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SUMMARY

The enteric nervous system (ENS) is an integratieeronal network,
composed of neurons and enteric glial cells, cdimigpthe activity of the
smooth muscle of the gut, mucosal secretion anddbfow. This highly
integrated neural system is also referred to a%tiaen-in-the-gut’, because
of its capability to function in the absence ofveemputs from the central
nervous system. Hormones and paracrine mediatteasexl by different
source cells may directly influences central neardanction and thereby
gut motility. However for many of them the presentepecific receptors at
different levels in the ENS, smooth muscle cellstrer effectors (i.e. ICC)
has been demonstrated, indicating a peripherabsiéetion. The small and
large intestine play a key role in maintenance afybfluid homeostasis by
regulating the transport of ions by the intestiggithelium. It is known that
absorption of nutrients, water and electrolytethaintestine can be affected
by alteration of motility. Among the hormones inved in the control of
body fluid and electrolyte homoeostasis, angiotendi (Ang II) and
vasopressin (AVP) have been demonstrated to be tablmodulate the
processes of absorption/secretion of ions and wattre intestine, thus, it
can be suggested their involvement in the modulabd the intestinal
contractility as part of their regulatory mechanistowever, several aspects
pertaining to the regulation of digestive functiobg Ang Il and AVP
remain unclear and deserve extensive investigaBonsidering that the
presence of receptors for Ang Il and AVP at varievels along the Gl tract
in different animal species, including human, welradsed the possibility
that Ang Il and AVP might be involved in the redida of intestinal
(colon) motility acting at peripheral level, usititge organ-bath technique to
measure changes in isometric tension of longitddamal circular colonic

muscle. We choose such an approach in vitro siieénfluence of external
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factors was removed, but the intestinal muscldfiaformed in a manner
analogous to its in vivo capacity. Both mouse andhén colonic muscle
segments/strips have been used and, in detail,vaieiaged the effects of
Ang Il and AVP on the contractility of the largetestine and we analysed
the subtype(s) of receptor(s) activated and therachechanism. Moreover,
by RT-PCR, the expression of transcripts of thenn@mponents of the
rennin-angiotensin system (RAS) has been analysethe mouse and
human colon. Results from our studies showed th#te murine proximal
and distal colon Ang Il induced a concentrationategent muscular
contraction, reduced by the ATl receptor antagpriggartan, but not
affected by the AT2 receptor antagonist, PD1233&-treatment with
TTX, sodium voltage-gated neural channel blockentiglly reduced the
contractile response to Ang Il in the proximal cglevhile abolished it in
the distal colon. Atropine, muscarinic receptoragohist, or SR140333,
NK1 receptor antagonist, reduced the TTX-sensitexeitatory effects
induced by Ang Il in both preparations. On the cary, hexamethonium,
nicotinic receptor antagonists, ondansetron, 5-Ha&ptor antagonist, or
SR48968, NK2 receptor antagonist, were ineffectifé@e contraction
induced by a selective NK1 receptor agonist waaaed by atropine, whilst
SR140333 did not affected carbachol induced muscuelantraction.
Transcripts encoding RAS components were deteatékdel colon samples.
However, just AT1IA mRNA was expressed in both prapans, and AT2
MRNA was expressed only in the distal colon. Intbean sigma colonic
circular muscle preparations, Ang IlI, as well, indd a muscular
contraction, antagonized by losartan but not by Z3319. TTX partially
reduced the contractile response. SR48968, NKZptecantagonist, was
able to reduce significantly the excitatory effeictduced by Ang II, being
atropine ineffective. Lastly, the contraction taee tepecific NK2 receptor

agonist,p-Ala, was not affected by TTX or atropine. Trangtsiencoding
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for AT1 and AT2 Ang Il receptor subtypes and fogimtensin-converting
enzyme (ACE) were expressed in the whole thickreparations. No
expression of MRNA for angiotensinogen (AGT) andrénnin was found.
AVP caused concentration-dependent contractile ceffeonly on the
longitudinal muscle of murine colon, being ineffeetat the circular one.
AVP-induced contraction was antagonized by the &¥ptor antagonist, V-
1880. AVP-induced effect was not modified by tettmxin, atropine and
indomethacin. Contractile response to AVP was reduin C&'-free
solution or in the presence of nifedipine, L-tymécaum channel antagonist,
and it was abolished by depletion of calcium ingtldar stores after
repetitive addition of carbachol in calcium-free dingn with addition of
cyclopiazonic acid.U-73122, an inhibitor of the ppbolipase C, effectively
antagonized AVP effects, whilst DDA, an adenylyckage inhibitor, was
ineffective. Oxytocin induced an excitatory effecthe longitudinal muscle
of mouse distal colon at very high concentratiargagonized by V-1880.
In conclusion Ang Il positively modulates the spontaneous catilea
activity of mouse and human colon via activatiopos$t-junctional and pre-
junctional AT1 receptors (AT1A receptors in micte latter located on the
enteric nerves modulating the release of excitatmyrotransmitters. In
details, in mouse tachykinergic neurons and chajice neurons are
sequentially recruited by Ang Il to induce muscutamtraction. Ang Il
would induce release of substance P by entericesewhich acting on NK1
receptors, in turn would induce release of acetllok, being the final
contractile mediator. In human sigmoid colon Angpdisitively modulates
the spontaneous contractile activity via activanbpost-junctional and pre-
junctional AT1 receptors, the latter located on #meric nerves and
modulating the release of tachykinins, which imturia activation of NK2
receptors, would contribute to the contractile @fe PCR analysis showed
that transcripts encoding for AT1 and AT2 recepsoubtypes and for
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components of RAS were expressed both preparatsuggiesting a likely
local source of Ang II. Moreover, AVP, via activati of V1 receptors, it is
able to modulate positively contractile activity loingitudinal muscle of
mouse distal colon, independently by enteric nelivation and
prostaglandin synthesis. Contractile response Beaed by increase in
cytoplasmatic C& concentration via extracellular €anflux from L-type
Cd&" channels and via €arelease from intracellular stores through
phospholipase C pathway. No modulation has beererobd on the
contractility of the circular muscle. In conclusjoresults present in this
thesis indicate that the modulation of the colonantractility and the
consequent impact on intestinal transit can be @ihéhe physiological
mechanisms by which Ang Il and AVP would controldipofluid and

electrolyte homoeostasis.
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SOMMARIO

Il sistema nervoso enterico (ENS) e una complestganeuronale, composta
di neuroni e di cellule gliali enteriche, che cofiano l'attivita della
muscolatura liscia intestinale, la secrezione deflacosa ed il flusso
sanguigno. Questo sistema neurale altamente imbegrdenominato anche
“il cervello nell’ intestino” o il “piccolo cerveld”, a causa della sua capacita
di funzionare indipendentemente dal sistema nenaesdrale. Ormoni e
mediatori paracrini rilasciati da cellule diversppssono influenzare
direttamente la funzione nervosa a livello centralguindi la motilita
intestinale. Tuttavia, per molte di queste sosta@zstata dimostrata la
presenza di recettori specifici a diversi livelklia parete intestinale, ENS,
cellule muscolari lisce o altri effettori (ICC),ditando un’azione periferica.
L' intestino tenue e crasso giocano un ruolo chiaeé mantenimento
dellomeostasi idrico-salina, regolando il traspodi ioni a livello dell’
epitelio intestinale. E noto come l'assorbimentondirienti, di acqua ed
elettroliti nell'intestino possa essere influenzaddcalterazione della motilita.
Tra gli ormoni coinvolti nel controllo dell'omeostali liquidi ed elettroliti,

e stato dimostrato che I'angiotensina Il (Ang IlJaevasopressina (AVP)
sono in grado di modulare i processi di assorbioieatrezione di ioni e
acqua nell'intestino, quindi, & possibile ipotizzam loro coinvolgimento
nella modulazione della contrattilita intestinateme parte del meccanismo
di regolazione omeostatica. Tuttavia, ancora rirangpoco chiari e,
pertanto, meritano una approfondita indagine, iediv aspetti che
riguardano nel suo complesso la regolazione deltzibni intestinali da
parte dell’Ang Il e della AVP. Considerando la mesa, in diverse specie
animali compreso I'uomo, dei recettori per 'Angdiper la AVP lungo il
tratto Gl, abbiamo valutato la possibilita che AN e la AVP possano

essere coinvolti nella regolazione della motilittestinale (colon), agendo a
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livello periferico, mediante l'utilizzo della teaa del bagno per organo che
consente la misurazione delle variazioni di tensimometrica del muscolo
longitudinale e circolare intestinale. Abbiamo szehle approccio in vitro,
poiché in tali condizioni &€ rimossa linfluenza fdittori esterni, ma I
intestino riesce a funzionare in maniera analo¢m fala capacita in vivo.
Segmenti e/o strips di muscolatura di topo e di@sono stati utilizzati per
valutare gli effetti del’Ang Il e della AVP sullgontrattilita del colon,
analizzare il sottotipo (i) recettoriale (i) coirtree il meccanismo di azione
ad esso correlato. Inoltre, mediante I'utilizzoRdi- PCR abbiamo valutato
I'espressione dei trascritti dei principali compatnedel sistema renina -
angiotensina (RAS). | risultati dei nostri studinha dimostrato che in
porzioni di colon prossimale e distale di topo IArl induceva una
contrazione muscolare concentrazione-dipendente, wultava essere
ridotta in presenza dell'antagonista del recet&ré, losartan , ma non in
presenza dell’antagonista del recettore AT2 , P3123 Il pretrattamento
con TTX, bloccante dei canali ionici neurali peN#' voltaggio-dipendenti,
riduceva parzialmente la risposta contrattile déelj Il nel colon
prossimale, mentre la aboliva a livello del colastale. In entrambe le
preparazioni, in presenza di atropina, antagodlistaecettori muscarinici, 0
di SR140333, antagonista dei recettori tachichiceryK1, gli effetti
eccitatori indotti dall’Ang Il risultavano ridottiAl contrario nessun effetto
era osservato in presenza di esametonio, antagaiestecettori nicotinici,
dell'ondansetron, antagonista dei recettori 5H3 dell SR48968 |,
antagonista dei recettori tachichinergici NK2 .dantrazione indotta da un
agonista selettivo del recettore NK1 era ridottapnesenza di atropina,
mentre I'SR140333 non influenzava la contrazionescolare indotta
dall’agonista colinergico carbacolo. Nei campioncolon sono stati rilevati
| trascritti per tutti i componenti del sistema RAJuttavia I'mRNA del

recettore AT1A risultava essere espresso in enirangparati, mentre I'm
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RNA del recettore AT2 era espresso solo a livelkd ablon distale. Nei
preparati di muscolatura circolare di sigma colanudmo, I'Ang I,
induceva una contrazione muscolare, antagonizzdtshrtan ma non dal
PD123319. In presenza di TTX l'effetto contrattdel’Ang Il risultava
essere parzialmente ridotto. SR48968, antagongdteedettore NK2, é stato
in grado di ridurre significativamente gli effeetccitatori indotti dall’ Ang
[, mentre l'atropina risultava inefficace. Infinéa contrazione indotta
dall’agonistap-Ala, agonista specifico del recettore NK2, norulteva
antagonizzata in presenza di TTX o di atropinaasdritti codificanti per i
sottotipi recettoriali AT1 e AT2 dellAng Il e pefenzima ACE sono
risultati espressi nei nostri preparati. Non éastatvata alcuna espressione
per gli mRNA dell’ angiotensinogeno ( AGT ) e dalénina .

