeix un component inhibidor nitrérgic molt important 1
un segon component sensible a I’apamina i1 de magnitud molt inferior. També apareix
un component colinérgic for¢a important. En canvi, en el clasp continua apareixent un
component nitrérgic, perd apareix un segon component no nitrérgic, igual d’important
que el primer. El component colinérgic és de magnitud similar a I’observat en el sling.

Aquesta asimetria observada en el porc i evidenciada també en 1’home podria
explicar-se pel diferent origen de les fibres de clasp i de sling. Les primeres s’originen
per un engruiximent de la musculatura circular de 1’esofag i les segones son d’origen
gastric; les fibres de sling recorren els dos costats de la curvatura major fins arribar

gaireb¢ al pilor.

Caracteritzacio dels neurotransmissors a nivell de la unio

neuromuscular
a) En el porc

Atés que, com s’ha comentat anteriorment, en la zona clasp existeix un doble
component inhibidor i que aquest és majoritariament nitrérgic en la zona sling, vam
utilitzar la zona clasp per caracteritzar farmacologicament la neurotransmissioé en el
porc. Esta ben establert que I’NO és el principal neurotransmissor inhibidor implicat en
la relaxaci6 del LES en diferents especies incloent-hi I’home (de Man et al.,
1991;Kortezova et al., 1996;Murray et al., 1991;Preiksaitis et al., 1994b). S’han
proposat altres neurotransmissors que comparteixen un paper junt amb I’NO en Ia
relaxacio del LES. Aquest segon neurotransmissor s’ha descrit que pot ser el VIP
(Biancani et al., 1984) o bé un neurotransmissor sensible a 1’apamina, possiblement
I’ATP (Yuan et al., 1998). Encara que altres autors suggereixen que el VIP no hi juga
cap paper (Daniel et al., 1983;Jury et al., 1992).

Per avaluar els possibles neurotransmissors inhibidors implicats en la relaxacio
del LES del porc, es va avaluar I’efecte de 1’aplicacio exogena de SNP (donador d’NO),
CORM-1 (donador de CO), d’ATP, de PACAP, de VIP i de CGRP. Tots els agonistes
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usats excepte el CGRP van induir una relaxacid, aquesta relaxacié no es va veure
modificada per la TTX, fet que suggereix un acci6 a nivell muscular.

A continuacié vam testar diferents antagonistes, inhibidors i blocadors de canals
per bloquejar especificament la resposta als diferents neurotransmissors aplicats
exogenament. Aixi doncs, ’ODQ bloqueja especificament la relaxacié induida per SNP,
I’apamina bloqueja el component rapid de la relaxacio induida per ATP i PACAP ino la
induida pel SNP, I’a-quimotripsina (peptidasa) la relaxacié induida per VIP i per
PACAP i per MRS2179 (antagonista P2Y) la relaxacio induida per ATP. Aixi doncs,
aquests resultats suggereixen que I’NO administrat en forma de SNP actua
exclusivament via sGC produint la sintesi de cGMP, 1 no activant canals SKCa com esta
descrit en la literatura (Serio et al., 2003b). En canvi, la relaxacié rapida induida per
I’ATP i el PACAP si que es produeix per activacié de canals SKCa. L’L-NAME no
modifica la relaxacié induida per VIP, PACAP ni per ATP, fet que demostra que cap
d’aquests possibles neurotransmissors actuen via sintesi d’NO , com esta descrit en la
literatura (Jun et al., 2003;Xue et al., 2000;Zizzo et al., 2004).

Per avaluar els neurotransmissors alliberats per estimulacié neural amb EFS i
nicotina, vam realitzar un protocol experimental de bloqueig seqiiencial amb diferents
farmacs. Els resultats demostren que la relaxaci6 ¢és deguda a I’'NO i a un component
sensible a 1’apamina. Usant ODQ o L-NAME s’obtenen resultats identics, fet que
suggereix que €s I’NO per se el responsable de la relaxacid, ja que activa la sGC i que
probablement ’NO no allibera cap neurotransmissor a nivell presinaptic com s’ha
descrit en la literatura (Grider et al., 1992). A més, aquests resultats indiquen que I’'NO
alliberat endogenament per EFS actua exclusivament via sGC i no utilitza la via del
canals SKCa (Serio et al., 2003b). El component apamin sensible esta mediat per ATP o
una purina relacionada i actua sobre receptors P2Y; com s’ha descrit préviament en
I’intesti del ratoli (de Man et al., 2003). Aquests resultats es posen de manifest per la
important inhibici6 per part de ’MRS2179. Per altra banda, un efecte menor apareix en
presencia d’a-quimotripsina 1 d’NF279 (antagonista P2X,;,3). Aquest resultats
demostren que el component sensible a I’apamina és degut a 1’alliberaci6 d’ATP o una
purina relacionada i que el receptor implicat és un P2Y'1 tal com els resultats obtinguts
en el nostre laboratori demostren en el colon huma (Auli et al., 2005;Gallego et al.,
2005) i en I’intesti de porc (Farré et al., 2005). En aquest ultim treball es demostra que
el potencial postunié inhibidor (IJP) esta mitjangat per 1’activacioé de receptors P2Y, i

