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Abstract

Peptide YY (PYY) released postprandially from the ileum and colon displays a potent inhibition of cephalic and gastric phases of gastric
acid secretion through both central and peripheral mechanisms. To modulate vagal regulation of gastric functions, circulating PYY enters
the brain through the area postrema and the nucleus of the solitary tract, where it exerts a stimulatory action through PY'Y -preferring Y 1-like
receptors, and an inhibitory action through Y 2 receptors. In the gastric mucosa, PY'Y bindsto Y 1 receptorsin the enterochromaffin-like cells
to inhibit gastrin-stimulated histamine release and calcium signaling via a pertussis toxin-sensitive pathway. © 2002 Elsevier Science Inc.

All rights reserved.

1. Introduction

Peptide YY (PYY) is a 36-amino acid hormone that is
structurally and functionally related to neuropeptide Y
(NPY) and pancreeatic polypeptide (PP) [84]. PYY was
originally isolated from the pig intestine [82] and its immu-
noreactivity has been localized in the open-ended L-type
endocrine cells of the terminal ileum and colon in the rat,
dog and human [3,20,47]. PYY is released postprandialy
viaextramural neural or endocrine mechanisms which orig-
inate in the foregut [28] and by intraluminal nutrients [1,4,
27,83,106], while the basal release of PYY seems to be
partly regulated by tonic vaga activity [74,77]. PYY g6
and PY'Y 5 54 are the two molecular forms of PY'Y abundant
in the blood [25]. The PY'Y derivatives [Leu®?, Pro®] PYY
(or Pro**PYY) and PYY ;55 (or PYY 5 5) show selective
affinity to Y1 and Y 2 receptors respectively [6]. Circulating
PYY displays a profound inhibitory action on gut motility,
gastric emptying and acid secretion as well as pancreatic
exocrine secretion [32,62,64,65]. Thisreview focuses on the
PYY regulation of gastric acid secretion, especialy recent
findings that reveal PYY actions in the medullary vagal
regulatory nuclei and in gastric mucosal enterochromaffin-
like (ECL) célls.
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E-mail address: hoyang@ucla.edu (H. Y ang).

2. PYY isa potent inhibitor of gastric acid secretion

Intravenous (iv) infusion of PYY in healthy human vol-
unteers at doses of 0.59 and 0.20 pmol/kg/min significantly
suppressed gastric acid and pepsin output during back-
ground stimulation with pentagastrin [2]. PYY iv infusion at
0.20 pmol/kg/min increased plasma PYY levels by 27 = 2
fmol/ml and reduced the incremental gastric volume, acid
and pepsin responses to pentagastrin by 90%, 77% and 96%
respectively [2]. This study indicates that PYY concentra-
tions in the circulation similar to those seen after food
ingestion caused a marked reduction in gastric secretion.
Likewise, PYY iv infusion at 400 pmol/kg/h significantly
inhibited liver extract (15%) meal-induced gastric acid se-
cretion by 35% in dogs [63]. The inhibitory action of iv
infused PYY on gastric acid secretion has also been ob-
served in cats [5], rabbits [51] and rats [36,91] in various
acid-stimulatory models. These include acid secretion stim-
ulated by pentagastrin [5], or those stimulated via the me-
diation of central-vagal activation, such as acid secretion
induced by iv insulin [51], subcutaneous (sc) baclofen [36]
or intracisterna (ic) injection of thyrotropin-releasing hor-
mone (TRH) analog [91].

The inhibitory action of PY'Y on gastric acid secretion is
interactive with other postprandially released gastrointesti-
nal hormones. Glucagon-like peptide-1 (GLP-1)- (7-36)
amide is colocalized with PYY in the L-cell of the ilea
mucosa. In dogs, intraduodenal administration of a 10% fat
emulsion increased plasma levels of GLP-1 and PYY by
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44 + 5 and 46 = 4 fmol/ml respectively and suppressed
gastric acid secretion-induced by duodenal perfusion of
peptone by 72 + 4% [22]. Intravenous infusion of GLP-1 or
PYY at the dose of 50 pmol/kg/h, which reproduced plasma
elevations of these peptides equivalent to that induced by
intraduodenal fat, inhibited gastric acid secretion by 66 +
5% and 51 + 6% respectively. When GLP-1 and PYY were
co-infused the gastric acid secretion was abolished [22]. In
human, GLP-1 and PYY are potent inhibitors on sham
feeding-induced gastric acid secretion [88]. The additive
type of inhibition by postprandia levels of GLP-1 and PYY
was a so observed with pentagastrin-stimulated gastric acid
secretion in human volunteers [87].

Secretin is another inhibitory hormone regulating gastric
acid secretion [50,101]. In conscious dogs, pentagastrin-
stimulated gastric acid output was inhibited either by iv
infusion of secretin or by intraduodenal administration of
hydrochloric acid. These inhibitions were further aug-
mented by iv PYY infusion by 32% and 40% respectively,
while the mean integrated release of secretin response to
duodena acidification was not affected by PYY [52]. In
healthy human volunteers, secretin (0.05 CU/kg/h) and
PYY (10 pmol/kg/h) inhibited gastric acid output-stimu-
lated by pentagastrin by 25 and 21% respectively when
given aone, and by 38% when combined [61]. These stud-
ies demonstrate that PY'Y interacts with exogenous secretin
as well as endogenous secretin released by duodenal acid-
ification in an additive fashion to inhibit pentagastrin-stim-
ulated gastric acid secretion.

