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FROMTHE PERIPHER TO THE CENTRAL NERVOUS SYSTEM
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Gastric mucosal integrity can be influenced both by peripheral and central mechanisms. In the periphery several protective
factors play a role in gastric mucosal defense. Moreogeeptors located in the gastric mucosa (e.g. toll-like receptors,
proteinase-activated receptans;adrenoceptors, opioid receptonsdy also be involved in the regulation of gastric mucosal
integrity. Activation of peripherad-opioid receptors by opioid peptides was shown to induce gastric mucosal defense. In
contrast, the gastroprotective action mediated kgdrenoceptorsigg,c-subtypes) is likely to be initiated centralNamely

central nervous system (CNS) is also involved in the regulation of gastrointestinal functions; hypothalamus and dorsal vagal
complex (DVC) have prominent role in this process. In DVC several receptors have been identified, among otl@rs, p and
opioid-, a,-adrenegic-, cannabinoid CB and CB-, angiotensin IIAT -, nociceptin NOP-, neurokinin NK1- aridRH-
receptorsActivation of these receptors results in gastric mucosal protection, mainly in a vagal dependentmeaiditon,

glutamate (together with GABAnd norepinephrine) is involved in synaptic connections between nucleus tractus solitarius
(NTS) and dorsal motor nucleus of the vagus (DMNV) neurdRs?, a selective NMD#Aeceptor antagonist blocked the
gastroprotective &ct of opioidpeptides, indicating that N-Methyl-D-aspartic acid (NMDA) might play a role in centrally
induced gastroprotective fe€t. Moreover interactions between neuropeptides may have also importance in centrally
initiated gastric mucosal protection. Clarification of the role of neuropeptides in gastric mucosal defense may serve as a basis
for the development of new strategies to enhance gastric mucosal resistance against injury

Key words:gastric mucosal mtection, central nefous system, mediatorsioid receptorsa,-adrenoceptorscentrally-induced
gastioprotection, peripherally-induced gasprotection, newpeptides

INTRODUCTION post-epithelial layer which involves blood vessels, non-epithelial
cells and enteric nerve3he latter two have basic role in
Gastric mucosal integrity can be influenced both by peripherafjeneration of several substances which play a role in gastric
and central mechanisms. In the last decades the periphenalucosal integrity and gastric mucosal defense, e.g. bicarbonate,
mechanisms of gastric mucosal defense have been intensivatyucus, phospholipids, trefoil peptides and prostaglandins (PGs)
studied, and many details have been clarified. Some of these resulis5). Prostaglandins of the E and | series are potent
have served as a basis for the development of new strategiegsodilators, producing this fe€t in the stomach through
therapeutic tayets in the treatment of gastric mucosal lesions.  ER/EP, and IPreceptors (6, 7). Moreovethey reduce the
On the other hand, in the last 20 years, central regulation giermeability of the gastric epithelium (directhor via
gastric mucosal protection has been intensively studied as weknhancement of the fettiveness of surface-active
and convincing evidence was obtained on the role of centrgbhospholipids) (1, 6), thereby reducing acid backsdibn. In
nervous system (CNS) in the regulation of gastric mucosahddition, primary d€rent sensory neurons innervate gastric
integrity. However several mechanisms of the centrally inducedmucosal and submucosal vessels, form a dense plexus at the
gastric mucosal protection have not been clarified yet, ananucosal base and regulate mucosal blood .flGweir
further studies are needed to determine the role of CNS undstimulation results in the release of calcitonin gene-related
physiological and pathophysiological conditions in gastricpeptide (CGRP) and substance (SP) C@RMy directly partly
mucosal homeostasis as well as to reveal how the centratdirectly through the release of nitric oxide (NO) induces

regulatory mechanisms can be utilized in human therapy submucosal vasodilation (8-10). NameWO has a basic role in
gastric mucosal defense by increasing gastric mucosal blood
GASTRIC MUCOSALPROTECTION flow and microcirculation (8-10).
Peripheral mechanisms of gastric mucosaitpction: Somatostatin is also likely to be involved in gastric mucosal
mediators, eceptors defense (1), it reduces the elevated level of, SRsoactive

intestinal polypeptide (VIP) and leukotriens in ethanol-induced
Gastric mucosal barrier to acid consists of several layers: thgastric lesions (12), and also reduces stress-induced mucosal
pre-epithelial mucus bicarbonate layan epithelial layerand a  injury by inducing antioxidant, anti-inflammatory and anti-
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apoptotic actions (13). Our recent finding showed that itsprotective role of these small protease-resistant proteins has been
mucosal level dramatically decreased following intragastricdemonstrated in various ulcer models (36, 37), the exact
administration of absolute ethanol parallel with the developmenmolecular mechanism is still not cle&ecent reports indicate

of the gastric mucosal lesions in the rat, while gastroprotectivéhat activation of theC-X-C chemokine receptor type 4
agents, such as endomorphin reversed the reduced level (8XCR4) and the apical Nédi* exchange®2 (NHE2) is required
somatostatin (3). for TFF-induced mucosal repair (38, 39).