proporciona aixi una correlacid electrofisiologica als resultats mecanics aportats en
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aquest estudi. També pot haver-hi un petit paper pel PACAP, ja que la relaxacio rapida
induida per I’addici6 de PACAP exogen ¢és bloquejada tant per apamina com per a-
quimotripsina. Existeixen altres estudis on es demostra que la relaxacié induida per
PACAP esta mitjancada per canals SKCa, en qué es suggereix la implicacié d’aquest
peptid en el component sensible a I’apamina evidenciat per I’EFS (Zagorodnyuk et al.,
1996;Serio et al., 2003a). La disminuci6 de la relaxacié produida per ’'NF279 suggereix
la participaci6 dels receptors P2X. S’ha descrit que aquests receptors estan implicats en
la relaxaci6 sensible a I’apamina en 1’intesti del ratoli a nivell preunid i/o postunié (de
Man et al., 2003). Estudis immunohistologics en el LES del porc demostren la preséncia
de I’enzim de sintesi, hem oxigenasa tipus 2 (HO-2) en el LES del porc (Werkstrom et
al., 1997). Tot i aix0, el nostre estudi suggereix que el CO no deu estar implicat en el
component sensible a D’apamina, perqué¢ I’inhibidor de I’hem oxigenasa,
tinprotoporfirin IX, no té cap efecte sobre la relaxacio no nitrérgica.

Experiments amb EFS, evidencien que el component contractil esta mediat per
un component nitrérgic (bé sigui directe o bé rebot) i un component colinergic. En el
nostre estudi s’observa que tant ’L-NAME com I’ODQ redueixen la contraccié en ‘off’
induida per EFS, la posterior addici6 d’atropina redueix aquesta contracci6 residual.

Aquests resultats confirmen les troballes descrites amb ratolins que no tenen els
enzims nNOS 1 eNOS (knock out) (Kim et al., 1999) i en que s’han usat preparacions
del LES in vitro, on s’observa que la nNOS ¢s la responsable tant de la relaxacié com
de la contraccid rebot, i també les troballes in vivo en el gat on es mostra que I’L-NNA
redueix tant la relaxaci6 com la contraccié del LES induida per la deglucié (Sifrim &
Lefebvre, 2001).

Aquests resultats suggereixen que I’estimulacié de les motoneurones del plexe,
tant amb EFS com per I’estimulaci6 dels nAChRs, provoquen I’alliberament d’NO , que
actua per la via del la sGC, més un segon neurotransmissor que €s sensible a I’apamina.
Aquest és majoritariament ATP o una purina relacionada que actua sobre receptors
P2Y, que provoquen I’obertura de canals SKCa. En menor magnitud, pot existir un
paper per al PACAP i per als receptors P2X >3 a nivell presinaptic i/o postsinaptics. La
contraccidé ¢és deguda a un fenomen rebot mitjancat per I’'NO més un component

colinérgic.
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b) En I’home

La neurotransmissio6 en [’home s’ha caracteritzat majoritariament en
preparacions procedents de la regio de sling. Aixi, quan es comparin I’home amb el porc
es compararan només els resultats obtinguts en aquesta regio.