L’AVP causava effetti contrattili concentraziongzendente solo a livello
della muscolatura longitudinale del colon di topsultando inefficace a
livello della muscolatura circolare. Gli effetti a0 antagonizzati dal
antagonista del recettore V1, V -1880. Gli effetiwlotti dalla AVP non
risultavano essere modificati in presenza di TTXromna o di
indometacina. In una soluzione priva di’Ca in presenza di nifedipina,
antagonista dei canali al calcio di tipo L, la dsfa contrattile della AVP e
stata ridotta, mentre veniva abolita in seguita akplezione di calcio dai
depositi intracellulari, ottenuta mediante addigigipetitiva di carbacolo in
un terreno privo di calcio e con l'aggiunta di CRA- 73122, un inibitore
della fosfolipasi C, antagonizzava gli effetti indldella AVP, mentre DDA,
un inibitore dell’adenilato ciclasi, era inefficadgossitocina induceva un
effetto eccitatorio a livello del muscolo longitndie del colon distale di
topo soltanto a concentrazioni molto elevate, &ffeintagonizzato dal V-
1880. In conclusione, I'Ang Il modula positivameritattivita contrattile
spontanea del colon di topo e umano attraversitivéiaione dei recettori

AT1 (recettori AT1A nei topi) localizzati a livellpost- e pre- giunzionale,
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guest'ultimo localizzato a livello dei neuroni erdemodulando il rilascio
di neurotrasmettitori eccitatori. Nel dettaglio, | ndopo neuroni
tachichinergici e neuroni colinergici sono sequalmente reclutati da parte
dellAng Il per indurre la contrazione muscolarengAll indurrebbe il
rilascio di sostanza P dai neuroni enterici, chendg sui recettori NK1,
indurrebbe a sua volte il rilascio di acetilcolinanediatore finale coinvolto
nella genesi della risposta contrattile. A livetlel sigma colon di uomo,
'’Ang Il modula positivamente [l'attivita contratil spontanea mediante
I'attivazione di recettori AT1 localizzati a livellpost-giunzionali e pre-
giunzionali, questi ultimi situati sui neuroni emtg modulano il rilascio di
tachichinine, che a loro volta, attraverso l'attieae di recettori NK2,
contribuirebbero agli effetti contrattili. Analisi PCR hanno evidenziato la
presenza dei trascritti codificanti per i sottotipcettoriali AT1 e AT2 e per
| componenti del sistema RAS in entrambe le pregpamng suggerendo una
probabile produzione locale di Ang Il. L’AVP, atierso l'attivazione di
recettori V1, € in grado di modulare positivamebdéivita contrattile del
muscolo longitudinale di colon distale di topo, ipghdentemente
dall'attivazione di neuroni enterici e dalla sintés prostaglandine. La
risposta contrattile si ha in seguito allaumengéfialconcentrazione di €4
citoplasmatico, attraverso l'afflusso di Taextracellulare dai canali di tipo
L C& * e mediante rilascio di G4 dai depositi intracellulari attraverso il
pathway della fosfolipasi C. Nessuna modulazionsata osservata sulla
contrattilitd del muscolo circolare. In conclusipnerisultati presentati in
guesta tesi indicano che la modulazione della attiiita del colon e il
conseguente impatto sul transito intestinale pw&resuno dei meccanismi

fisiologici con cui Ang Il e AVP regolerebbero '@mstasi idrico-salina.
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Capitolo 1
Introduction

An important function of the gut is to transporgyy@sted food at an optimal
rate and to mix the food for optimal exposure tgedtive enzymes. This is
achieved by the contractile activity of smooth mesmlls of the gut wall.
The regulation of smooth muscle activity and, thofsgut motility takes
place at several levels. The complex neural netwkriown as enteric
nervous system (ENS), endowed in the gut wall attdneling throughout
its length from the oesophagus to the internal asmhincter is the
dominating component which acts directly and inctifeon muscle cells. In
addition, local and circulating neurohumoral subsés play a part in the
complex regulation of gastrointestinal motilitysalinteracting with enteric
neurotransmitter to modify excitatory or inhibitosygnals to the muscle
cells. In view of this complexity it is not surpgng that any impairment of
the modulation of ENS circuitries results in a wialeay of gut disorders,
including motor impairments, which are charactetitg high morbidity,
with a markedly compromised patient’s quality d€ land occasional fatal
outcomes. So far, our knowledge about the mechanhactions of the
various neurohormones and drugs affecting gut yots still fragmented
and incomplete. However, recently substantial psgrhas been achieved,
and drug therapy for gut dysmotility is emergingséd primarily on
managing neurohumoral receptors. The purpose sftli@sis is to present
my studies on the mechanism by which GI motility dgntrolled and
modulated by neurohumoral substances with focub@marge intestine and
hormones involved in the regulation of body fluiddaelectrolyte balance
and circulation, such as Angiotensin Il (Ang Il)daxiasopressin (AVP), in

consideration that gastrointestinal tract is fundatal for intake and
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excretion of fluid and electrolytes and it accomiaied a large proportion of

bodily haemodynamic system.

The Enteric Nervous System and the Control of Gubiiity

The enteric nervous system is a network of neuamasglia within the wall
of the bowel that is able to control most aspedétsistinal function. In
humans, the ENS contains 500 million neurons charaed by a wide
range of neurotransmitters, projection patterng] aelectrical properties.
Approximately 20 types of enteric neurons can dendd by their functions
(Brookes and Costa 2002; Furness 2006). Combirsatioh features
(morphology, neurochemical properties, cell physgl and projections to
targets) help to define each type of neuroBEsteric neurons can be
classified as intrinsic primary afferent neurotf3ANs), which monitor the
state of the lumen and the gut wall, ascendingdasdending interneurons,
which connect enteric neurons within the differganglia, and excitatory
and inhibitory motor neurons, which target the etfbes. IPANs detect the
physical state of the organs (for example, tensiorihe gut wall) and
chemical features of the luminal contents (Furmeesd. 2004). They react to
these signals to initiate appropriate reflex cdntfomotility, secretion and
blood flow. IPANs connect with each other, witherteurons and directly
with motor neurons. Interneurons connect with oth&grneurons and with
motor neurons. Among the motor neurons are musaomneurons,
secretomotor neurons, secretomotor/vasodilator omsurand vasodilator
neuronsENS is unique in its ability to function indepentlgrof the central
nervous system (CNS) in the control of the function the digestive tract.
For this reason, the ENS is considered to be afskbrain in the gut”.
However, the CNS is able to modulate, but not elyticontrol, the Gl

function by sending instructions via the two compats of the extrinsic
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autonomic nervous system: the sympathetic and yagghetic nervous

system.

The ENS has multiple roles:
» determining the patterns of movement of gastrofimnalstract;
» controlling gastric acid secretion;
* regulating movement of fluid across the lining keltum;
» changing local blood flow;
* modifying nutrient handling;

* interacting with the immune and endocrine systelthefgut.

The enteric nervous system of the digestive tridm €sophagus, stomach
and intestines) influences effector systems inguedirectly or indirectly
through its action on intermediate cells, whichude neuroendocrine cells,
interstitial cells of Cajal (ICC), and cells of thexmune system. ENS
expresses all neurotransmitters so far known in QNRfere than 30
neurotransmitters). These include classical neamstnitters such as
acetylcholine (Ach), noradrenaline, serotonin, GABAd glutamate, but a
great number of other neurotransmitter and hormaises participate in the
regulation of functions in the GI tract: vasoactiveestinal polypeptide
(VIP), nitric oxide, galanin, motilin, adenosinaptiosphate, tachykinins,
ecc. The ENS is organized in two ganglionated @esu myenteric and
submucosal, composed of neurons and enteric ghiéd.cThe myenteric
plexus (or Auerbach’s plexus is positioned betw#enouter longitudinal
and circular muscle layers throughout the digesttvact, from the
oesophagus to the rectum. The submucosal plexudd€msner’s plexus) is
positioned in the submucosa, being only prominemtthe intestines.

Neurons of the myenteric plexus control the agtieitthe smooth muscle of
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the gut, whereas those in the submucosal plexusategmucosal secretion
and blood flow (Fig.1).

Myenteric plexus

i

Deep muscular plexus
Inner SMP
i

il /,Z Outer SMP |
B o /
Longitudinal ) /
muscle

: /]
b

I]‘ﬁ{,ﬁ}hﬁﬁ} h
PR IS
\ Musculari:|

mucosae Submucosal
artery

Mucosg

A
b
L

Fig.1- Detailed organization of nerve cell plexusethmgut wall”

The ENS controls gut motility and secretion viadbceflexes that are
triggered by local distension of the intestinal lwdistortion of the mucosa,
and chemical contents in the lumen. These reflexesdve parallel circuits
of synaptically interconnected ENS neurons, whraiude primary intrinsic
afferent neural cells, ascending and descendimgnatirons, excitatory and
inhibitory motorneurons, vasomotorneurons and segretorneurons.

For example, in the myenteric plexus, activatiormsfending interneurons
and excitatory motoneurons results in the releade egcitatory
neuromediators (acetylcholine, substance P) on #moauscle fibers
causing circumferential contraction of the circutamscle layer upstream of
the bolus. Activation of descending interneuronsd amhibitory
motoneurons results in the release of inhibitoryramediators (VIP -
vasoactive intestinal polypeptide, nitric oxideusimg relaxation of circular

muscle downstream of the bolus.
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The enteric nervous system receives inputs fromptmasympathetic and
sympathetic parts of the nervous system, and te&ayatestinal tract also
receives a plentiful supply of afferent nerve fiyrthrough the vagus nerves
and spinal afferent pathways. The parasympathatiervation via the vagus
nerves influences the motor and secretomotor fonaif the upper Gl tract.
The sympathetic adrenergic fibres from the prebeaieganglia innervate
the secretomotor neurons containing vasoactivestined polypeptide,
presynaptic cholinergic nerve endings, submucokaldovessels, and the
sphincters of the Gl tract. Thus, there is a ridkraction, in both directions,
between the enteric nervous system, sympathetiepebdral ganglia and
the CNS. Lastly, enteric neurons also interact wlith extensive intrinsic
immune system of the gastrointestinal tract. Tha&lence suggests that
immunoneural signaling triggers a neural programdefensive intestinal
behavior in response to circumstances within tiheelu that are threatening

to the functional integrity of the whole animal (‘dtbJ, 2004).

The ENS in the intestinal water and electrolyte batce

Called “the misunderstood nephron” by Michell (2R0@aily fluid flux

across the gastrointestinal tract making it idealigced to regulate water
and electrolyte balance, a cooperative task shasdd the kidneys. The
regulation of intestinal salt and water transpost critical for the

maintenance of fluid volume. The interaction betwessorption and
secretion is controlled by classical neurotran®rsit predominantly
released by the enteric submucosal motor neuramsdnes and paracrine
substances, which in general act on membrane-boegeptors in order to
modify intracellular second messenger systems atiggl ionic transport
across the epithelium. Nevertheless, interconnestimetween submucosal

and myenteric plexuses provide the networks fordioation of motility
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and ion transport function. Moreovemhet ENS, regulating GI motility
(Hansen 2003a), blood flow (Hansen et al. 1998kretions (Hansen &
Skadhauge 1995; Cooke 200anhd maintenance of body fluid homeostasis
via transport of ions trough the intestinal epiiln@, can be modulate by
different neurotransmitters, paracrine substanodsh@rmones. Among the
hormones, some substances, known to have a rdleeircontrol of salt-
water balance, acting mainly on kidneys, can cbuata to the
adsorptive/secretive processes activating receptahe Gl tract.

The control of fluid and electrolyte balance is sdly connected with
gastrointestinal function which acts in concert hwithe kidneys in
enterorenal axis. The Renin- Angiotensin- Aldosterdsystem plays the
most important role in maintaining the water-saltamce and regulation of
blood pressure, also stimulating the intestinabeohbsorption of sodium
and water (D Dolman & C J Edmonds 1975; Levitanngdlfinger , 1965;
Davies et. al, 1970; Hornych et. al, 1973). Othksmones, such as
vasopressin (Vp), which is a critical regulator water homeostasis by
controlling the insertion of aquaporin2 (AQP2) otite apical membrane of
the renal collecting duct (Nielsen et al. 1993,3,9ushimi et al.1997), has
been reported to regulate electrolyte and watesprart in the colon both in
vivo and in vitro (Dennhardt R et. al, 1979; LenitR et. al, 1968; Bridges
RJ et. al, 1983 and 1984; Knobloch SF et. al, 1988basheri A et. al,
2005; Vincentini-Paulino 1992). However, few stigdieave been addressed
on the possibility that the modulation of the imtes contractility and the
consequent impact on motility pattern can be oneghef mechanisms by
which hormones, as Ang Il or AVP, would control lgoduid and
electrolyte homeostasis.
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Angiotensin ||

Angiotensin 1l (Ang Il), the major bioactive compamnt of the renin—
angiotensin system (RAS), induces a multitude @héw contributing to the
regulation of blood pressure, body fluid volume axidctrolyte balance.
Traditionally, RAS is regarded as an endocrineesystout its components
can be found in several tissues, indicating alsagrane—autocrine functions
(Paul et al. 2006, Fyhrquist & Saijonmaa 2008)adidition to the systemic
(circulating) RAS, there is evidence to indicatattmany tissues, including
the vasculature, heart, kidney and brain, are dapaibproducing Ang II,

which may thereby mediate autocrine, paracrine ardhcrine effects
(Campbell, D. J. 1987; Johnston, C. |. 1992). RA%adocrine systema

its key mediator Ang Il targets primarily the reaatiovascular system to
maintain fluid and electrolyte homeostasis (Fig3kess on body fluids,
particularly a reduced blood volume, as manifedigda lowered arterial
pressure or a sodium deficiency, will initiate tledease of the proteolytic
enzyme renin from the juxtaglomerular apparatughef kidneys. Renin
cleaves off the decapeptide angiotensin | (Angdinfthe precursor protein
angiotensinogen released by the liver. Ang | isntlieegraded to the
octapeptide Ang Il by angiotensin-converting enzyA€E) expressed by

endothelial cells mainly in pulmonary vessels.