Furthermore, protein- and non-protein sulfhydryls (such as  Activation of immune cells can alsofeft gastric mucosal
reduced glutathione, GSH) were also shown as endogenouistegrity. Mast cells and macrophages resident within the
protective compounds (14), and it was suggested that thkEamina propria act as “alarm cells.” Sensing the presence of
maintenance of a critical level of non-protein sulfhydryls in theforeign substances, these cells are capable of liberating an array
gastric mucosa besides nitric oxide is necessary for thefinflammatory mediators and cytokines that can alter mucosal
gastroprotective action (14, 15). blood flow and enhance the recruitment of granulocytes into the

Recently the potential role of hydrogen sulfide in gastricaffected region. For example mast cells can be activated by
mucosal defense was raised;SH similarly to NO, is an several factors (ischemia, bacteria, antigens, bile agid},As
important mediator of gastric mucosal protection (16) anda result, they release histamine and platelet-activating factor
inhibition of endogenous {3 synthesis increases the which can increase the epithelial and vascular endothelial
susceptibility of the mucosa to damage induced by non-steroidadermeability In addition, stimulation of the expression of
anti-inflammatory drugs (17). On the other hand, exogeng8s H adhesion molecules and release of tumor necrosis factor
donors can increase the resistance of the mucosa to injury (1&§INF-a) from mast cells can also be observENF-a further
Several mechanisms are involved in the gastroprotectigetef stimulates leukocyte-endothelial adhesive interactions. In the
of H,S, such as maintenance and/or elevation of gastric mucosabntrary prostaglandins and nitric oxide can suppress the
blood flow, stimulation of bicarbonate secretion, reducedreactivity of mast cells, consequentban counteract many of
proinflammatory cytokine expression/release, increasedhese dects (40 - 42).
prostaglandin  synthesis, reduced leukocyte-endothelial Under chronic inflammatory conditions (eldelicobacter
adherence, decreased reactive oxygen metabolite production apdlori infection) inflammatory cells in lamina propria do not
enhanced tissue repair (18, 19). produce only proinflammatory cytokines, but also anti-

In addition, several other factors, e.g. antioxidant enzymesinflammatory cytokines, such as interleukin 10 (IL-10), which
heme oxygenase-iatrix metalloproteinases and trefoil factor thereafter suppresses the production of various proinflammatory
family (TFF) proteinstake part in the complex mucosal molecules, e.g. IL-1, IL-2, IL-8 TNF-a and IFNy (43).
protective system (20). ConsequentlylL-10 has a counteegulatory efect in mucosal

Antioxidant enzymes, such as the above mentioned GSH, anflammatory processes, which may reduce tissue damage
superoxide dismutase (SOD) and catalase are able to counteraetused by inflammation, but may also hamper the elimination of
oxidative stress caused by excessive production and/dmarmful stimulus by suppression of the immune response (43).
decreased elimination of reactive oxygen species (RAS). Several peripheral receptors have been described to be
decrease of SOD activity and GSH concentration significantlyinvolved in gastric mucosal defense/injury
contributes to cell damage (21). ROS can induce tissue damage A specific ionotropic receptor is the transient receptor
by promoting lipid peroxidation and increasing the production ofpotential vanilloid-1 (TRPV1) (44). In the gastrointestinal tract,
inflammatory mediators and proinflammatory cytokines (22-TRPV1 can be identified in intrinsic enteric neurons, extrinsic
24). Antioxidant enzymes are able to neutralize ROS, forsensory neurons, epithelial and endocrine cells (45T&RV1
instance SOD converts superoxide radical aniog-)(@nto receptor is activated by capsaicin (47-49). Capsaicin given orally
hydrogen peroxide (}#0,), which is thereafter converted to was found to inhibit gastric mucosal lesions infatiént
water and oxygen by catalase. experimental ulcer models (50, 51) and in humans (52) by