Els nostres resultats confirmen que I’NO ¢és el principal neurotransmissor en la
relaxaci6 induida per EFS en el LES del home (Preiksaitis et al., 1994b) i suggereix que
s’allibera un altre neurotransmissor inhibidor perque apareix una relaxacid sensible a
TTX després del bloqueig nitrergic, de manera similar a com s’observa en I’opossum
(Uc et al., 1999). En aquest estudi es testen, sense ¢xit, antagonistes del VIP i del CGRP
pero no s’avalua la implicacié d’un component sensible a I’apamina. En el nostre estudi
es pot veure que, igual que en el porc, en I’home existeix un component nitreérgic
majoritari més un altre component de magnitud molt menor que és completament
sensible a I’apamina en I’home i només ho és parcialment en el porc. Aquests resultats
son semblants als trobats en el sling de 1’opossum (Yuan & Brookes, 1999), on també es
descriu un component sensible a ’apamina a més d’un de nitrérgic. Com s’ha vist
anteriorment, aquest neurotransmissor sensible a I’apamina pot ser ATP o una purina
relacionada que actua principalment sobre receptors P2Y,. Aquest és el primer estudi on
s’evidencia un component possiblement purinérgic en el LES de ’home.

En el porc i en I’home, a més de bloquejar la relaxacid, ’L-NNA, transforma la
contraccio en ‘off” en una contraccié en ‘on’ colinérgica. Resultats idéntics han estat
préviament descrits també en I’home (Preiksaitis et al., 1994b). Aquest important
component colinergic apareix en les dues espécies, pero la seva magnitud és forga
superior en el porc. A 20 Hz, I’amplitud en I’home és d’uns 6 g i en el porc d’uns 20 g.
Aquesta diferéncia es pot explicar per una major sensibilitat o eficacia de I’ACh en el
LES del porc o bé per una major innervacio6 colinérgica.

Igual que quan s’estimula amb EFS, quan s’estimula amb nicotina s’allibera
majoritariament NO més un segon neurotransmissor sensible a I’apamina que representa
només un 10% de la relaxacio total. Resultats similars s’observen en un altre estudi amb
LES huma (Smid & Blackshaw, 2000), on es mostra que la relaxaci6é induida per
I’estimulacié dels receptors nACh amb DMPP també és principalment deguda a
I’alliberament d’NO .

Aixi doncs, en el LES huma, I'NO ¢és el principal perd no [’unic
neurotransmissor inhibidor alliberat, existeix també un paper menor per un

neurotransmisor sensible a I’apamina.
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c) En la rata

Els components implicats en la relaxaci6 del LES de la rata sén els mateixos
que en porc i en I’home. En el sling de la rata, la relaxacié esta mitjancada per un
component nitrérgic i un altre component sensible a I’apamina, tot i que la magnitud
d’aquest ultim component és major que en les altres dues espécies estudiades. Igual que
en ’home 1 el porc, la contraccié es deu a un component colinérgic, perd existeix un
segon component igual d’important que el colinérgic i que no s’evidencia en les altres
dues espécies. Estudis en qué s’usa estimulacié vagal en rata (Kawahara et al., 1997)
demostren que la inhibici6 és deguda a NO i un altre component no adrenérgic i que
tampoc ¢és degut a NO, i que podria ser, com es mostra en aquest estudi, un
neurotransmissor sensible a I’apamina. En aquest mateix estudi també es descriu un
important component colinérgic contractil. Igual que en ’home, el component sensible
a ’apamina podria ser degut a ’alliberacié d’ATP o una purina relacionada que actua

sobre receptors P2Y, com es posa de manifest en el clasp del porc.

Resposta a I’estimulacio de les motoneurones excitadores i inhibidores

usant nicotina i estimulacio eléctrica de camp (EFS)

De manera idéntica a com ocorre en el porc, en I’home la nicotina
desemmascara una petita contraccié un cop bloquejat el component inhibidor amb L-
NNA i apamina. Aquesta contracci6 ¢és deguda a D’estimulacié de les neurones
excitadores colinérgiques, la seva amplitud és molt menor a la de la contraccié induida
per EFS un cop bloquejat també el component inhibitori. Per altra banda, hem vist
anteriorment que €s molt facil estimular les motoneurones inhibidores amb nicotina.
Aixi doncs, existeix una diferent resposta de les motoneurones colinérgiques quan
s’estimulen per EFS o quan s’estimulen per activaci6 dels nAChRs. Aquests resultats es
poden relacionar amb estudis realitzats en el sling del conill porqui, en que s’usa com a
tecnica I’estimulacié vagal, (Yuan & Brookes, 1999), i també es mostra que per
evidenciar una resposta de les motoneurones colinergiques excitadores es necessita
haver bloquejat el component inhibidor amb L-NNA i apamina. La transmissio
sinaptica a nivell ganglionar cap a les motoneurones inhibidores i excitadores, esta
descrita classicament que és deguda a 1’alliberaci6 d’ACh que actua sobre nAChs; no
obstant aixo, la neurotransmissio en el LES de I’home pot ser deguda a un component