Pag. 18




Angiotensinogen

Renin

Y

Angiotensin |

ACE

h 4

Angiotensin Il (Ang 1)

|

* Vasoconstriction

* Sympathoadrenergic facilitation
* Aldosterone release
* ADH release

* Thirst
¢ Cardiovascular hypertrophy & fibrosis

Fig.3- The “classical” endocrine renin-angiotensin syste

Once released, circulating Ang Il contributes te tmaintenance of an
adequate arterial pressure by selective consmicfccertain vascular beds,
preferentially in the splanchnic organs. Duringcuglatory stress, this
mechanism is considered to be of ultimate imporaioc the individual's

short-term survival by protecting the cardio-pulraprcerebral circulation
and thereby oxygen delivery to the central nerveystem (CNS). In

addition, Ang Il induces renal retention of sodiamd fluid to compensate
for the reduced blood volume by via binding to A€teptors. Activation of
AT1 receptors leads to increased activities of pheximal tubule apical
sodium/hydrogen exchanger and of the basolaterdiuso bicarbonate
cotransporter. Ang Il also enhances the activityhef sodium-chloride co-
transporter in the distal tubule and the epithetatlium channel in the

collecting duct (Lisa M. Harrison-Bernard 2009).
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Ang Il also mediates the thirst sensation and agjpetite driving the

individual to a final fluid compensation by incredsoral intake of water
and sodium. Ang |l exerts its impact both direcitythe renocardiovascular
system as well as indirectly via other regulataagtors, for example by
facilitation of sympathetic nervous activity or bigeration of aldosterone
from the adrenals. Because of the latter pathweg/ system is also termed

‘the renin—angiotensin—aldosterone system’ (RAASgber 2001).

Angiotensin |l receptors

Two main Ang Il receptors have been described, haAd1l and AT2

receptors, both members of the G protein-couplezpt®r family (De

Gasparo et al. 2000). Ang Il receptors are memhdrsthe seven
transmembrane G protein— coupled receptors (GPThgre is relatively
low sequence homology between the AT1 and AT2 teceMukoyama

M,. 1993). The differential expression of type ofgetensin-generating
enzymes, and/or type of receptors, will determhme functionality of RAS

in a given tissue (Song et. al, 1992; Aldred Gakt1993, Zhuo et. al., 1992,
1993 and 1997). Virtually all the known biologicattions of Ang I,

including vasoconstriction, release of aldosterongtjmulation of

sympathetic transmission and cellular growth, a@dusively mediated by
the AT1 receptor. The functional role of the ATZeptor is not fully

understood, but recent studies have ascribed #pmssle of AT2 receptors
in mediating anti-proliferation, apoptosis, diffatation and possibly
vasodilatation (Horiuchi, M. 1996; Csikos, T 199Big.4).
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Angiotensin Il (Ang Il)

AT,

High expressionin the adult * High expressionin the fetus
Mediates most of the actions * Lower expressionin adult
of Ang I » Re-expressedin pathological conditions

T Vasoconstriction X T Vasodilation

+ Cerabral blood flow T Neurite outgrowth

I Cell growth 1l | T Axonal regenaration
i Inflammation + Inflammation

Induces: Prevents:
* |schemic brain damages * |schemic brain damage
» Cognitive impairment « Cognitive impairment

Fig.4- Schematic representation of the effects indudekhg Il by the activation
receptor AT1 and AT2

The AT1 receptors (AT1R)

Most of the known physiological effects of ANG Ireamediated by
angiotensin type 1 receptors (AT1R), which are Wyddistributed in all
organs, including liver, adrenals, brain, lung,nag, heart, and vasculature.
Composed of 359 amino acids, the AT1 receptor @8)kbelongs to the
seven-membrane superfamily of G protein-coupleeéptars. Four cysteine
residues are located in the extracellular domainickvrepresent sites of
disulphide bridge formation and are critical tegtigtructure determinants.
The transmembrane domain and the extracellularpepan important role
in Ang Il binding (Hunyady, L 1996).

The binding site for Ang Il is different from thenkbling site for AT1

receptor antagonists, which interacts only with ttaesmembrane domain
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of the receptor (Groblewski, T 1995). Like most f(&tpin-coupled
receptors, the AT1 receptor is also subject tamatezation when stimulated
by Ang Il, a process dependent on specific residurethe cytoplasmic tail
(Thomas, W et al 1996). The human AT1R gene has leapped to
chromosome 3. In rats, two isoforms that share @80 acid sequence
identity have been identified: the AT1AR on chromoe 17 and the
AT1BR on chromosome 2 (Griendling et. al, 1996).1A receptors are
found predominantly in kidney (Chen X et. al, 1991)ng, liver and
vascular smooth muscle, whereas AT1B receptoregreessed mainly in
the adrenal and anterior pituitary glands. Once Armnds to the AT1R, it
activates a series of signalling cascades, whidinm regulate the various
physiological effects of Ang Il. Evidence showsttianen activated by an
agonist, AT1Rs couple to,&1, Gui2n3 and Gy, complexes (Ushio-Fukai M
et. al, 1998), which activate downstream effectocduding phospholipase
C (PLC), phospholipase, APLA,), and phospholipase D (PLD). Activation
of PLC produces inositol-1,4,5-triphosphates)l&d diacylglycerol (DAG)
within seconds. Ifbinds to its receptor on sarcoplasmic reticuluperong

a channel that allows calcium efflux into the cy&sm. C&" binds to
calmodulin and activates myosin light chain kinasgijch phosphorylates
the myosin light chain and enhances the interacbetween actin and
myosin, causing smooth muscle cell contraction. ivation of
phospholipases A and phospholipases D stimulates the release of
arachidonic acid, the precursor molecule for theegation of prostaglandins
(Griendling et. al, 1996 and Capponi A 1996). Aignkdiated stimulation
of the AT1 receptor coupled to G1/o protein carp alshibit adenylate
cyclase in several target tissues, including liveidney and adrenal
glomerulosa, thereby attenuating the productiorthef second messenger
CAMP (Jard S et. al, 1981; Pobiner B et. al, 198BMP is a vasodilator

and when its production is decreased due to ATEptec activation,
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vasoconstriction ensues. Moreover, the AT1 receptafso involved in the
opening of C& channels and influx of extracellular Tanto cells. This
mechanism has been linked to Ang lI-mediated sttmh of aldosterone
production and secretion, as well as vasocongnaifpfeldorf, W. J. and
Rasmussen, H. 1988). Agonist-AT1R interaction alsads to PLD
activation, resulting in hydrolysis of phosphaticybline (PC) to choline
and phosphatidic acid (PA). PA is rapidly convertedDAG, leading to
sustained PKC activation, and sustained muscleracidn. In addition,
ANG Il can also activate of NAD(P)H oxidases anaheation of reactive
oxygen species (ROS) (Anja Sachse and Gunter Wi)7R2 AT1R also
activates serine/threonine kinases such as PKC MA®Ks that are

implicated in cell growth and hypertrophy (Fig.5).

- P-

il— [sen] i l l
MCPs —| sEH PAI-1 TGFj
COx2 sFit-1 c-Fos

VCAMI Pal-1 TF
IL-& c-Fos

Vasoconstriction
H| Myocardial hypertrophy
Vascular inflammation

| Cellular proliferation, cardiac fibrosis ‘

Fig.5- The signal transduction of angiotensin type 1 reme\T1) pathways
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The AT2 receptors (AT2R)

AT2 receptors, on the other hand, have been swgfjéstcounterbalance
most effects that Ang Il exerts through the ATlemors (Volpe et al.
2003). AT2 receptor functions are related to thahiion of cell growth,
promotion of cell differentiation, and stimulatiaf apoptosis (Macconi D
et. al, 2000). Similarly to ATl receptor, the AT2ceptor is a seven
transmembrane domain receptor (41 kDa), consisifing63 amino acids,
but it is only 34% identical to AT1R. The AT2 retep gene has been
mapped in humans to chromosome X, containing arontgss coding
region (Koike G et. al, 1994). AT2R are highly exgsed in fetal tissue,
including fetal aorta, gastrointestinal mesenchyngennective tissue,
skeletal system, brain, and adrenal medulla. ATaRsalso expressed at
low levels in kidney, lung, and liver, but theiraet role in carrying out the
functions of ANG Il remains undetermined. AT2R hdwesen described to
be negatively coupled to guanylate cyclase (intvibibf cGMP production)
(Bottari S et. al, 1992) and to activate potassairannels (Kang J et. al,
1993 and 1994). Recently, there have been newhissigto AT2 receptor
signalling pathways, including activation of preotephosphatases and
protein dephosphorylation, the NO-cGMP system, phdspholipase A
(release of arachidonic acid). In particular, station of AT2 receptors
leads to activation of various phosphatases, suEhpratein tyrosine
phosphatase, MAP kinase phosphatase 1 (MKP-1) (D¥aul. 1997;
Fischer T. et. al, 1998), SH2-domain-containing gpatase 1 (SHP-1)
(Bedecs K et. al, 1997 ; Lehtonen J et. al, 1998 aerine-threonine
phosphatase 2A (Huang X et. al, 1996; Shenoy ©t.\dl, 1999), resulting
in the inactivation of extracellular signal regelkdtinase (ERK), opening of
potassium channels and inhibition of T-type”€hannels (Horiuchi M et.
al, 1999; Nuoet S. and Nahmias C.2000)(Fig.6).
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Pathological and physiological role of RAS in thel Gact

The hypothesis that Ang Il may be involved in thentcol of various
functions of the GI tract was made following theentfication of its
receptors in the gastrointestinal tract (Fandrik81,0). Nevertheless, to date
the expression of RAS components and receptorsAfay Il along the
gastrointestinal tract is little studied. The prese of Ang Il receptors at
various levels along the GI tract has been dematestrin human, guinea-
pig and rat (Wang et al. 2005, Ewert et al. 200pakSet al. 2008),
suggesting a potential physiological action. Angh#ls been reported to
regulate intestinal fluid and electrolyte transgé@ndriks 2010, 2011).
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In human colon, in addition to the Ang Il recept@aiso components of the
RAS system as the angiotensin-converting enzymeEjA@ppear to be
expressed in vessel walls, myofibroblasts, and ompd@ges in lamina
propria, crypt bases, and surface epithelium anchgdwa K et. al., 2002).
Because intestinal motility has consequent impactimtestinal transit

(Nylander 2011), the possibility that Ang Il wouldodulate contractility

can be suggested. Recent studies have demondtratehg Il may induces
contractile responses of longitudinal muscle ofngai -pig small intestine,
through the activation of the AT1R localized at theural level, which

mediates release of acetylcholine and substancan® AT1R localized on
smooth muscle cells (Hawcock & Barnes 1993). Sub=etly, mRNA and

protein for these receptors have been detectelieatevvel of the enteric
nervous system of guinea-pigs (Wang et.al, 200%)eé¢d, Ang Il-induced
contractions primarily mediated through AT1 receptdocated on the
musculature have been pharmacologically charaetbnz isolated human
and rat small intestine (Ewert et al. 2006, Spaklef008) and in human
oesophagus (Casselbrant et al. 2007). AT2 recepborghe other hand,
have been suggested to counterbalance most eftieatsAng Il exerts

through the AT1 receptors (Volpe et al. 2003). Etlenexpression of AT2
receptors has been demonstrated in the gastramatestact of many animal

species their role is not yet known (Fandriks, 3010
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Arginine vasopressin (AVP)

The neurohypophysial hormone arginine vasopregsuP}, which is also
known as an antidiuretic hormone, is involved inwae range of
physiological regulatory processes, including remater reabsorption,
cardiovascular homeostasis, hormone secretion tr@manterior pituitary
and modulation of social behavior and emotionaustélaycock JF. 2010).
The nonapeptide hormone AVP, and the structuradiated posterior
pituitary hormone oxytocin (OT), are synthesizedtle paraventricular
nucleus (PVN) and the supraoptic nucleus (SON) haf hypothalamus
(Armstrong WE. 2004) (Fig.7). Endogenous human peessin is also
called arginine vasopressin to distinguish it frather members of the
vasopressin family, such as lysine vasopressimdan other mammalian
species. It differs in structure from oxytocin bys§ two amino acids,
isoleucine instead of phenylalanine, and leuciséeizd of arginine.

The gene for vasopressin is situated on chromostimenot far from the
gene for oxytocin. AVP is secreted into the cirtola from the

neurohypophysis in response to various factorsludieg increases in
plasma osmolality, emotional stress, emesis, ktavever different studies
indicate the existence of peripheral site of praiducfor this hormone as the
gut (Fuller PJ et. al, 1985; Friedmann AS et. 8B3). AVP participates in
maintaining body fluid homeostasis by regulatingalewater, urea and ion
transport, glomerular filtration rate, and renabdad flow (Laycock JF

2010). It is well known that AVP exerts its antiditic effect by regulating

sodium and water transport via the V2 receptorschvhre expressed in the
basolateral membrane of the thick ascending limiHenhle’s loop, distal

tubules, and the collecting ducts in the kidney@n M et. al, 1975).
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Through the V2 receptors, AVP stimulates the Gdgmoand adenylate
cyclase to increase intracellular cAMP, which stemes the translocation of
AQP2 and the amiloride-sensitive ENaC in the ppaticells of the
collecting duct, and thereby increases water regbsa (Inoue T et. al,
2001). AVP could also induce Naeabsorption in the thick ascending limb
as well as in the cortical and outer medullaryextilhg ducts, ensuring the
existence of a medullary hypertonic interstitiumr fonaximum water
reabsorption (Capurro 2001, Feraille et al. 200&s0pressin is synthesized
as a large pro-hormone, preprovasopressin, camgisfi an amino-terminal
signal peptide; the vasopressin peptide; neurophgscarrier protein; and a
carboxyl-terminal co-peptide. This prohormone istegsized principally by
the magnocellular neurons of the paraventriculdrsupraoptic nuclei in the
hypothalamus, from where it travels along the soiptia—hypophyseal tract
to the magnocellular presynaptic terminals in tlosterior lobe of the
pituitary gland. During transport, vasopressin sa@s from its pro-
hormone peptides, and is stored in secretory geanoh arrival in the
posterior lobe. The carrier protein, neurophyssmhelieved to be important
In sorting the prohormone into the regulated secygbathway (de Bree FM
& Burbach JP 1998). Once released into the cirmratvasopressin is
metabolized rapidly by vasopressinases in the laret kidney, and has a
short half-life of 10-35 min.
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Fig. 7- AVP neurons and hypothalamo-pituitary system.