Heme oxygenase-1 (HO-1 or Hsp32), the inducible form ofstimulating the nerve endings andeeént function of primary
heme oxygenase, also exerts cytoprotectivéecef The afferents, resulting in the release of CGRP
expression of this enzyme may be induced by oxidative stress, Toll-like receptors (TLRs) play an essential role in the host
inflammatory cytokines or heavy metals (24). HO-1 catalyzesmicrobial interaction by sensing conserved microbial
the oxidative degradation of the pro-oxidant heme to antioxidanstructures (pathogen-associated molecular patte/islPB).
and cytoprotective carbon monoxide and biliverdin (which isln humans 10 family members (TLR1-10) have been identified
then converted to bilirubin by biliverdin reductase) (22, Z&g thus far which recognize diérent bacterial or viral
activity of HO-1 is also increased during the healing of gastriccomponents, like peptidoglycan (TLR2), lipopolysaccharide
ulcers, which indicates its involvement in the mucosal repai(TLR4) or flagellin (TLR5),but some of them (e.g.LR2 and
processes (26). TLR4) are also capable of responding tdetént endogenous

Matrix metalloproteinases (MMPs) play a role both in the molecules, released during inflammation or tissue damages
pathogenesis and in healing of peptic ulcers. MMPs are zino53, 54). Gastric epithelial cells express varidufs (TLR2,
dependent endopeptidases that degrade extracellular matrdx 5 andTLR9), whose activation (e.g. k. pylori) induces
proteins and are essential for extracellular matrix remodelingnflammatory responses and may delay ulcer healing (55-57).
and wound healing (27Yhey are synthesized and secreted byTherefore, antagonists ®L.Rs may serve as novel therapeutic
various gastric cells (fibroblasts, epithelial and inflammatoryapproaches for gastrointestinal ulcers.
cells) (28, 29), and several animal studies have demonstrated Proteinase-activated receptorsAf#), particularly RR1
that NSAIDs or ethanol increased the activity of MMP-1, MMP- and RAR2, are also important regulators of Gl functiohkese
3, MMP-9 and MMP-13, while decreased the expression ofunique G-protein-coupled receptors are distributed throughout
MMP-2 (30-32).Also a recent human study showed that thethe GI tract, and their activation has been reported to increase
expression of MMP-9 correlates with the severity and recurrencgastric mucus secretion and mucosal blood ,fltov reduce
of gastric ulcers (33). gastric acid secretion and to induce cytoprotection (58-60).

Trefoil factor family (TFF) proteins (TFF1-3) are also able Interestingly capsaicin-sensitive sensory neurons are involved
to enhance mucosal barrier functions by stabilizing the mucus1 PAR2-, but not in RR1-induced gastroprotection - the latter
gel and promoting epithelial restitution (34, 3B)though the  one seems to be mainly mediated by PGs (59, 60).
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Adenosine has a basic role in signaling processes and-opioid receptors may mediate gastric mucosal protection (66).
induces numerous physiological responses in all mammaliaiihe mechanism of gastroprotectivéeef may be at least partly
tissues. Four adenosine receptors have been identified, nametyediated by endogenous nitric oxide, as it was suggested also by
Ay, Asa, Agg andAs. Activation of A,, receptors elicits anti-  previous findings (67).
inflammatory efects (61) and the selective, receptor agonist Moreover based on the well-known interaction between
ATL-146e has been shown to reduce gastric mucosal lesiormpioid receptors and-adrenoceptors, the question was raised
induced by wateimmersion stress, aspirin- and indomethacin whether activation ofi,-adrenegic receptors can elicit gastric
(62-64). mucosal protection as wellWe found thata,-adrenoceptor

stimulants, clonidine and rilmenidine injected either orally or
Are peripheral opioid @ceptors andr,-adrenoceptors involved — subcutaneously (s.c.) exerted gastroprotectiiecefagainst
in gastric mucosal mtection? ethanol-induced gastric lesions in a dose dependent mémeier
EDs, values were 32 (12 — 84) and 25 (10 — 62.5) nmol/kg for