no nicotinic. Aixi doncs, estudis en el LES de 1’opdssum demostren que receptors

-132 -



Discussio general

muscarinic M; 1 serotoninergics (5-HT3;) també estan implicats en la transmissio dels
inputs vagals cap a les motoneurones inhibidores (Gilbert et al., 1984;Paterson et al.,
1992). Estudis recents (Galligan et al., 2000;Galligan, 2002) mostren que la majoria
dels potencials postsinaptics excitadors rapids (fEPSPs) en el plexe mientéric son deguts
en una petita part per ’ACh que actua sobre receptors nACh 1 que existeix una forta
contribucio de I’ATP que actua sobre receptors purinergic P2X o de la serotonina que
ho fa sobre receptors 5-HTj3.

D’aquests resultats podem concloure que les motoneurones inhibidores del LES
de I’home i també del porc son facilment i eficientment estimulades tant per EFS com
pels nAChRs. Per contra, encara que les motoneurones excitadores poden ser
eficientment estimulades per EFS, la seva estimulaci6 per nAChRs és molt dificil:
requereix el bloqueig de les vies inhibidores 1 causa només una petita resposta. Aquest
fet suggereix que les fibres vagals poden estimular facilment i eficientment les
motoneurones inhibidores i1 que [’estimulacié de les motoneurones excitadores
requereixen neurotransmissors no nicotinics o altres circuits que necessiten ser

investigats.

Paper de les ICC en el to i en la neurotransmissio inhibidora i

excitadora

Les cel'lules intersticials de Cajal son les cel-lules marcapassos del tracte
digestiu i poden estar implicades en la neurotransmissio inhibidora 1 excitadora entre el
terminal nervids i la musculatura llisa (Daniel, 2001;Huizinga, 2001;Ward, 2000).
Estudis de microscopia electronica en el LES del opossum (Daniel & Posey-Daniel,
1984) mostren que les varicositats estan en contacte estret amb les ICC, les quals estan
acoblades per mitja d’unions gap al muscle llis. Aquestes observacions suporten
I’existeéncia d’una via funcional en la neurotransmissioé que implica el terminal nervios,
les ICC i la musculatura llisa.
Per estudiar el paper de les ICC en la neurotransmissio s’han emprat rosegadors mutants
que no tenen poblacions especifiques d’ICC. El gen c-kit esta localitzat en el locus
white spotting (W) 1 codifica el receptor c-kit, un receptor associat a tirosina cinasa. El
lligand natural per aquest receptor és el stem cell factor (SCF), la uni6 d’aquest lligand

amb el seu receptor és essencial per la diferenciacid i desenvolupament d’alguns tipus
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cel-lulars, aixi com els melandcits, els mastocits 1 les ICC. Aquesta mutacié en el gen
que codifica el receptor c-kit s’ha detectat en ratolins W/Wv i en rates Ws/Ws.

En un estudi en qué s han usat preparacions de LES in vitro de ratolins W/Wv es
conclou que les ICC juguen un paper important en la relacié nitrérgica del LES (Ward
et al., 1998); en canvi, en un altre estudi in vivo es conclou que aquestes cel-lules no son
importants (Sivarao et al., 2001). Vista aquesta controvérsia, 1’objectiu d’aquest estudi
va ser estudiar in vitro en tires de LES els neurotransmissors implicats en la resposta a
EFS, usant el model de la rata (rates mutants Ws/Ws i les seves germanes no mutants
+/+). Aquest és el primer treball que avalua el paper de les ICC en la neurotransmissio
al LES usant com a model animal aquest tipus de rates, la gran majoria dels estudis per
estudiar el paper d’aquestes c¢l-lules en la neurotransmissio han estat fets amb ratolins
W/Wv. Estudis anteriors en el nostre laboratori demostraven que en el colon, aquestes
rates mutants no tenien IM-ICC, que son les que poden estar implicades en la
neurotransmissio (Alberti et al., 2004). Primer vam confirmar per técniques
immunohistoquimiques 1’abséncia de cel-lules c-kit positives intramusculars en el LES
de les rates Ws/Ws, la preséncia d’aquestes en les seves germanes no mutants +/+ i en
les Sprague-Dawley.