AVP Receptors and Signal Transduction

The actions of vasopressin are dependent on ini@nawith receptors that
belong to the superfamily of G-protein-coupled ptoes. The different
vasopressin receptors are closely related, withradiveimilarity varying
from 40 to 85%, and the most conserved regionsgbiia transmembrane
a-helices and the first extracellular loop. Thregecsfic vasopressin
receptors have been identified: V1, V2 and V3 (€dbl
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Table |. Vasopressin receptor types, locations and key functions.

Receptor Key mediated function(s) Location Principal second
messenger system

Vi Vasoconstriction, Vascular smooth muscle, Phosphatidylinositol/calcium
platelet aggregation, platelets, liver, testes,
glycogenolysis brainstem
Va VVater retention Kidney collecting duct cells Adenylate cyclase/cAMP
V3 Corticotropin secretion Central nervous system Phosphatidylinositol/calcium
Oxytocin Vasodilation Uterine myometrium and Phosphatidylinositol/calcium

endometrium, vascular
endothelium
P, purinergic  Vasoconstriction Cardiac endothelium ATP

The V1 receptors (V1R) are divided into two subsdss the V1aR and the
V1bR. The V1aR mediate vasoconstriction and carfobed on smooth
muscle cells, but also in liver, kidneys and ontgdis. In addition, V1aR
are found in a variety of brain nuclei where thayé been implicated in the
regulation of several social behaviours. The V1lbRq called V3R) are
located on the anterior hypophysis as describedaaljGaldwell HK &
Young 2006; Holmes CL et. al, 2003)

The V1 receptors (V1aR)

The V1R (also called V1aR) gene is located on clesmme 12 (region
12g14-15) (Thibonnier M et al, 1996). The V1R arpressed in the liver,
vascular smooth muscle cells, testis, blood pletebdrenal cortex, kidney,
spleen, adipocytes, brain (Holmes et al., 2003)PAMnding to the V1R
leads to the activation of phospholipases C, D, Andnd downstream to
multiple pathways; production of inositol 1,4,5tmbsphate and
diacylglycerol; simultaneous activation of protéimase C, p42/p44 MAP
kinase, Pjkinase, and -calcium/calmodulin-dependent kinase I
mobilization of intracellular calcium; influx of ¢évacellular calcium via
receptor-operated €achannels and activation of the Nd* exchanger
(Lange M et. al, 2007; Fleisher-Berkovich S et28l04; Nakatani Y et. al,

Pag. 30



2007)(Fig.8). In addition AVP causes vasodilationsome blood vessels,
likely via release of NO (Aki Y, et. al, 1994). @thresearches have shown
that AVP induces vascular endothelial growth facta/EGF) and
proliferation of vascular smooth muscle cells thgrepromoting

neovascularization (Tahara et. al.1999).
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Fig.8- Signal transduction of Vasopressin by V1 receptors

The V2 receptors (V2R)

The V2R are expressed on the basolateral membifatine @ollecting duct
in the medullary portion of the kidney, where thagdiate the antidiuretic
effect of AVP. The human gene encoding for the M&8Rocated in the
chromosome region Xg2818,19. The sequence of thidAcPredicts a
polypeptide of 371 amino acids with seven transnram#d domains. The
V2R is one of 701 members of the rhodopsin famitthiw the superfamily
of GPCRs. AVP binding to the V2R leads to the satjgecoupling of the
Gs protein, activation of adenylyl cyclase, produttof cAMP, and

activation of protein kinase A (Fig.9), promotirtgetinsertion of aquaporin
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2 water channels (AQP-2) into the luminal surfaéghe renal collecting
tubule cells and later the enhanced synthesis d?-2QnRNA and protein
(Nielsen et al. 1993, 1995, Fushimi et al.1997).
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Fig. 9-Coupling mechanisms of the V1 and V2 vasopressiept®rs

The V3 receptors (V1bR)

The V3R, called V1bR, are like the other VP recept@sPCR coupled
receptors. The V3R gene is located at the 1g3®»me@ind it has a sequence
of 424 amino acids (Rousseau-Merck MF et. al, 19%5)dies revealed
coupling to phospholipase C and adenylyl cyclase, uaique
pharmacological profile for this pituitary receptdistinct from those of the
V1R and the V2R subtypes. The V3R were describétilig in pituitary
cells where it potentiates the release of ACTH. d&boer, recent RT-PCR
experiments indicate their presence in other tsssech as brain, kidney,
pancreas, and adrenal medulla (Folny V et al, 20@3Keyzer Y et. al,
1994).
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Vasopressin in the Gastrointestinal Tract

AVP has been reported to regulate electrolyte aatemtransport in the
colon both in vivo and in vitro. In vivo, in thetrand human colon AVP
inhibits Na and CT absorption (Dennhardt R et. al, 1979; Levitan Ragt
1968). By the contrast, AVP stimulates in vitro Nla&hd water absorption,
as well as inhibits Clsecretion in mouse, rat and human colon (Bridges R
et. al, 1983 and 1984; Knobloch SF et. al, 1989ba&teri A et. al, 2005;
Grady GF et. al, 1970; Vincentini-Paulino 1992).cléar and conflicting
are the studies about a possible effect of AVP e ftcontrol of
gastrointestinal motility. Voderholzer WA et. al905) suggested that AVP
at physiological level might not influence colonmotility in rats and
humans.

Ward et. al, (1997) reported that AVP at low coniion increased slow
wave activity and phasic contraction in the musthigps from dog colon,
whilst at higher concentration it caused an inbiyiteffect. Indeed AVP can
be produced locally in cells of human and rat gastestinal system
(Friedmann AS et. al, 1991) and AVP receptors epented to be expressed
throughout gastrointestinal tract (Monstein HJa$t.2008). V1a receptors
has been found on the neurons of myenteric plexusti stomach, where
AVP has been suggested to act as neuromodulatentefic cholinergic
neurons inducing excitatory effects on the coniigc{Junfang Qin et. al,
2009). Recently AVP was shown to inhibit the coctins through
production of nitric oxide in strips of the circulauscle of rat colon (Jing H
et. al, 2011). All together these data would sugties AVP may be one of
the brain—gut peptides influencing gastrointestiing@ctions also acting at
peripheral level and that the effects of vasopresan be different in the

various parts of the Gl tract and among species.
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Capitolo 2

M aterials and methods

Animal tissue

All animal procedures were in conformity with thalian D.L. no. 116 of 27
January 1992 and associated guidelines in the EarppgCommunities
Council Directive of 24 November 1986 (86/609/ECEXperiments were
performed on adult male mice (C57BL/10SnJ; weighiig5+ 0.5 g;
Charles River Laboratories, Calco-Lecco, Italy)de@ncontrolled conditions
(12/12 light/dark cycle; ambient temperature 22 %C1 humidity 55 + 5%)
and they had free access to tap water and stapédetl food. Experimental
procedures were approved by Ministero della SafiR@ame, Italy). Mice
were euthanized using isoflurane anesthesia folidwyecervical dislocation
, and after a midline laparotomy, the entire cod@s removed (about 15 cm
length) and placed in pre-oxygenated Krebs solutemwbtain circular or
longitudinal muscle strips (20 mm in length) of meyroximal (just after
the caecum) or distal (about 5 mm proximal to tieisy colon. Some
specimen were frozen and stored at -80°C for sules#gbiomolecular

analysis.

Human tissue

Specimens of human sigma colon were obtained fr8matients (aged 60-
85, 14 females and 14 males) with no symptoms gbmdainical motility

disorders, and who underwent surgery for neoplastinditions at the
Mediterranean Institute for Transplantation and &uwbed Specialized
Therapies (ISMETT), in Palermo, Italy. The expenmma protocol was
approved by the institutional ethics committee, amitten informed consent
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was obtained from all individuals prior to surge§amples consisted of
whole wall sections of the colon from a macroscalbycnormal region
taken at a distance of at least 5 cm from any Mslbsion. For the
mechanical experiments, the colonic specimens (nwe&se immediately
placed in pre-oxygenated Krebs solution in a dissecdish in order to
remove the mucosal layer and stored overnight atC4 Strips of
longitudinal muscle (1 cm in length, 2-3 mm thickgre obtained. Other
samples (n =3) were frozen and stored at -80°Gudbsequent biomolecular

analysis.

Recording of mechanical activity

The following experimental approach was chosen ttalys the muscle
function under conditions where the influence ofteexal factors is
removed, but the muscle itself performs in a mammatogous to its in vivo
capacity. Either longitudinal or circular muscleigt of mouse or human

colon were suspended in a four-channel organ Ibaghl().

Fig. 1: Organ bath system
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The distal end of each strip was tied to an orgdddr and the proximal end
was secured with a silk thread to an isometricddransducer (FORT 25,
Ugo Basile, Biological Research Apparatus, Comer\4, Italy).
Mechanical activity was digitized on an A/D conegytvisualized, recorded
and analyzed on a personal computer using the Raw&00 system (Ugo
Basile, Italy). Mouse preparations were subjectedrt initial tension of 200
mg and were allowed to equilibrate for at least 8, whilst human
preparations were subjected to an initial tensiéril @ and allowed to
equilibrate for 2h, to develop stable spontaneonse.t Rhythmic
spontaneous contractions of varying amplitude dped in all

preparations.

Solution and drugs

Krebs solution consisted of (mM): NaCl=119; KCI=4M8IgSQ, = 2.5;
NaHCGQG; = 25; KHPO, = 1.2; CaC) = 2.5; and glucose = 11.1. Drugs used
were atropine sulphate, carbamylcholine chloridearl{achol, CCh),
hexamethonium bromide, isoproterenol, ondansetropdrdchloride
dehydrate and TTX from Sigma-Aldrich Inc. (St LquiMO, USA);
angiotensin I, 1-[[4-(Dimethylamino)-3-methylphdmethyl]-5-
(diphenylacetyl)-4,5,6,7-tetrahydro-1H-imidazo[4b- pyridine-6-
carboxylic acid ditrifluoroacetate (PD123319) an@yl-4-chloro-1-[[2-
(1Htetrazol-5-yl)-[1,%:biphenyl]-4-ylmethyl]-1H-imidazole-5-methanol
potassium salt (losartan) from Tocris BioscienceisiBl, UK); (S)-N-
methyl-N[4-(4-acetylamino-4-phenylpiperi-dino)-242dichloro-phenyl)
butyl] benzamide (SR48968) and (S)-1-[2-[3-(3,4hthcphenyl)-1 (3-
iIsopropoxy-phenylacetyl)piperidin-3yl]ethyl]-4-phdrl
azaniabicyclo[2.2.2] octane chloride (SR140333) ewgifts from Sanofi
Recherche (Montpellier Cedex, Francd);Ala8]-NKA(4-10) and [Sar9,
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Met (0O2)11]-substance P was from Calbiochem-NowaiBm
(Laufelfingen,  Switzerland);  cyclopiazonic acid @®P 2,3-
dideoxyadenosine (DDA), ethylene glycol-iigminoethyl ether)-
N,N,N’,N'’-tetraacetic acid tetrasodium salt (EGTA), indoraeth,
nifedipine, [deamino-Penl, O-Me- Tyr2, Arg8]-vasegsin (V-1880) (all
purchased from Sigma-Aldrich, Inc., St. Louis, USA)ginine vasopressin
(AVP) and oxytocin (Tocris Bioscience, Bristol, UKX1-[6((17p-3-
methoxyestra-1,3,5(10)-trien-17-yl)amino)hexyl]- pyrrole-2,5-dione} (U-
73122) (Calbiochem, Darmstadt, Germany). Indomathaolution was
prepared fresh on the day of experiment in 2% sodiarbonate solution
and the pH was adjusted to 7.4. U-73122 and DDAewdissolved in
dimethyl sulfoxide and nifedipine was dissolved athanol and further
diluted in Krebs. SR48968 and SR140333 were dissblin dimethyl
sulphoxide (0.1% final concentration), [Sar9, M@2J11]-substance P was
dissolved in diluted acetic acid whil@-Ala8]-NKA(4-10), dissolved in
diluted ammonia. All the other drugs were dissolveddistilled water.

Working solutions were then dissolved in Krebs sofu

Statistical analysis

All data are presented as means + SEM: ‘n’ inde#e number of animal
preparations. Contractile responses induced by Wrand by AVP were
reported as a percentage of the effect inducedOgyM. CCh. Ang Il and
AVP responses were fitted to sigmoid curves (PiésGraph-PAD, San
Diego, CA, USA), and EC50 values with 95% confidehmits (CLs) were
determined. Antagonist potency was expressed asegative logarithm of
the concentration of the antagonist required toseaa twofold rightward
shift of the agonist dose -response curve (pA2 ejalealculated by

nonlinear regression analysis of the individual ed@ssponse curves.
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Statistically significant differences were calcelatby Student’s t-test or by
analysis of variance followed by Bonferroni’'s te3t< 0.05 was considered

statistically significant.