The presence of p- and-opioid receptors were clonidine; 25 (10 — 62.5) and 3.1 (0.5 — 20) nmol/kg for
demonstrated in gastric fundus, antrum and corpus, primarilyilmenidine, following oral or s.c. administration, respectively (68).
located in the submucosal plexus, deep muscular plexus, amharmacological analysis with selective antagonists ofithg
mucosa (65)We wondered if activation of these receptors canand a,gc-adrenoceptor subtypes suggested that dhg,
affect gastric mucosal defense. It was found thaipioid adrenoceptor subtypes are likely to mediate this mucosal protective
receptor selective peptides such as [D2Ald_ewf]-enkephalin  effect, while thea,,-one has no important role inWe wondered
(DADLE), [D-Pert,D-Peri]-enkephalin (DPDPE) and if the distribution ofa,-adrenoceptor subtypes in gastric mucosa
deltorphin Il injected subcutaneously exerted a dose-dependenbnfirms the concept on the peculiar roleogf,,-adrenoceptor
inhibition on the development of mucosal lesions induced bysubtypes in gastric mucosal protection. Howeviirough
acidified ethanol, their IR values were 0.037 (0.02 — 0.057), 1.8 expression of all the three subtypes could be detected in gastric
(1.3 — 2.52) and 3.5 (2.12 — 5.7) umol/kg, respectivdigce  mucosa of the rat, the dominant subtype wascotheone (68).
opioid peptides cannot (or poorly) pass the blood-brain barrielConsequentlythe findings on distribution of the adrenoceptor
their mucosal protectivefetct is likely to be due to activation of subtypes in gastric mucosa does not support the conclusion of
peripheral opioid receptors. Because naltrindole, the seléetive pharmacological analysis, that tlgg,c-adrenoceptor subtypes
opioid receptor antagonist inhibited the gastroprotectiexedf have a prominent role in mucosal defense (68). More®7#91
all above mentioned peptides, it was concluded that activation dR-[2,6-diethylphenylamino]-2-imidazoline), an Ouppc
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Fig. 1. The efect of AP-7 (DL-2-Amino-7-phosphonoheptanoic acid, 31 nmol/rat.).@r the gastroprotectivefeét of deltorphin Il
(Delt, 0.56 nmol/rat i.c.y andB-endorphin -end, 0.01 nmol/rat i.c.x Gastric mucosal injury was induced by acidified ethanol (2

ml concentrated HCI + 98 ml absolute ethanol), which was injected orally after 24 hours food deprivation in a volume of 0.5 ml/animal.
The ulcer index was determined by evaluating the mucosal lesions macroscopically one hour after the ethanol challenge. Opioids were

given intracerebroventricularly (i.c)VLO minutes before ethanol in a volume of 10 pl in consciousARatg.was injected 10 minutes
before the opioids. Opioids were dissolved in physiologic saliRel was dissolved in 1 molar equivalent of NaOH, and then diluted
with saline. Control animals received the drug solvents.

Each column represents mean + S.E.M., n = 5; #*@.001 compared with vehicle-treated group (columri*®)x 0.01 compared
with deltorphin ll-treated group (column 2j:P < 0.001 compared witR-endorphin-treated group (column 3p,< 0.05,"P< 0.01
compared wittAP-7 + vehicle-treated group (column 4) (AN®Wewman-Keuls post hoc test).
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Fig. 2. The efect of AP-7 (31 nmol/rat i.c.) on the gastroprotectivieef of deltorphin Il (Delt, 0.56 nmol/rat i.c)yandB-endorphin
(B-end, 0.01 nmol/rat i.c.¢ Gastric mucosal injury was induced by acidified ethanol. Opioids were given intracerebroventricularly
(i.c.v.) 10 minutes before ethanol in a volume of 10 ul in consciousARatg.was injected intracisternally (i.c.) 10 minutes before the
opioids in a volume of 5 pl. Opioids were dissolved in physiologic sa&liReZ was dissolved in 1 molar equivalent of NaOH, and
then diluted with saline. Control animals received the drug solvents.

Each column represents mean = S.E.M., n = 5; ®*.001 compared with vehicle-treated group (columrf¥% 0.05 compared

with deltorphin IlI-treated group (column 2P < 0.05 compared witR-endorphin-treated group (column 3) (AN@Wewman-Keuls

post hoc test).

adrenoceptor subtype preferring, peripherally acting adrenoceptatffect of clonidine, rilmenidine and I suggesting an opioid
stimulant exerted only a slight, non-significant inhibition of gastriccomponent in their action (68, 70)herefore, we examined the
mucosal lesions in the rat (68). In addition, the gastroprotectiveffect of opioid peptides injected i.cand intracisternally (i.c.) on
effect of rilmenidine given s.c. was antagonised by theethanol-induced experimental ulcer formatithe results showed
intracerebroventricularly (i.c)y injected aj,adrenoceptor that DADLE, DPDPE and deltorphin Il (selectiv®opioid
antagonist yohimbine (68Jhese findings suggest that the site of receptor agonists), DAGO ([D-A#&@hé,Glys-ol]-enkephalin, a
gastroprotective action of,-adrenoceptor stimulants is not likely selective p-opioid receptor agonist) géndorphin (ligand of

to be in the peripherput rather in the CNS. both receptor types) produced a dose-dependent inhibition of
acidified ethanol-induced gastric mucosal damaffee ED,
Centrally induced gastprotection values for B-endorphin, DAGO, DADLE, deltorphin II, and