Després vam veure que, igual que en les rates Sprague-Dawley, en les rates +/+
la relaxaci6 induida per EFS és deguda a I'NO i a un segon component sensible a
I’apamina. Per altra banda, la contraccid ¢és deguda a 1’alliberament principalment
d’ACh més un segon neurotransmissor no colinergic. En preparacions de rates mutants
Ws/Ws, la relaxacio també té els mateixos dos components de magnituds identiques i la
contraccié es deu també en part a I’alliberaci6 d’ACh. Per evidenciar aquests
components, algunes preparacions (3/6) es van haver de precontraure amb KCI per rad
de I’enorme motilitat que tenien i per rad també que, per causes desconegudes, es va
veure que en les tires de rates Ws/Ws el to passiu era menys estable 1 que era molt facil
quedar-se sense a la meitat del protocol utilitzat. Aquests resultats demostren que el
LES de les rates amb abséncia de cel-lules c-kit positives Ws/Ws presenten en la
relaxacio un component nitrérgic i un component sensible a I’apamina i en la contraccio
un component colinergic, de magnituds similars a les que presenten les seves germanes
no mutants. Aquests resultats suggereixen que les ICC c-kit positives no son essencials
ni en el component nitrérgic ni en el sensible a I’apamina, ni tampoc en el component

colinergic de la contraccio. Existeixen, a més, altres treballs on es posa en dubte la
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implicaci6 de les ICC en la neurotransmissio nitrérgica. En el IAS del ratoli en estudis
in vivo 1 in vitro, es descriu que, tot i que aquests ratolins tenen I’esfinter hipotens, la
innervacio nitrérgica no es veu afectada en ratolins que no tenen ICC (de Lorijn F. et al.,
2005;Terauchi et al., 2005). Aquests autors suggereixen que les ICC que expressen c-kit
no sén essencials en el reflex rectoanal inhibidor (RAIR). Estudis mecanics i
electrofisiologics en el colon d’aquestes mateixes rates, han descrit que el component
nitrérgic hi és disminuit perd no hi és absent (Alberti et al., 2004). Pel que fa al
component sensible a I’apamina, s’ha descrit que les ICC no intervenen en aquest tipus
de neurotransmissio (Alberti et al., 2004). Estudis en el colon de la rata, on I’amplitud
de I’'IJP ¢s sensible a I’apamina, es demostra que aquesta no es veu alterada en les rates
mutants Ws/Ws. En el nostre estudi el component no nitrérgic de la relaxacid és
completament sensible a apamina tant en les rates +/+ com en les Ws/Ws, fet que
suggereix que aquest component no esta alterat en aquest tipus de mutacio i corrobora
aquestes troballes.

Pel que fa a la contraccid, s’ha descrit en el fundus gastric del ratoli que les IM-
ICC juguen un paper molt important en els imputs colinérgics que reben del sistema
nervios entéric (Ward et al., 2000). En aquests estudis s’observa que I’EJP esta molt
disminuit en ratolins W/Wv. En canvi, estudis electrofisiologics recents (Zhang &
Paterson, 2005) demostren que en el LES dels mateixos ratolins, ’EJP és present en
ratolins mutants W/Wv 1 que aquest és sensible a I’atropina. Aquests resultats
suggereixen que, a diferéncia de I’estomac, el component excitador colinérgic no esta
afectat en el LES d’aquests ratolins. Aquest resultat concorda amb les nostres troballes,
on s’evidencia també un important component colinérgic en el LES de rates amb
abséncia de cel-lules c-kit positives.

Creiem que a la pregunta de si les ICC juguen un paper en la interacci6é nervi-
muscul en el LES, poden ser possibles dues hipotesis: en la primera, les ICC-IM c-kit
positives poden no ser essencials en la neurotransmissid. Aquesta possibilitat pot ser
considerada perqué en estudis de microscopia electronica s’ha descrit una innervacio
directa i indirecta (via ICC) en I’estomac de la rata (Mitsui & Komuro, 2002). En la
segona hipotesi, aquesta funci6 la poden dur a terme cel-lules intersticials c-kit
negatives que estan en contacte estret amb la varicositat terminal, i a més formen unions
gap amb les cél-lules musculars llises (Ishikawa et al., 1997). Les cel'lules intersticials
c-kit negatives han estat caracteritzades en I’estomac de les rates Ws/Ws i s’han

considerat cel-lules fibroblast-like (Ishikawa et al., 1997;Wang et al., 2003). La
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presencia i1 la implicacié de cél-lules c-kit negatives en la neurotransmissio del LES de
les rates Ws/Ws necessita més estudis.