RNA preparation and RT-PCR analysis

In preparation of mouse colon

Total RNA was extracted from whole thickness praadirand distal colon
and in a preparation devoid of mucosa layer, uslageLink™ RNA Mini
Kit (Invitrogen, Paisley, UK) according to the mdacturer’s instructions.
After quantification by spectrophotometry, 1 mgtofal RNA was reverse-
transcribed in a final volume of 50 mL using theghliCapacity c-DNA
Reverse Transcription Kit (Applied Biosystems, EosEity, CA, USA) and
the following thermal cycle profile: 10 min at 25°€ h at 37°C and 5 min
at 85°C as described by the kit. The oligonucleotigrimers for
amplification of cDNA (30 ng per reaction) encodifog angiotensin 1l type
1 subtype A and B receptors (AJ,1AT1g), angiotensin |l type 2 receptor
(AT2), angiotensinogen (AGT), angiotensin-convetienzyme (ACE),
renin and b-actin were designed from published matBNA sequences
and are summarized in Table 1. PCR analysis wdsrped in triplicate.
Each PCR cycle consisted of denaturing at 94 °Cl%os, annealing at 56
°C (AT;a receptor, AGT and b-actin) for 60 s or at 48 °T {g\receptor and
ACE) for 45 s or 58 °C (renin) for 45 s or 40 °Cleceptor) for 60 s and
extension at 72 °C for 1 min. This was repeated3tocycles, followed by
extension at 72 °C for 15 min. The amplimers wezpasated on a 1.8%
agarose gel containing 0409 ml-1 of GelStar Nucleic Acid Gel Stain

(Lonza Rockland, ME USA) for visualization.
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RAS Fragment size

component Primer sequences
Angiotensinogen FORWARD:5-TATCCACTGACCCAGTTCTTT-3 133b
(AGT) REVERSES5-AGTGAACGTAGGTGTTGAAA-3 P

FORWARD:5'-ATGAAGGGGGTGTCTGTGGGGTC-3'
RENIN 194bp

REVERSES5'-ATGTCGGGGAGGGTGGGCACCTG-3'

FORWARD:5'-CTGCGTAGAGGTGCCAACC-3'
ACE 357bp
REVERSES5'-ACGGTGTCACGTTTGGGATG-3'

FORWARD:5-TCACCTGCATCATCATCTGG-3
AT 204bp
REVERSES5-AGCTGGTAAGAATGATTAGG-3
ATis FORWARD:5-TGGCTTGGCTAGTTTGCCG-3 121bp
REVERSES5-ACCCAGTCCAATGGGGAGT-3
AT FORWARD:5-TCCTTTTGATAATCTCAAC-3’ 310b
2 REVERSES5'-CAAACACTTTGCACATCACA-3' P
FORWARD:5-CCGCCCTAGGCACCAGGGT-3'
B-ACTIN 300 bp

REVERSES5'-GGCTGGGGTGTTGAAGGTCTCAAA-3'

Table 1-Primer sequences for reverse transcription—polyseechain reaction (RT-PCR)

RNA preparation and RT-PCR analysis

in preparation of human colon

Total RNA was extracted from whole thickness SIGM®&lon of human
using PureLink™ RNA Mini Kit (Invitrogen, PaisleyK) according to the
manufacturer’s instructions. The method has besortted previously with
some modification. After quantification by spectnopometry, 1ug of total

RNA was reverse-transcribed in a final volume of BQusing the High
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Capacity c-DNA Reverse Transcription Kit (AppliedoBystems, Foster
City, CA, USA) and the following thermal cycle pilef 10 min at 25°C, 2 h
at 37°C and 5 min at 85°C (as described by the kEDNA (30 ng per
reaction) was denatured and subjected to PCR aoapidn. The
oligonucleotide primers were based on available AD$d&quences for
human angiotensin Il type subtype A (AT1), angistenl type 2 receptor
(AT2), angiotensinogen(AGT), angiotensin-convertimmzyme (ACE),
renin andp-actin. These primers are reported in the studKaki et al,
2002. PCR analysis was performed in duplicate. BYCR cycle consisted
of denaturing at 94°C for 1min , annealing 55°C Tomin (AT1 receptor
and rennin); or at 53°C (AT2 receptor, ACE dhdctin ) and 57°C ( Agt),
and extension at 72°C for 1 min. This was repe&de®5 cycles, followed
by extension at 72°C for 15 min. The amplimers wsparated on a 1.8 %
agarose gel containing 0409 ml-1 of GelStar Nucleic Acid Gel Stain
(Lonza Rockland, ME USA) for visualization, and tgel was scanned
under under UV light.
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Capitolo 3

Angiotensin || contractile effectsin mouse and human colon:

rolefor AT, receptors

Rationale and aims

The control of fluid and electrolyte balance is sdly connected with
gastrointestinal function which acts in concert hwithe kidneys in

enterorenal axis. In particular the colon plays ecisive role in the
reabsorption of water and other electrolytes, amthlones involved in these
Important processes of absorption, seem to be ef'lthain-gut peptides”
can also affect gastrointestinal motility and iatgrwith the enteric nervous
system (ENS). Ang Il has been demonstrated to e tabmodulate the
processes of absorption/secretion of ions and waterphysiological

concentration (Fandriks 2010, 2011). However, warcend conflicting are
the studies about possible effects of Ang Il in ¢batrol of gastrointestinal
motility (see introduction). Therefore, in consiagon that the role of this
hormone in the regulation of the motor activitytbé gastrointestinal tract
(GI) is far from being clear, the aim of this stuad§s to analysen vitro, the

possible effects of Ang Il on the contractility onic motor activity in

mouse and human and to identify the receptor selstygnd the related
action mechanisms underlying the observed effddlisteover, through
molecular biology techniques, the expression ohdcapts of the main
components of the RAS system will be evaluatethénimtestinal specimen.
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Results:

Ang Il in mouse colon

Effects of Ang Il on motor activity

Isolated segments of mouse colon displayed spoot@ngctivity consisting
of phasic contractions with an amplitude of 460.1430 mg and a
frequency of 5.30 + 0.38 c.p.m. in the proximalioag(n=25), and with an
amplitude of 244.2 £ 0.8 mg and a frequency ofi5125 c.p.m. in the distal
region (n=28). Ang Il (0.001-100 nM) caused a caortiion-dependent
contractile effect on the longitudinal muscle inttbgroximal and distal
colon, which persisted throughout the applicatibthe drug (Fig. 1-3). The
maximal response in both regions was observedeaidse 10 nM (absolute
increase in muscular tone was 958.5 + 15.0 mg (h#iZroximal and
765.5 £ 18.2 mg (n=12) in distal colon).

"

1 min

PROXIMAL COLON

CCh 10 pM IS0 0.1 pM ANG 10 nM
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DISTAL COLON

1 min

CCh 10 pM 1SO 0.1 pM ANG 10 nM

Fig. 1- Original recordings showing the mechanical respses®ked by CCh,
isoproterenol (ISO) or Ang Il in mouse proximal atidtal colon

Analysis of the dose-response curves for the iseraa the basal tone
pointed out that Ang Il shows a similar potency the two different
preparations (proximal colon: &£ 0.08 nM, 95% ClIs 0.03- 0.23 nM, n=
12; distal colon: E€ = 0.05 nM, 95% Cls 0.02- 0.09 nM, n= 12) (Fig. 2).
We never observedn inhibitory/relaxant effect induced by Ang &it any
concentration testeth both proximal and distal colon, the responseartg

Il were antagonized by losartan, Afleceptor antagonist, in a concentration-
dependent fashion (pA 9.8 £ 0.05 and 10.1+0.02) (Fig. 2).
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PROXIMAL COLON DISTAL COLON

O LOSARTAN 0.1 nM
= O LOSARTAN 1 nM =
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Fig. 2 Concentration—response curves to Ang Il beforeadtet different concentrations
of losartan, AT1 receptor antagonist (n = 4 eash)nouse proximal and distal colon.
Data are means £ SEM and are expressed as pereafitdge maximal effect induced by
10 uM CCh. The values for the control curves are thamseof the control data obtained
before each treatment (n = 12 for both proximal distial colon). * P < 0.05 when the
concentration—-response curves were compared te timained in the respective control

condition.

Losartanper se had no effects on the spontaneous activity. Orctimrary,
PD123319 (up to 0.uM), AT2 receptor antagonist, was without any effect
(Fig. 3). The combination of losartan (10 nM) ple®123319 (0.1uM)
caused no change of the Ang llI-induced contractifect than losartan
alone (Fig. 3).
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PROXIMAL COLON DISTAL COLON
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Fig. 3 - Concentration-response curves to Ang |l before aftek PD123319 (0.4uM,
n=3), AT2 receptor antagonist, losartan (10 nM, n=8T1 receptor antagonist, or
PD123319 plus losartan (n=3) in mouse proximal distal colon. Data are means *
s.e.m and are expressed as percentage of the nhafiew induced by 1gM CCh. The
values for the control curves are the means ofcth@rol data obtained before each
treatment (n=9 for both proximal and distal colbrff<0.05 when the concentration-

response curves were compared to those obtairtee nespective control condition.

TTX (1 uM), Na voltage-gated neural channel blocker, partiallguced
the contractile response to a submaximal dose @ An(1 nM) in the
proximal colon, whilst the response was abolishethe distal colon (Fig.
4). To characterize the neural pathway(s) mediathmgy indirect (TTX-
sensitive) contractile effect induced by activat@nAT1 receptors, Ang Il
was tested in the presence of antagonists for regjic, serotoninergic or
tachykininergic receptors, the main excitatory sgsinvolved in the control

gut motility.

Pag. 45



In proximal and distal colon, atropine (1 pM), masgic receptor
antagonist, or SR140333 (0.1 uM), NK1 receptor gonigst, reduced the
excitatory effects induced by Ang Il (1 nM) (Fig).40n the contrary,
ondansetron (0.M), 5-HT; receptor antagonist, SR48968 (0.1 uM), NK2
receptor antagonist, or hexamethonium (BM), nicotinic receptor
antagonist, were ineffective (Fig. 4). Multiple coanisons showed that
there was no difference in the antagonism of Angohtractile effect by
TTX, atropine and SR140333. Moreover, the jointligagion of atropine (1
uM) and SR 140333 (0.1 puM) did not produce any addieffect (Fig. 4).
None of the antagonists used had any significdhtance on the amplitude

and frequency of the spontaneous contractile &gtivi

PROXIMAL COLON

75 100

Contraction (% CCh)
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DISTAL COLON

75 100

Contraction (% CCh)

Fig. 4 - Histogram showing the effects of Ang Il (1 nM) mouse proximal and distal
colon in the absence or in the presence of thevdliage-gated neural channel blocker
,TTX (1 uM, n=5), the muscarinic receptor antagonist, atredil uM, n=4), the 5-HT
receptor antagonist, ondansetron (@M, n=3), the NK1 receptor antagonist, SR140333
(0.1 uM, n=4), the NK2eceptor antagonist, SR48968 (0.1 uM, n=3) or ticetimic
receptor antagonist, hexamethonium {8d, n=3). Data are means + s.e.m and are
expressed as percentage of the maximal effect etlby 10uM CCh. The graphed
value for the control bar is the mean of the cdndieda obtained before each treatment.

*P<0.05 when compared to the respective own cortodition.

Lastly, as shown in Fig. 5, atropine (M) significantly reduced the
contraction to a specific NKreceptor agonist, [SarMet(O,)*"]-substance
P(1 uM), whilst SR140333 (0.1 puM) failed to affect thentraction evoked
by CCh (10uM) in distal colon. Same results were obtainechi groximal

colon.
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Fig. 5- Histogram showing the effects of the NK1 recemgonist [Sar9, Met(02)11]-
substance P (1u1M) in the absence or in the presence of the muscareceptor
antagonist, atropine (@M, n = 3), and of CCh (1QM) in the absence or in the presence
of the NK1 receptor antagonist, SR140333 (@4, n = 3) in mouse distal colon. Data
are means +SEM and are expressed as percentalge wfaiximal effect induced by 10

uM CCh. *P < 0.05 when compared to the respective cantrol condition.

Transcripts encoding RAS components in proximal and distal

colon

RT-PCR was used to investigate the expression oNARncoding for
renin, angiotensinogen (AGT), angiotensin-convegrtianzyme (ACE),
angiotensin receptors (AT1A, AT1B, AT2) in proximahd distal colon
preparation. Transcripts encoding renin, AGT, AGBd AT1A receptors
were found in the whole thickness preparations. (6)g

AT1B mRNA was not expressed in both preparationsenAT2 mMRNA

was expressed just in the distal colon (Fig. 6).
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Proximal colon

ATiA ATi8  AT2 ACE  AGT RENIN f-Act

Distal colon

AT1A AT1B AT2 ACE AGT RENIN  B-Act

Fig. 6 - Expression of transcripts encoding the companeaf RAS, renin,
angiotensinogen (AGT), angiotensin-converting ergyfACE), angiotensin receptors
(AT1A, AT1B, AT?2) in proximal and distal colon pramtion.-Actin (B-Act) primer
was used as a control for cDNA integrity. A 100RA ladder was used as marker.
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Ang Il in human colon

Transcripts encoding RAS components in proximal and distal

colon

RT-PCR was used to investigate the expression di@ncoding for RAS
component renin, angiotensinogen (AGT), and reesep(dT1l, AT2) in
human SIGMA colon preparation. Transcripts encodorgAT1 and AT2
angiotensin receptor subtypes and for angiotermmvarting enzyme (ACE)
were expressed in the whole thickness preparatwiniée we did not found

expression of mMRNA for angiotensinogen (AGT) andrémin.