- . . DPDPE were 3.5 (1.6 — 7.35), 6.8 (2.26 — 20.4), 75 (36 — 144), 120
1. Central op|0|_d eceptors and a2-adnoceptors in gastric (40 — 360), and 100 (458 — 26409) pmolirat, respectively
mucosal potection following i.c.v. administration, and 0.8 (0.62 — 1.024), 9.0 (2.4 —

33), 45 (16 — 126), 0.25 (0.08 — 0.775) and 7 (1.66 — 29.4) pmol/rat
The above results prompted us to analyze the role of ceptral following i.c. injection (71).

adrenoceptors in gastroprotection. It was found that both clonidine The above results confirmed the pivotal role of CNS in
and rilmenidine exerted gastroprotectivéeef following i.c.v regulation of gastric mucosal integrity the last two decades
administration, their ERQvalues are 200 (90 —400) and 10 (1 — 10)increasing number of evidence suggest that central
pmol, respectivelyin addition, S1, the above mentionedg, administration of dierent neuropeptides, neurotransmitters and
adrenoceptor subtype preferring agonist, which passes poorly threeuromodulators (either i.g.iic., or directly into specific brain
blood-brain barrier and failed to significantlyfeadt the gastric  nuclei, e.g. the dorsal motor nucleus of vagus /DMNV) results in
mucosal lesions following peripheral administration, proved to begastric mucosal protection (3, 10, 72, 73).
effective following i.c.v administration.The centrally initiated Different brain areas have been suggested to be involved in
gastroprotective &ct of clonidine (470 pmol), riimenidine (45 the centrally induced gastroprotectioAmong them, the
pmol) and SP1 (33 nmol) was antagonized by the non-selectivehypothalamus and particularly the dorsal vagal complex (DVC)
a,-adrenoceptor antagonist yohimbine, as well as byothg: (including DMNV, nucleus of the solitary tract /NTS/ and area
adrenoceptor preferring antagonists prazosin ARLC 239, postrema) seem to have a prominent rdagal dependent
indicating thato,g,-like adrenoceptor subtypes may mediate themechanism of gastroprotection was demonstrated e.g. for
action (68).The same conclusion could be drawn from the resultghyreotropine-releasing hormone (TRH), adrenomedullin,
of our subsequent study carried out in genetically engineered miqeeptide YY (74-77), clonidine (78), opioid peptides (71),
(69). In addition, naloxone also reversed the mucosal protectiveociceptin, nocistatin (79), and angiotensin Il (Ang II) (80).
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Fig. 3. The inhibitory efect of N*-nitro-L-arginine (LNNA, 670 nmol i.c.y on the gastroprotectivefe€t of NMDA. Gastric mucosal
injury was induced by acidified ethanol. NMD@.005 and 0.01 nmol/rat) was given intracerebroventricularly .Ji.t0s minutes
before ethanol in a volume of 10 pl in conscious rats. LN& injected 10 minutes before NMDA. Both NM@Ad LNNAwere
dissolved in saline.