D’aquest estudi podem concloure que 1’0xid nitric i un component sensible a
I’apamina, possiblement I’ATP, sén els principals neurotransmissors inhibidors en el
LES de la rata, i que la contraccid esta mitjancada per ACh. Les rates mutants Ws/Ws
no presenten ICC c-kit positives pero la relacid neurona-muscul esta preservada.
Aquesta relacid entre el terminal nervids i1 la cel-lula muscular llisa pot produir-se
directament. Alternativament, un altre tipus de cé¢l-lules poden dur a terme aquesta

funci6 (cel-lules intersticials c-kit negatives).
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Conclusions

1- Les preparacions in vitro d’esfinter esofagic inferior (LES) de les tres espécies
estudiades (I’home, el porc 1 la rata) desenvolupen espontaniament un to d’origen
miogenic. Aquest to muscular depén de 1’entrada de calci extracel-lular i estd modulat
de manera diferent, depenent de 1’especie, per I’activitat tonica de motoneurones

enteriques nitrérgiques i colinergiques.

2. L’activacié de les motoneurones inhibitories amb estimulacié electrica de camp
(EFS) provoca una relaxacié durant I’estimul. Les motoneurones inhibitories poden ser
també facilment activades mitjangant [’estimulacié dels receptors nicotinics
d’acetilcolina (nAchRs), fet que també indueix una relaxaci6. Les motoneurones
excitadores son facilment excitables amb EFS, en canvi la seva estimulacid per
I’activacio dels nAChRs és molt dificil i causa una resposta de poca amplitud. Aquest
fet suggereix la participacidé de mecanismes no nicotinics en la neurotransmissio vagal

1/0 interneuronal cap a les motoneurones excitadores en el LES huma 1 del porc.

3- En les tres especies, la relaxacio del LES com a conseqiiencia de ’activacié de les
motoneurones inhibitories depen de I’alliberacio d’oxid nitric (NO) i d’un component
sensible a D’apamina. La contraccid en resposta a I’estimacié neural depén de
I’alliberaci6 d’acetilcolina. La contribucid de cada un dels components es diferent en

cada especie.

4- L’NO produeix la relaxaci6 actuant sobre la guanilat ciclasa muscular, mentre que el
component sensible a I’apamina es degut a I’alliberacié d’ATP actuant principalment
sobre receptors P2Y | pero també sobre receptors P2X pre- i/0 postsinaptics, existeix una
petita part deguda a 1’accié del PACAP. Aquests neurotransmissors actuen en paral-lel i
sense interaccions important entre ells. Ni I’ATP ni el PACAP estan associats a la
sintesis d’NO. EI VIP i el monoxid de carboni (CO) no estan implicats en la transmissio

neuromuscular en el LES del porc.



Conclusions

5-Existeix una marcada asimetria funcional pel que fa al control del to i als components
implicats en la relaxacid i en la contraccié del LES. Les fibres de la dreta (clasp) tenen
una major dependeéncia del calci extracel-lular en el manteniment del to, en canvi les
fibres de I’esquerra (sling) depenen més de les influencies neurals nitrérgiques i
colinérgiques. La major relaxacié de les fibres de clasp envers les d’sling és deguda a
una major contribucié del component inhibitori nitrergic i purinérgic i a una menor

contribucio del component excitador colinérgic.

6- Les cel'lules intersticial de Cajal (ICC) c-kit positives no tenen un paper limitant ni
en la relaxacié ni en la contracci6 del LES. Aquest fet fa pensar que els terminals
nerviosos poden innervar directament la cél-lula muscular llisa i/o existir ICC c-kit

negatives involucrades en la neurotransmissio.

7- El coneixement dels mecanismes i1 neurotransmissors que intervenen en el
manteniment del to, la relaxaci6 i la contraccié del LES t€¢ una gran importancia per
entendre la fisiopatologia de malalties que afecten al LES com poden ser la malaltia per

reflux gastroesofagic (GERD)), els trastorns motors esofagics i I’acalasia.
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