AT1.  AT2 ACE RENIN AGT b-Act

Fig.l - Expression of transcripts encoding the companent RAS, renin,
angiotensinogen (AGT), angiotensin-converting ergyfACE), angiotensin receptors
(AT1, AT2) in human colon preparatiofi-Actin (B-Act) primer was used as a control

for cDNA integrity. A 100 bp DNA ladder was usedraarker.
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Effects of Ang Il on motor activity

Isolated circular muscular strips of human sigmaloro displayed
spontaneous activity consisting of phasic contoastiwith an amplitude of
2.0 £ 0.27 g and a frequency of 3.20 + 0.28 c.gfms.5). Ang 1l (0.1-100
nM) caused a concentration-dependent contractigetedn circular muscle
in distal colon (EC50 = 0.2 nM, 95% Cls 0.09-0.3,n# 5) (Fig. 2-3).

100-
n = Angli

~
(3, ]
[

Contraction (% CCh)
g e

0- [ ]

1 10 9 8 7 6
- Log [Ang 1] (M)

Fig.2- Concentration-response curves to Ang Il (0.1-100Q mivcircular muscular strips
of human sigma colon. Data are means + SEM andbgreessed as percentage of the
maximal effect induced by 10M CCh. The values for the control curves are thamse
of the control data obtained before each treatn{ant5). * P < 0.05 when the

concentration—response curves were compared te thimiained in the respective control
condition.
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The effect persisted throughout the applicationtloé drug and was
reversible after washout. The maximal responsertg A was observed at

the dose of 100 nM (absolute increase in muscals tvas 3.36 = 0.50 g ;
n=5) (Fig.3).

ANG I w

W ‘

]
1 min

Fig.3- Original recordings showing the mechanical respsrevoked Ang Il

in human colon.

The responses to Ang Il was antagonized by losgd@mnM, n=5), AT1
receptor antagonist, which per se did not modifgns@neous activity. On
the contrary, PD123319 (10 nM, n=5), AT2 receptotagonist, did not
affect the response to Ang Il. The joint applicataf losartan (10 nM) and
PD123319 (10 nM) did not produce any additive &f(éq. 4).
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Fig.4- Histogram showing the effects of Ang Il (10 nM)human colon before and after
of losartan (10 nM, n=5), AT1 receptor antagonBD123319 (10 nM, n=5), AT2
receptor antagonist or PD123319 plus losartan (nBaja are means + s.e.m and are
expressed as percentage of the maximal effect ey 10uM CCh. The graphed
value for the control bar is the mean of the cdrdeda obtained before each treatment.

*P<0.05 when compared to the respective own coxtyotition.

TTX (1 uM), Na voltage-gated neural channel blocker, partialiguced
the contractile response to a submaximal dose gfiIA(LO nM) (Fig. 5). To
characterize the neural pathway(s) mediating tlorent (TTX-sensitive)
contractile effect induced by activation of AT1 eptors, Ang Il was tested
in the presence of atropine, cholinergic muscamageptors antagonist, or
SR48968, tachykininergic NK2 receptor antagonigteciing the main
excitatory systems involved in the control gut rinyti
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Atropine per se decreased the amplitude and freyuehthe spontaneous
contractile activity, whilst SR48968 only for antpble. Indeed only
SR48968 (0.1 uM) was able to reduce significaritly e&xcitatory effects
induced by Ang Il (10 nM), being atropine (1 pM)effective (Fig.5).
Lastly, the contraction to the specific NK2 recepagonist,f-Ala (1 uM),
was not affected by TTX (1 uM) or atropine (1 uM)g.6).

100-
= 754
o
o
2
S 50-
B * T
o
5
O 254
0-
A & &
v,éo &’\+OQ~§ 5396
N

v.

Fig. 4 - Histogram showing the effects of Ang Il (10 nM)human colon in the absence
or in the presence of the Neoltage-gated neural channel blocker, TTXud, n=5), the
muscarinic receptor antagonist, atropine (1 uM,)reatd the NKZeceptor antagonist,
SR48968 (0.1 uM, n=5). Data are means + s.e.m endx@pressed as percentage of the
maximal effect induced by 1AM CCh. The graphed value for the control bar is the
mean of the control data obtained before eachnreatt *P<0.05 when compared to the

respective own control condition.
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Fig. 5- Histogram showing the effects of the NK2 receggonist,-Ala (1 uM) in the

absence or in the presence of the muscarinic recaptagonist, atropine (@M, n = 5),
and of CCh (1uM) in the absence or in the presence of the NK2ptx antagonist,
SR48968 (0.1 uM, n = 5) in human colon. Data arameetSEM and are expressed as

percentage of the maximal effect induced by 10 p@hCP < 0.05 when compared to

the respective own control condition.
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Discussion

Ang I, the main effector peptide in the renin—Asyggtem (RAS), is known
to elicit a wide range of diverse cellular respansmcluding growth,
proliferation and vascular smooth muscle contractit has gradually
become evident that in addition to the ‘circulatiR@\S’, there is also a
‘local RAS’ able to generate all bioactive Ang pdps in several tissues
and organs, making RAS also a paracrine—autoclyseer®s (Paul et al.
2006, Fyhrquist & Saijonmaa 2008). Ang Il acts g&l surface receptors
subdivided into AT1 or AT2 type, characterized gsselective ligands (De
Gasparo et al. 2000). The AT1 receptor mediatesadkical actions of Ang
Il in cardiovascular, renal, neuronal, endocrinepdtic and other target
cells. These actions contribute to the maintenah@aterial blood pressure,
electrolyte and water balance, thirst, renal fuwrctiand structural
remodelling of cardiovascular tissue (De Gasparcalet2000, Jackson
2001). In rodents, two isoforms of the AT1 recepog expressed, termed
AT1A and AT1B (Johren et al. 2003). AT2 receptars, the other hand,
have been suggested to counterbalance most efieatsAng Il exerts
through the AT1 receptors (Volpe et al. 2003). Tresence of Ang Il
receptors at various levels along the GI tract basn demonstrated in
human, guinea-pig and rat (Wang et al. 2005, Eeteal. 2006, Spak et al.
2008), suggesting a potential physiological actio&studies of
immunohistochemical, in human colon, demonstrabedpresence of both
Ang Il receptor AT1Rs localized in vessel walls, ofigroblasts, and
macrophages in lamina propria, crypt bases, andiepithelium while
the AT2Rs found in mesenchymal cells and weaklypants of surface

epithelium (Hirasawa K et. al., 2002).
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Another, AT2 receptors are expressed at certaiatimes in the adult
organisms such as in the adrenal gland, brain gratandium as well as in
the vasculature (Fyhrquist & Saijonmaa 2008). Oeden our experiments
indicate that in mouse and human colon, a local RAStem exists
supporting a local action played by Ang Il (and receptors) in the
regulation of the gastrointestinal function. Thedulation of the colonic
contractility and the consequent impact on int@sdtiransit can be one of the
physiological mechanisms by which Ang Il would gohtbody fluid and
electrolyte homoeostasis. In particular, Ang Il ipesly modulates the
spontaneous contractile activity of mouse and huomdon via activation of
post-junctional and pre-junctional AT1lreceptors (ATreceptors in mice),
the latter located on the enteric nerves modulatmegrelease of excitatory

neurotransmitters.

Ang Il in mouse colon

Data from our experiments indicate that in the Irdignal muscle of mouse
colon Ang Il induced a concentration-dependent remtite effect in in both
proximal and distal segments. The concentratioperse curve was
significantly shifted to the right by the AT1 ret¢ep antagonist losartan,
indicating an AT1 receptor mediated effect. Thecalated pA2 values are
in line with other reports (Schambye et al. 1994, ®odoy & De Oliveira
2002). Moreover, Ang |l effects were unaffected thyee AT2 receptor
antagonist, PD123319. These observations are ieeagnt with the
previous studies in the human oesophageal museles@lbrant et al. 2007),
in the guinea-pig, rat and human small intestinawebck & Barnes 1993,
Ewert et al. 2006, Spak et al. 2008) and in th@emHpig stomach (Lu et al.
2011) where AT1 receptors are known to mediate im&ng Il excitatory
effects. Due to the results obtained by RT-PCRyppears that the AT1
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receptors subserving contractile effects belonght® subclass of AT1A
receptors. It has been suggested that AT2 recepotivation
counterbalances most effects that Ang Il exerteudjn the AT1 receptors
(Nouet & Nahmias 2000, De Godoy & De Oliveira 20B2attan et al. 2002,
De Godoy et al. 2003) via the release of inhibitagtacoids (Siragy &
Carey 1999, Israel et al. 2000). In our preparatiome never observed
inhibitory/ relaxant effects of Ang Il, althouglssues were able to relax in
response of isoproterenol. Because Ang Il bindistavo receptor subtypes,
ATl and AT2, with a similar affinity, the tissue sponse is highly
dependent on the relative responsiveness of batbpters (Nouet &
Nahmias 2000). Therefore, when the AT1 subtypahsbited and the AT2
receptor is free to interact with Ang Il, the ATZ2diated effect becomes
predominant (De Godoy & De Oliveira 2002, Rattamle2002, De Godoy
et al. 2003). In our preparation, the AT2 recepiaiagonist, PD123319, did
not affect Ang ll-induced contraction even when &L subtype receptors
are inhibited by losartan. Results from PCR analghiowed that in control
condition, there is not a detectable expressiomrABR2 receptors in the
proximal colon, whilst a low expression is evidentthe distal colon.
However, it should also be noted that AT2 recegixpression may vary
according to tissue conditions, such as hypoxiaftammation (Volpe et al.
2003, Smith & Missailidis 2004). Further studiesuld address whether
conditions may exist in which AT2 receptor expressi are increased in
mouse colon and whether this is associated witaltened response to Ang
[I. Tetrodotoxin partially antagonized the Ang hiduced responses in the
proximal colon response suggesting that, in thgsorg AT1A receptors are
localized both at pre-junctional level, where woulttt modulating
neurotransmitter release from the enteric nerves aa post-junctional level,

likely on the smooth muscle cells.
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Indeed, TTX abolished the effects of Ang Il intdlscolon, suggesting a
prevalent localization of AT1A receptors at pregtional level in this
region. Pre-junctional AT1 receptors, mediating Ahgffects, have been
demonstrated in the guinea pig small intestine (¢t & Barnes 1993,
Wang et al. 2005), whilst Ang Il acts primarily dlmgh AT1 receptor
located on the musculature in the isolated humah rah small intestine
(Ewert et al. 2006, Spak et al. 2008) and humapplesgus (Casselbrant et
al. 2007). In our preparations, the contractilepoese mediated by pre-
junctional AT1A receptor activation was due to thevolvement of
cholinergic and tachykinergic pathways, becauswats antagonized by
atropine and by the selective antagonist of NKEepsar, SR140333. Either
atropine or SR140333 reduces Ang Il responsesléwel not significantly
different from that measured in the presence of TToreover, the
observation that, when atropine and SR140333 warkeal in combination,
there were not any additive effects indicates thaetylcholine and
tachykinins, likely substance P, are subsequentiglved in the mediation
of the indirect responses to Ang Il in mouse colonparticular, we may
suggest that Ang Il would induce release of sulzgtd® by enteric nerves,
which acting on NK1 receptors, in turn, would inducelease of
acetylcholine, being the final contractiie mediatbecause, as already
shown (Mule’ et al. 2007, Matsumoto et al. 2008g tontraction induced
by a selective NK1 receptor agonist was reducedatygpine, whilst
SR140333 did not affect carbachol-induced muscualamtraction. This
conclusion differs from what observed in guinea-pigall intestine where
Ang Il responses are due to activation of angiotemsceptors located
neuronally on both cholinergic and tachykinergiaves (Hawcock &
Barnes 1993). Specie and tissue differences mayuatcfor this
discrepancy. Moreover, because 5-HT through %-t¢€eptor activation is

involved in the regulation of intestinal contraityil via modulation of
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neurotransmitter release either from cholinergio@ncholinergic neurones
(Tuladhar et al. 2000, Chetty et al. 2006, Deneal.e2009), we tested the
possibility 5-HT; receptor activation could be involved in Ang Il-ukd
contraction. Such a hypothesis can be discardeaulsecAng Il effects were
not modified by ondasetron, 5-KTeceptor antagonists. Indeed, in the
neural circuit activated by Ang Il, are not invaliveholinergic interneurones
as result by the lack of efficacy of hexamethoniw@atment. In conclusion,
the presence in the murine colon of the componeh2AS suggests that
Ang Il is also locally generated to control mousalon motility. In
particular, Ang Il positively modulates the sporgans contractile activity
via activation of post-junctional and pre-junctibr®l'1LA receptors, the
latter located on the enteric nerves and moduldtirgelease of tachykinins
and acetylcholine. Tachykinergic neurones and okaljic neurones are

sequentially recruited by Ang Il to induce muscuantraction.