Each column represents mean + S.E.M., n = 5 €R05, **P < 0.001 compared with vehicle-treated group (columr*B:< 0.001
compared with NMDA(0.01 nmol)-treated group (column 3P, < 0.05 compared with LNNA vehicle-treated group (column 4)
(ANOVA, Newman-Keuls post hoc test).
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2. Potential ole of excitatoy amino acids and nitric oxide in action is most probable in the brainstem, sixagioid receptor
centrally-induced gastiprotection agonists proved to be morefegftive and potent given i.c. than
i.c.v. injection. Sinced-opioid receptors were identified in the
Signals from sensory receptors in the gastrointestinal tradiTS, but not in the DMNMJ92), (while p-opioid receptor was
via primary aferents terminate in the NTS where they are shown in both DMNVand NTS (93)), NTS was supposed to be
integrated and transmitted to parasympathetic preganglionithe site of action od-opioid receptor stimulantsVe wondered if
neurons of the DMNV Principally glutamate, GABAand glutamategic pathway would play a role in conveying the opioid-
norepinephrine are involved in synaptic connections betweeneceptor induced action to the DMNA5 Figs. 1and2 show AP-
NTS and DMNVneurons and convey sensory signals to vagal7 (DL-2-amino-7-phosphonoheptanoic acid), a competitive
efferent impulses (81).While less is known about antagonist of the NMDAeceptors blocked the gastroprotective
catecholamingyic transmission between the NTS and DMNV effect of thed-opioid receptor selective ligand deltorphin Il and
many studies have demonstrated that electrical stimulation dahat of B-endorphin given both i.c.vand i.c. These findings
various NTS subnuclei elicits glutamagier excitatory and  suggest that glutamate through NMBeeptors might play a role
GABAergic inhibitory currents in DMN\Vheurons (82-85). in the d-opioid receptoinduced gastroprotective action. If
The vagal derent-vagal derent reflex (vagovagal reflex) NMDA receptors are involved indeed in mediation of tifiecebf
plays a crucial role in upper gastrointestinal reflexes, and iropioid peptides, NMDAtself should induce mucosal protective
regulation of gastric motor activity (8 4ctivation of both non-  effect as wellAccordingly asFig. 3shows, NMDAinjected i.c.v
NMDA (kainate) and NMDAreceptors in the DMNVMn vivo exerted mucosal protective action in the doses of 5 and 10 pmol.
increases gastric contractilignd this gfct was blocked by the In accordance with this finding, L-glutamate injected into
appropriate antagonists (86). the lateral hypothalamus was shown to increase defensive
Activation of vagal derent cholinegic nerves may &ct mechanisms (e.g. mucosal blood flow) (94). Morep\be
gastric mucosal integrity e.g. through stimulation of gastricinjection of kainate (a specific agonist for the kainate receptor
motor activity (87, 88). On the other hand, cholgieactivation  that mimics the dééct of glutamate) into the raphe pallidus
was shown to stimulate the release of gastric mucosal PGs amcterted gastroprotective action as well (95).
NO, as well as the fefctor function of capsaicin-sensitive Furthermore, co-localization of neuronal nitric oxide
afferent fibers containing CGRfsulting in enhanced mucosal synthase and NMDAeceptorsubunit 1 in NTS was described,
microcirculation, and consequently gastric mucosal protectiowhich provides anatomical support for the hypothesis that
(51, 89-91). NMDA receptoractivation can déct NTS-controlled functions
Based on these data the question was raised W¥ia actions on neurons that synthesize nitric oxide (NO) (96).
glutamategic/GABAemic system may be involved in centrally The NO production after NMDAeceptor activation in the NTS
initiated gastroprotectiorAs described above, centréopioid was markedly reduced by prior i.c. injection of L-NAMESN
receptors may mediate gastric mucosal protection Thg)site of ~ nitro-L-arginine methyl ester), an NO synthase inhihitor
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Fig. 4. The inhibitory efect of Ne-nitro-L-arginine (LNNA, 670 nmol i.c.y on the gastroprotectivefett of deltorphin Il (Delt, 0.56
nmol/rat i.c.v) andp-endorphin -end, 0.01 nmol/rat i.c.v Gastric mucosal injury was induced by acidified ethanol. Opioids were
given intracerebroventricularly (i.c)v10 minutes before ethanol in a volume of 10 pl in conscious rats. LM&$AInjected 10
minutes before the opioids. Opioids and LNWAre dissolved in physiologic saline.

Each column represents mean + S.E.M., n = 5; ®®.001 compared with vehicle-treated group (columri#B:< 0.001 compared
with deltorphin lI-treated group (column 2j;P < 0.001 compared witB-endorphin-treated group (column 3P < 0.01 compared
with LNNA + vehicle-treated group (column 4) (AN@VNewman-Keuls post hoc test).

suggesting that the increase in NO level after NMieéeptor ~ cannabinoidCB,- and CB, receptors (101-104), angiotensin I
activation is caused by activation of NO synthase in the NTSAT, receptor (105, 106), nociceptiNOP receptor (107) and
(97). Further studies confirmed that NO has prominent role irtachykininNK1, NK2andNK3-+eceptors (10841) (Table 2.
NMDA-mediated actions (97, 98). Our research in the last decade focused on the mechanism of

Based on these data we wondered if NO may also beentrally initiated gastric mucosal protectids a first step we
involved in the centrally-inducedfett of opioid peptidesAs examined which of the receptors localized in the DVC may have
Figs. 3and4 demonstrate, the NO synthase inhibit¢mtro- a role in gastric mucosal defense/injudur results showed that
L-arginine (LNNA, 670 nmol i.c.y blocked the gastroprotective activation of opioid-, (10, 71%,-, (68-70, 78) nociceptin- (79)
effect of NMDA, as well as that of deltorphin 1l ang cannabinoid CB(111), neurokinin NK1-, NK2-, NK3-receptors
endorphin, and the fefct was reversed by Lginine, but not by  (112) and angiotensin AT ;-receptorg80) initiated a chain of
D-amginine (not shown) indicating that NO is likely to mediate events resulting in stimulation of mucosal protective processes.
the gastroprotective fefct of both NMDAand opioid peptides.  Further studies are needed to clarify whether gastroprotection

On the basis of these findings it might be speculated thatan be induced also by elevation of the endogenous level of
opioid peptide-induced gastroprotecivdeef is mediated, at neuropeptides, e.gia increase of the endogenous opioid levels
least partly by an NMDA-NO pathwayo answer the question, by opiorphin or its synthetic analogue, inhibitors of enkephalin-
whether this chain of events - according to our originalinactivating peptidases 13).

hypothesis - occurs within the DVC, and activationdof(u)- The mechanism of centrally initiated mucosal protection is
opioid receptor results in activation of DMNkrough NMDA- under an intensive analysis. Our results suggest a vagal
NO pathway further studies are needed. dependent mechanism of centrally induced gastroprotective

action fora, stimulants (78), opioid peptides (71), angiotensin Il
3. Gastoprotective effect of endogenous substances: (80) as well as nociceptin and nocistatin (79), in accordance with
neuopeptides and non-neapeptides the results of Polido®t al. (114).

However sympathetic nervous system may also be involved in

The role of CNS in mucosal injury/protection has beenthe gastroprotective fetct of opioid peptides anuh-adrenoceptor
raised already in the T®entury However systematic analysis agonists, since their fett markedly decreased following i.c.v
of the mechanism of centrally initiated gastric mucosaladministration of the catecholamiger neurotoxine, 6-
protection started only about 20 years ago. hydroxydopamine, that reduced the noradrenaline concentration in

As depicted above, DVC has a prominent role in thea significant manner in the NTS (73). In the periphehe
regulation of gastrointestinal functions. feifent receptor decreased gastric mucosal level of CGRE partly somatostatin
populations have been identified in the DVC, such-aand & due to ethanol administration was restored by. iadministration
opioid receptors (92, 93)a,-adrenoceptors(99, 100), of endomorphins (3), substancélP2)and cannabinoids (80).



Table 1 Some local mechanisms involved in mucosal defense or.injury

Compound / Receptor

Mechanism

References

Bicarbonate, mucus,
phospholipids

- form an unstirred layer on the mucosal surface, which
acts as a physical barrier against luminal pepsin

- this layer retains secreted bicarbonate to maintain a
neutral pH at the epithelial cells

1,2,3,4,5

Prostaglandins

- increase bicarbonate and mucus secretion

- reduce the permeability of the gastric epithelium and
the back-diffusion of acid

- enhance mucosal blood flow

- inhibit acid secretion and motility

- inhibit inflammatory mediator release from mast cells

4,5,6,7

Calcitonin gene-related
peptide (CGRP) and nitric
oxide (NO)

- increase mucin synthesis

- induce submucosal vasodilation and enhance mucosal
blood flow

- inhibit acid secretion

- induce anti-inflammatory effect

8,9, 10, 11

Somatostatin

- reduces the elevated level of substance P, VIP and
leukotriens

- has antioxidant, anti-inflammatory and
anti-apoptotic actions

12,13

Protein- and non-protein
sulthydryls

- antioxidant or reactive metabolite-eliminating effects,
counteract oxidative stress

14,15

Hydrogen sulfide (H,S)

- increases mucosal blood flow

- stimulates bicarbonate secretion

- reduces proinflammatory cytokine production and
leukocyte-endothelial adherence

- increases prostaglandin synthesis

- decreases reactive oxygen metabolite production
- enhances tissue repair

18,19

Heme oxygenase-1
(HO-1)

- counteract oxidative stress, catalyzes the oxidative
degradation of the pro-oxidant heme to antioxidant and
cytoprotective CO and biliverdin

- promotes tissue repair

22,25,26

Matrix metalloproteinases
(MMPs)

- involved both in the pathogenesis and healing of
peptic ulcers

30,31, 32,33

Trefoil factor family
(TFF) proteins (TFF1-3)

- enhance mucosal barrier functions by stabilizing the
mucus gel and promoting epithelial restitution