Ang Il in human colon

Our experiments indicate that in human circular cteisf sigma colon Ang
I induced, as in mouse colon, a concentration-ddest muscle
contraction. These results are in agreement witldiess previously
performed in human different gastrointestinal (Fisk and Gunn, 1970;
Ewert et al. 2006b; Ludtke et al. 1989; Casselbeardl. 2007; Spak et al.
2008). Ang Il contractile effects were inhibited msartan, AT1 receptor
antagonist, and insensitive to the treatment wilf2 Aeceptor antagonist,
PD123319. Once more, we did not observe any efflatsto activation of
AT2 receptors even when the AT1 subtype receptoese viblocked by
losartan. Moreover, our data suggest that in tHencAT1 receptors are
localized both at post-junctional level, likely tre smooth muscle cells and

at pre-junctional level on enteric neurons, sinde Ppartially antagonized
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the Ang ll-induced responses. The observation ithaur preparations the
contractile response mediated by pre-junctional Adceptor activation was
due to the involvement of tachykinergic NK2 pathgjapecause it was
antagonized by the selective antagonist of NK2 pere SR48968, at a
level not significantly different from that measdri& the presence of TTX.
The observation that atropine was ineffective oy Arinduced contraction
ruled out an involvement of cholinergic motor paftyw in the Ang Il

contractile effects, as previously reported by sk and Gunn (1970).
Moreover the contraction induced by by a selechN&2 receptor agonist
was not affected by atropine or TTX, indicatingttN&2 receptor—-mediated
smooth muscle contraction of the human colon Bsalt of direct action on
smooth muscle. On the other hands, immunohistoadamanalysis

demonstrated NK2 receptor immunoreactivity in theosth muscle layers
of human colon (Nakamura et al., 2011). Therefoteis possible to

conclude that in human sigma colon pre-junction@ll Aeceptor activation
would induce release of tachykinins, likely NKA,0fn enteric nerves,
which acting on NK2 receptors would cause muscaotartractile effects.
Results from PCR analysis showed that transcript®ding for AT1 and
AT2 receptor subtypes and for angiotensin-convgrénzyme (ACE) were
expressed in the whole thickness colonic preparstidacking mRNA

expression for angiotensinogen (AGT) and for reActually, Hirasawa et
al. (2002) detected all the components of RAS imdw colon mucosa,
therefore the lack of mMRNA expression for AGT awetin in our whole
thickness muscular samples may be not indicativeerasn functioning local
RAS. In conclusion, in human sigmoid colon Ang dspively modulates
the spontaneous contractile activity via activanbpost-junctional and pre-
junctional AT1 receptors, the latter located on #mteric nerves and
modulating the release of tachykinins, which imturia activation of NK2

receptors, would contribute to the contractile e
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Conclusions

Overall, our experiments indicate that in mouse hAadhan colon, a local
RAS system exists supporting a local action plapgdAng Il (and its
receptors) in the regulation of the gastrointestioaction. Major species
differences between human and animal colonic musdeaevealed by our
study. In rodents, Ang Il contractile effects arenarily due to release of
substance P by enteric nerves, which acting on M¢é&ptors, in turn would
induce release of acetylcholine, being the finaltactile mediator. Indeed,
in circular muscle from human sigmoid colon, werfduhat responses to
Ang Il were insensitive to atropine, being antagedionly by NK2 receptor
antagonists. This observation strengthened, digoctnclusions suggesting
that tachykinins are the main excitatory neurotnatiers in human sigmoid
colon and that NK2 receptors are the major contoibdo tachykinin-
induced smooth muscle contraction in the humannc¢@ao et al., 2000,
2006). Moreover, Ang Il was able to affect inteatinontractility at a dose
similar to the plasma concentration (about 0.01 middected under basal
conditions (Cholewa & Mattson 2005; Jensen et28113) only in mouse
colon indicating that in this specie Ang Il recaptcan be targeted by Ang
Il formed both at distance (endocrine action) amchlly (paracrine action)
regulating colonic motility even in physiologicabrddition. In human,
higher plasma concentrations of Ang Il can be redchnder different
conditions i.e. during fluid deprivation and thus tesponsible of the thirst-
induced colonic motility changes (decreased stwetjfency and stool
weigh). Moreover, Ang Il may be locally produced bwestinal RAS
increasing its level over the circulating concetmbra and thus regulating
colonic motility. Anyway, the modulation of the owlic contractility and the
consequent impact on intestinal transit can be @inéhe physiological

mechanisms by which Ang Il would control body flugthd electrolyte
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homoeostasis. Moreover, evidence suggests that BysRunction may
potentiate immune-based diseases such as IBDngailse possibility that
local RAS system may become a potential therapdatget in various
gastrointestinal diseases (Garg et al. 2012). yasté are aware that, in
addition to the key mediator octapeptide Ang IhestAGT fragments have
been shown to be biologically active, such as d@egein 1-7 and Ang llI
and IV, and this will deserve attention. In conauas the presence in the
murine and human colon of the components of RAyessig that Ang Il
can be also locally generated to control colon Imatin particular, Ang Il
positively modulates the spontaneous contractilievigc of mouse and
human colon via activation of post-junctional ance-punctional AT1
receptors (AT1A receptors in mice), the latter tedaon the enteric nerves
modulating the release of excitatory neurotrangmstt
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Capitolo 4

Arginine vasopressin, via activation of post-juntional V1

receptors, induces contractile effects in mouse distal colon

Rationale and aims

Vasopressin (Vp), a critical regulator of water lmstasis by controlling
the insertion of aquaporin2 (AQP2) onto the aproaimbrane of the renal
collecting duct (Nielsen et al. 1993, 1995, Fushehial.1997), has been
reported to regulate electrolyte and water trartspathe colon both in vivo
and in vitro (Dennhardt R et. al, 1979; LevitantRa¢, 1968; Bridges RJ et.
al, 1983 and 1984; Knobloch SF et. al, 1989; MobasA et. al, 2005;
Vincentini-Paulino 1992). As already reported, theltiple actions of AVP
are mediated by members of G-protein—coupled recépmily divided into
three subtypes: V1 receptors (known as V1a), V2ptxs and V3 receptors
(previously known as V1b). Vla and V1b receptofeatively couple to G
and phospholipase C pathway, V2 receptors coupl&stand adenylyl
cyclase pathway (Koshimizu TA et. al, 2012). MoregW1 receptors via
phospholipase #cyclooxygenase pathway may induces prostaglandin E
production in different organs and tissues (Flaidwrkovich S, et. al,
2004; Nakatani Y, et. al, 2007). The presence ofPA¥ceptor mRNA at
various levels along the Gl tract has been dematesir in humans
(Monstein et al 2007and V1a receptors has been found on the neurons of
myenteric plexus in rat stomach, where AVP has Iseggested to act as
neuromodulator of enteric cholinergic neurons indgexcitatory effects on
the contractility (Junfang Qin et. al, 2009). Urazl@nd conflicting are the
studies about a possible effect of AVP in the aantf gastrointestinal

motility.
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Voderholzer WA et al. (1995) suggested that AVPplaysiological level
might not influence colonic motility in rats andrhans while Ward et al.
(1997) reported that AVP at low concentration iased slow wave activity
and phasic contraction in the muscle strips from dolon, whilst at higher
concentration it caused an inhibitory effect. RélgeAVP was shown to
inhibit the contractions through production of witoxide in strips of the
circular muscle of rat colon (Jing H, et. al, 2QIMNhese data would suggest
that AVP may be one of the brain—gut peptides arilting gastrointestinal
functions also acting at peripheral level. Thugetainto account that the
role of AVP in the bowel motility is far from beinglear the aim of this
study was to analyze pharmacologically the effe€t&VP on mouse distal
colon motility, to characterize the subtype(s) etaptor(s) involved and to

investigate the action mechanism.
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Results:

Circular and longitudinal muscle strips of mousstali colon displayed
spontaneous activity consisting of phasic contoasti with amplitude of
238.8 £ 0.5 mg and 244.2 £ 0.8 mg (n = 20), a feeqy of 4.2 = 1.5 c.p.m.
and 5.2 £ 1.5 c.p.m (n = 20), respectively. AVROQ. nM-100 nM) was
without any effects on the circular muscle, whitstaused concentration-
dependent contractile effects on the longitudinakate (EC50 = 0.05 nM,;
95% CL 0.03-0.1 nM, n = 10) (Figs. 1, 2).

CIRCULAR MUSCLE LONGITUDINAL MUSCLE
AVP
133?&,1 W 100 nM W
v A 4 v v

1 min

Fig. 1-AVP induced a contractile response only in the itwatinal muscle of mouse

distal colon. Original recordings showing the eféeevoked by AVP in circular and

longitudinal of mouse distal colon

These effects lasted throughout the drug applicatime. The maximal
response was observed at the dose of 100 nM coigsist an absolute
increase in muscular tone of 580 + 7.6 mg (n = Y. never observed an

inhibitory effect in response to AVP, even at higbencentrations.
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The possible involvement of V1 receptor subtypehi@ response to AVP
was tested using, a potent V1 receptor antagdhi$g80. V-1880 (30 nM),

which per se did not modify spontaneous activitige(tamplitude and
frequency of the spontaneous contraction was 2499 mg and 5.0 £ 1.2
c.p.m. in the presence of V-1880, n = 10), shiftedthe right the

concentration—response curve to AVP (EC50 = 0.9 @b4 CL 0.6—1 nM,

n = 10) (Fig. 2).

AVP AVP
0.001 nM 0.01 nM
v v

AVP AVP
0.1 nM 1nM
v v
AVP AVP
10 nM 100 nM
i v

250 myg

i

1 min
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Fig. 2- AVP induced a contractile response in the longitaldmuscle of mouse distal
colon via activation of V1 receptors. A) Originalcordings showing the dose-dependent
effects evoked by AVP in the longitudinal of moudistal colon. B) Concentration—
response curves to AVP before and after V-1880nf@}, V1 receptor antagonist, in the
longitudinal muscle of mouse distal colon. Data areans + SEM (n = 10) and are
expressed as percentage of the maximal effect @tlbg 10uM CCh. *P b 0.05 versus

control.

AVP-induced effect was not modified in the preseota N4 voltage-gated

neural channel blocker, TTX (M), or atropine (1uM), a muscarinic

receptor blocker, or indomethacin (M), a cyclooxygenase inhibitor (Fig.
3).
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Fig. 3- AVP contractile responses are independent by ienteerve activation and
prostaglandin synthesis. Histogram showing thectffef AVP (10 nM) in the absence
or in the presence of TTX (@M), Na+ voltage-gated neural channel blocker, ate§1
uM),muscarinic receptor antagonist, or indometh&tihuM), cyclooxygenase inhibitor,
in the longitudinal muscle of mouse distal colomat®are means + SEM (n = 5 each) and
are expressed as percentage of the maximal effdated by 1QuM CCh. The graphed

value for the control bar is the mean of the cdrdada obtained before each treatment.

None of these agents had any effect on the spamianmaechanical activity.
The amplitude and frequency of the spontaneousacitdn was: 209.1 *
1.2 mgand 4.8 £ 1.4 c.p.m. in the presence of TTX 5); 191.3 £2.2 mg

and 5.3 £ 0.9 c.p.m. in the presence of atropir®)nor 234.8+0.9 mg and
5.2 + 1.3 c.p.m. in the presence of indomethacin=(B). In C&'-free

solution or in the presence of an L-type calciurarctel blocker, nifedipine
(10 nM), the contractile response to the submaxuhgle of AVP (10 nM)

was reduced to about 30% of the control (Fig. 4).
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Fig. 4- AVP contractile responses require’Caflux from L-type channel. Histogram
showing the effects of AVP (10 nM) in longitudinaduscle of mouse distal colon in
control condition, in Cd-free solution or in the presence of nifedipine (1), L-type
calcium channel blocker, in the longitudinal Imesdf mouse distal colon. Data are
means £ SEM (n = 5 each) and are expressed asnfegeeof the maximal effect
induced by 1QuM CCh. The graphed value for the control bar isrttean of the control
data obtained before each treatment. *P b 0.05vdoenpared to the respective own

control condition

The amplitude and frequency of the spontaneousaxcian was 81.1 + 0.9
mg and 1.2 + 0.6 c.p.m. in Edree solution (n = 5); 83.2 + 0.7 mg and 1.6
+ 0.7 c.p.m. in the presence of nifedipine (n =Gdntractile response to
AVP was, also, tested after depletion of calciuntraicellular stores.
Depletion of calcium intracellular stores was ineldicby repetitive
challenges with carbachol (1tM), cholinergic agonist, which mobilized
calcium from intracellular stores, in calcium-freeedium and in the

presence of CPA (1@M), to block reuptake of CG& by sarcoplasmic
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reticulum-specific Ci'/ATPase. AVP was tested once CCh had no effect on
the colonic muscle. In this condition, the contitactesponse to AVP (10
nM) was abolished, indicating mobilization of calwi from intracellular

stores after activation of V1 receptors (Fig. 5).

Ca* free + CPA

v
CCH AVP GCH CCH AVP
A v v v v
' 500 mg
wm S

1 min

Fig. 5 AVP contractile responses require calcium relefism intracellular stores.
Original tracings showing the effects of AVP (10 hiMn spontaneous mechanical
activity of longitudinal muscle of mouse distal aol before and after depletion of
intracellular C4" stores achieved by repetitive addition of carba¢h®uM) in C&*-free
solution and in the presence of CPA (id). Note that in this condition, the contractile

response to AVP was abolished.

Since intracellular CA release from the sarcoplasmic reticulum is
accomplished in the gastrointestinal muscle byvation of intracellular
signaling transduction, the excitatory effect inediof submaximal dose of
AVP was tested in the presence of U-73122, an nidribf the PLC, and in
the presence of DDA, an adenylyl cyclase inhibitdr73122 (50uM)
antagonized the response by 70%, whilst, as exppeB®A (10 uM) was
without any effect (Fig. 6).
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Fig. 6- Phospholipase C is activated by V1 receptors. gista showing the effects of
AVP (10 nM), in the absence or in the presence-GB3W22 (50uM), an inhibitor of the
phospholipase C, or DDA (1M), an adenylyl cyclase inhibitor, in the longitodl
muscle of mouse distal colon. Data are means + $EMS5 each) and are expressed as
percentage of the maximal effect induced byuM CCh. The graphed value for the
control bar is the mean of the control data obthihefore each treatment. *P b 0.05

when compared to the respective own control coordliti

Lastly, we tested the effects of oxytocin, whiclffeds from AVP by only
two amino acids, since it is reported to modulatestinal motility in rats
(Qin J et. al, 2009). In our preparation, oxytocduced an excitatory effect
in the longitudinal muscle of distal colon only\ary high concentrations,
from 0.1 uM. However, this effect was antagonized by V-1880 (M),
indicating an aspecific binding of oxytocin to VMceptors (data not shown).
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Discussion

The results of this study show that AVP, via adia of V1 receptors, is
able to modulate positively the contractile acyiwf longitudinal muscle of
mouse distal colon, independently by enteric nelaivation and
prostaglandin synthesis. Contractile response Beaed by increase in
cytoplasmatic C& concentration via extracellular €anflux from L-type
Cd&" channels and via Garelease from intracellular stores through PLC
pathway. No modulation has been observed on theéramiity of the
circular muscle. The role of AVP in the regulatiasf free water
reabsorption, body fluid osmolality, blood volumgood pressure, cell
contraction, cell proliferation, and adrenocortiopin secretion, is well
know, but different experimental evidences sug@esinvolvement of this
hormone also in the control of Gl functions (Schagi et. al, 1972). In
humans, intravenous administration of AVP, usethatreatment of upper
Gl haemorrhages, causes abdominal cramps andrgsirge to defecate,
likely by stimulating colonic motility (Zhu YR etl, 1992). Either central
and peripheral site of action have been reportageB L, et al, 1992).
Indeed AVP can be produced locally in cells of homand rat
gastrointestinal system (Friedmann AS et. al, 1381) AVP receptors are
reported to be expressed throughout gastrointégtimet (Monstein HJ et.
al, 2008; Qin J et. al, 2009). However, there amradictory reports of the
effects of vasopressin being different the resppmsehe various parts of
the Gl tract and among species. In our experimeAtP induces a
concentration-dependent contractile response orotiggtudinal muscle of
mouse distal colon by activation of specific V1eptors, as shown by the

sensitivity of the response to the selective VEeptar antagonist V-1880.

Pag. 73



Actually, local V1 receptors mediating either AVRceatory or inhibitory
effects have been reported in other animal prejpasat\Ward SM et. al,
1997; Qin J et. al, 2009; Jing H et. al, 2011)oum preparations, we never
observed inhibitory effects of AVP even at the legltoncentrations,
although tissues were able to relax in respongsopirotenerol. Moreover,
AVP responses can be selectively seen only in tadgial muscle strips,
being AVP ineffective, at our concentration range the circular muscle.

It has been reported that in mouse gastrointestmascle there is a
differential control of the two muscular layersjrigethe longitudinal muscle
layer under a more prominent excitatory controintiilae circular muscle
layer (Daniel EE, et. al, 2004). Thus the effedtaroexcitatory drug only on
the longitudinal muscle cannot be considered asxaaption. Moreover, the
contractile effects induced by AVP were insensitwelrugs blocking neural
conduction and cholinergic neurotransmission, iatig a recruitment of
post-junctional V1 receptors. This conclusion isagreement to results
obtained in dogroximal colon (Ward SM et. al, 1997), kbtis in contrast
with other studies in monkey and rats (Qin J et2@09; Jing H 2011; Zhu
YR et. al, 1992), which suggestural mechanisms underlying AVP effects
strengthened species differences in the respons&Vvid. Furtherly, our
study demonstrated that contractile effects of Adfé dependent upon
increase in intracellular €& concentration due to €ainflux from
extracellular spaceia L- type C&* channels nifedipine-sensitive and*Ca
release from internal stores. Moreover, we showatidontractile responses
to AVP were reduced in the presence of the PLChbitdmn, U-73122,
indicating that, also in our preparation, V1 receptare coupled to the Gq
protein/PLG pathway leading to the increase in intracellulaicicim
concentration by release from intracellular stodesaddition, AVP,via
activation of V1 receptors/phospholipase/dclooxygenase, has been

shown to stimulate prostaglandin E2 production hunmigbroblasts
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(Nakatani Y, et. al, 2007). However, in our preparg prostaglandin
synthesis seems not to be involved in the exciagfiects to AVP due to
the insensitivity of the contractile response tdomethacin. As expected,
AVP responses were resistant to adenylyl cycladebitor and this
observation may allow us also to exclude an invoket of V2 receptors,
generally linked to adenylyyclase activation and increase of intracellular
cAMP. Physiological plasma levels of AVP in rat amd mouse were
comparable to those in human, being in the ordetOeil M (Oliverio Ml
et. al, 2000; Yang Y et. al, 2002). In our expemmbse AVP at such
concentrations marginally influences colonic mutjlias reported in rat
colon (Voderholzer WA et. al, 1995). However, high@lasma
concentrations of AVP can be reached after waterivigion at the early
stage of septic shock (Wilson MF et. al, 1981; Shar T et. al, 2003;
Jochberger St. al, 2006) in various chronic inflammatory ssa{&iron-
Gonzalez JA et. al, 2004; Han DM et. al, 2007), dadng the treatment of
critical illness (Singer M. 2008; Russell JA et, @008). In addition,
expression of AVP-like immunoreactivity was found the GI wall,
increasing in oral to aboral direction (Friedmanrt Aet. al, 1993;
Voderholzer WA et. al, 1995, Zhu YR et. al 1992;s8lo JL et. al, 1992),
suggesting a possible local source of AVP thateasing AVP level over
the circulating concentration may be one of thadiaregulating colonic
motility. Therefore, as suggested for Ang Il (Magi@olo M, et. al, 2013),
the modulation of the colonic contractility and tbensequent impact on
intestinal transit can be one of the mechanismstigh AVP would control
body fluid and electrolyte homeostasis. Lastly, Alfiifers from oxytocin
by only two amino acids. Oxytocin has been repottednduce in rats
excitatory effects on the gastric motiligQin J et. al, 2009 but not on the
colonic motility (Ataka K et. al, 2012).
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In our experiments, we could see an excitatoryceffe oxytocin only at
very high concentration (over 0[M). This effect was antagonized in
presence of the V1 receptors antagonist, V-188Qgesting that, at such
high concentrations, oxytocin interacts aspecifycalith V1 receptors.
Thus, similarly from what has been reported inaaibn (Ataka K et. al,
2012), in mouse colon oxytocin seems not to plagla in the modulation

of contractility.

Conclusions

In conclusion, in this study we reported that AV&nhdnduce muscular
contraction in longitudinal distal mouse by activat of V1 excitatory
receptors located at the post-junctional level. Mceptors determine
increase in cytoplasmatic €aconcentration via extracellular €ainflux
from L-type C&" channels and via Garelease from intracellular stores
through PLC pathway. Overall our results undehie possibility that AVP
Is able to modulate intestinal motility also actiag peripheral level,

although its physiological significance remain®&oelucidated.
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Capitolo 5

General Discussion

The small and large intestine play a key role inmemance of body fluid
homeostasis by regulating the transport of ionshieyintestinal epithelium.
A large volume of fluid enters the small intestihaly from ingestion and
from secretions of the gastrointestinal tract, by about 0.1-0.5 liter is
eliminated in the feces. It is known that absomptad nutrients, water and
electrolytes in the intestine can be affected lgration of motility. The
precise coordination of epithelial function and stmo muscle activity
necessary to maintain normal gut function or topoesl to injurious
challenges is a prime function of the enteric nasveystem. It is unique in
its ability to function independently of the cemtreervous system in the
control of the functions of the digestive tract.r Fois reason, the ENS is
considered to be a “second brain in the gut” (GardiiD, 1999). However,
the central nervous system is able to modulateGh&inction by sending
Instructions via the two components of the extanautonomic nervous
system. Hormones and paracrine mediators releasdifférent source cells
may directly influences central neuronal functiord ahereby gut motility.
However for many of them the presence of specdeptors at different
levels in the ENS, smooth muscle cells or othezatfirs (i.e. ICC) has been
demonstrated, indicating a peripheral site of acfldansen MB, 2003). Ang
I and AVP have been demonstrated to be able touratelthe processes of
absorption/secretion of ions and water in the ties thus, it has been
suggested their involvement in the modulation @f ititestinal contractility
as part of the physiological mechanisms controllibgdy fluid and

electrolyte homoeostasis.
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Moreover, restriction of water intake has been reggbto decrease stool
frequency and stool weight in volunteers (Klauserak, 1990). These
effects of thirst could be mediated by an actiorsydtematically released
hormones on colonic smooth muscle. Moreover, eddeauggests that RAS
dysfunction may potentiate immune-based diseasels as inflammatory
bowel disease (Garg et al., 2012) and vasopressix1l receptors seem to
have proinflammatory properties in experimentaliced colitis (Ferrier et
al., 2010), raising the possibility that these homad systems may become a
potential therapeutic target in a various gastesitimal diseases. However,
despite these encouraging observations, severacigspertaining to the
regulation of digestive functions by Ang Il and AW¥Pmain unclear and
deserve extensive investigation. Considering thatgresence of receptors
for Ang Il and AVP at various levels along the @&dt in human, guinea
pig, and rat (Wang et al. 2005, Ewert et al. 208pak et al. 2008), we
addressed the possibility that Ang Il and AVP midlet involved in the
regulation of intestinal (colon) motility acting peripheral level, using an
approachn vitro in which the influence of external factors is remd, but
the intestinal muscle itself performs in a mannealagous to it3n vivo
capacity. Both mouse and human colonic muscle setgfsérips have been
used since results obtained in experimental anicetgiot be immediately
translated to the humans, due to species diffeseridereover, molecular
analysis allowed us to verify expression of recemiobtypes and of the
other components of the hormonal systems considéretlresults presented
in this thesis show that two hormones, Ang Il amgopressin, involved in
the control of body fluid and electrolyte homeostaare able to influence
intestinal motility activating specific receptoxecated both in the intestinal
smooth muscle effectors and in the enteric nervetrestingly, both

hormones induce similar effects both in mice anlumans. In fact, as we
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showed Ang Il via activation of AT1 positively mddtes spontaneous
activity in both preparations.

However, in circular muscle from human sigmoid ogleve found that

responses to Ang Il were insensitive to atropirendp affects only by NK2

receptor antagonists. Therefore, our studies naygthen the conclusions
suggesting that tachykinins are the main excitatogyrotransmitters in
human sigmoid colon (Cao et al., 2000, 2006), singsthe existence of
specie differences and indicating caution in tratesdata from animals to
humans. It as to be underlined the presence imtitene and human colon
of components of RAS, which suggests that angiotereceptors can be
targeted by Ang Il formed both at distance (endwrction) and locally
(paracrine action) to control colonic motility.

AVP induce muscular contraction in longitudinaltdlsmouse, not in the
circular one, by activation of V1 excitatory reamst located at the post-
junctional level. the excitatory effects induced the longitudinal muscle
may contribute to determine the overall musculaetmstead of propulsive
motor activity. Tonic activity would allow homogamg of the luminal

contents and increasing both the pressure andré@ecd their contact with
the mucosal surface, facilitating water and sasoaftion.

Preliminary experiments seem to indicate that A&tPhigh concentrations,

is able to contract as well the human colon (Fig.1)
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AVP w
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]
1 min

Fig.1- Original recordings showing the mechanical respsrevoked AVP

in human colon.

These concentrations are far from systemic AVP eptrations, although
remains the possibility of local source of AVP thatreasing AVP level
over the circulating concentration may contributettie regulation of the
colonic motility. Thus, further experiments are ae@ to fully elucidate the
role played by AVP on colonic motility in human ard
physiological/pathological conditions. In conclusioesults present in this
thesis indicate that the modulation of the colonantractility and the
consequent impact on intestinal transit can be @ihé¢he physiological
mechanisms by which Ang Il and AVP would controldigofluid and

electrolyte homoeostasis.
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