34,35

TRPV1 receptors

- their activation on sensory neurons and epithelial cells
stimulates the efferent function of afferent nerve
endings and releases CGRP / NO, which is manifested
in gastric mucosal protection

50,51, 52

Toll-like receptors (TLRs)

- play an essential role in the host microbial interaction
by sensing conserved microbial structures

- induce inflammatory responses and may delay ulcer
healing

53,54, 55, 56,
57

Proteinase-activated
receptors (PARs)

- increase mucus secretion
- enhance mucosal blood flow
- inhibit gastric acid secretion

58, 59, 60

Adenosine A4 receptors

- their activation reduces the elevated proinflammatory
cytokine level in gastric mucosa following NSAID-
induced lesions

62,63, 64
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In our further experiments we aim to analyse theand somatostatin, and reduced thafT&H (116, 117). Our
interactions between dédrent neuropeptides and other results suggest that endogenous opioids seem to be involved in
neurotransmitters/neuromodulators in gastroprotection. Somthe gastroprotective process mfadrenoceptor agonists (68,
data of the literature suggest interaction of neuropeptides i8), nociceptin, nocistatin (79) and cannabinoidkl)1The
gastric mucosal defense. For exampl®&H-enkephalin  production of the endocannabinoid 2-arachydonoylglycerol
interaction was observed in the amygdaloid complex during2-AG) and transactivation of the @Beceptors may also
gastric stress ulcer formation in ratsl%), or stress induced contribute to the gastric mucosal protective mechanistmgf
the release of CRFRhat stimulated the release ®&ndorphin 11 (80).
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Table 2.Examples for the involvement of central receptors in gastroprotection

Factors involved in the
gastroprotective effect
(reference)

Localization in the
DVC (reference)

Receptor

p- and d-opioid receptors | area postrema, NTS

and DMNV (92, 93)

vagal nerve, nitric oxide,
prostaglandins, CGRP,
somatostatin (3, 71)

NTS and DMNV
(99, 100)

app- and opc-adrenoceptors the endogenous opioid system
(activation of opioid receptors and
release of B-endorphin), vagal
nerve, nitric oxide, prostaglandins
(68, 69, 70, 78)

the endogenous opioid system
(activation of opioid receptors and
release of endomorphin-2), CGRP,
vagal nerve, muscarinic receptors
(80, 111)

the endogenous cannabinoid
system (transactivation of CB,
receptors), CGRP, vagal nerve,
muscarinic receptors (80)

NTS and DMNV
(101, 102, 103)

CB, cannabinoid receptor

AT, angiotensin receptor  |area postrema, NTS
and DMNYV (105,

106)

NOP receptor area postrema, NTS

and DMNV (107)

the endogenous opioid system
(activation of opioid receptors),
vagal nerve, CGRP, nitric oxide,
sympathetic nerves (79, 114)

NK 1-, NK2- and NK3
receptors

area postrema, NTS
and DMNV (108,
109, 110)

the endogenous opioid system
(activation of p-opioid receptors
and release of endomorphin-2),
muscarinic receptors,
prostaglandins, nitric oxide, CGRP
(112)

Abbreviations: NTS: nucleus of solitary tract, DMNdbrsal motor nucleus of vagus, DVC: dorsal vagal complex

The role of CNS in gastric mucosal homeostasis has bee®. Takeuchi K. Gastric cytoprotection by prostaglandiraid
well documented in the last 15 — 20 yearsalysis of the central prostacyclin: relationship to EP1 andréeptorsJ Physiol
regulation of gastric functions, identification of endogenous Pharmacol2014; 65: 3-14.
substances and their receptors that may influence the central aiid Kotani T, KobataA, Nakamura EAmagase K,Takeuchi
peripheral mechanisms of gastric mucosal defense, clarification K. Roles of cyclooxygenase-2 and prostacyclin/IP
of the interaction of neuropeptides (brain-gut peptides) with each receptors in mucosal defense against ischemia/reperfusion
other and with other endogenous substances, all may serve as a injury in mouse stomachl Pharmacol Exp TheR006;
basis for better understanding of the complex mechanism of the 316: 547-555.
maintenance of gastric mucosal integrity as well for the8. LiDS, Raybould HE, Quintero E, Guth PH. Calcitonin gene-
development of new strategies to enhance gastric mucosal related peptide mediates the gastric hyperemic response to
resistance against injury acid back-difusion.Gastioentenlogy1992; 102: 124-1128.
Holzer P Neural emeency system in the stomach.
Gastioentenlogy 1998; 114: 823-839.
10. Gyires K. Neuropeptides and gastric mucosal homeostasis.

9.
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