The additive interplay of PYY with GLP-1 and secretion
indicates that PY'Y inhibits gastric acid secretion through
separate mechanisms from those of GLP-1 and secretion.

3. PYY is more potent to inhibit gastric acid secretion
induced by central-vagal stimulation than that induced
by peripherally acting secretogogues

In their pioneer studies, Pappas et al. [65] observed in
dogs that iv infusion of PYY at 400 pmol/kg/h, a dose that
increased blood PY'Y to levels similar to that observed after
intestinal perfusion with oleic acid and significantly inhib-
ited meal-stimulated acid secretion [64], markedly inhibited
by 90% the gastric acid secretory response to sham feeding.
In contrast, the same dose of PY'Y only maximally inhibited
histamine- and pentagastrin-stimulated acid secretion by
28% and 17% respectively, while had no effect on bethane-
chol-stimulated acid secretion [65]. These studies demon-
strate that PY'Y virtually abolishes cephalic phase acid se-
cretion while having little, if any, effect on the acid
secretory response to exogenous secretogogues. It was spec-
ulated that PYY acts by inhibiting acetylcholine release
from vagal nerve fibers rather than by inhibiting acetylcho-
ling's action on the parietal cell [65]. Experiments using
2-deoxyglucose (2-DG)-induced acid secretion model

showed similar results supporting the inhibitory action of iv
PYY on cephalic phase acid secretion [17,32].

The viewpoint of Pappas et a. [65] was further con-
firmed by later studies in dogs [30] and rats [35]. In fasted
rats, administration of PYY (3.2 nmol/kg/h, iv) had no
effect on bethanechol-induced acid output, however, it in-
hibited baclofen-induced acid output by 61.8%, which was
more potent compared with the inhibition on pentagastrin-
and histamine-induced acid output [35,36]. Baclofen is a
y-aminobutyric acid (B) receptor agonist, which stimulates
gastric acid output that could be completely abolished by
atropine sulfate or truncal vagotomy [35]. Hashimoto et al.
[36] provided more direct evidence showing that PYY in-
hibited acetylcholine release evoked by electrical transmu-
ral stimulation from cholinergic nerve endings of gastric
body by 47%. The involvement of the vagus nerve in me-
diating PYY inhibition of gastric acid secretion has been
studied in dogs[50]. The threshold dose of iv PY'Y to inhibit
intragastric peptone meal-induced gastric acid secretion was
5 pmol/kg/h, which was increased to 200 pmol/kg/h after
highly selective vagotomy (HSV). The PY'Y dose producing
50% acid inhibition (ID50) was 128 pmol/kg/h before the
HSV. However, after the HSV, the PY'Y dose that caused a
maximal inhibition (90%) in intact animals (500 pmol/kg/h)
failed to inhibit acid output by more than 50%. These
experiments indicate that PY'Y inhibits gastric acid secre-
tion in large part through vaga innervation of the gastric
fundus [50].

4. PYY actsin the medullary vagal related nucle to
regulate gastric acid secretion

The observations that PYY is a potent inhibitor on ce-
phalic phase acid secretion [36,65] and the inhibition is
vagally dependent [50] suggest that the inhibitory effect of
PYY on gastric acid secretion is neurally mediated, espe-
cialy involving the vagus nerve. Recent studies revealed
that PY'Y actsin the medullary dorsal vagal complex (DVC)
to modulate gastric functions [11,12,13,14,90,92,95]. Both
inhibitory and excitatory actions of PYY were observed.
The opposite effects relate with the receptor subtypes in-
volved in a particular action and the PY'Y doses applied.

4.1. Circulating PYY binds to the dorsal vagal complex
(DVC) and area postrema (AP), and activates DVC and
AP cdlls

In the brainstem, the DV C, composed of the dorsal motor
nucleus of the vagus (DMN) and the nucleus tractus solitarii
(NTS), and the area postrema (AP) are located close to the
surface of the 4" ventricle (Fig. 1). These nuclei are of
particular importance for central regulation of digestive
functions [53] and are potentially important to our under-
standing of the mechanisms of the gastric regulatory actions
of PYY. The DMN contains the motor neuron cell bodies
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Fig. 1. Coronal brainstem section (interaural-4.68) adapted from the atles
of Paxinos and Watson [68] showing the locations of the dorsal motor
nucleurs of the vagus (DMN), the nucleus tractus solitarii (NTS), the area
postrema (AP), the raphe pallidus (Rpa), the raphe obscurus (Rob), and the
nucleus ambiguus (Amb).

from which vagal efferents arise and is the main source of
the vagus nerve innervating the stomach, while the NTS
receives vagal afferent projections [53]. A number of NTS
neurons directly connect with vagal motor neurons in the
DMN, forming the vago-vagal reflex, which may result in
increased [49,85] or decreased [57] vagal efferent activities.
The AP and portions of the NTS are defined as circumven-
tricular organs in that the blood-brain barrier is incomplete
[21,29,66]. These regions can therefore act as portals of
entry for circulating peptide hormones.

PYY binding sites are presented in the AP and DVC
[54]. Specific binding sites for both *2°I-[Leu®" Pro*]PYY
(Y1 agonist) and *°I-PY'Y 5 54 (Y2 agonist) have been de-
tected in the NTS and AP [18]. A recent study revealed that
Y1, Y2 and Y4 receptor subtype mRNASs are located in the
AP, NTS and DMN [67]. The expressions in the AP and
DMN are particularly strong [67]. In intact rats, after iv
injection of *2°|-labeled PYY to produce a blood concen-
tration of PY'Y within a range seen after ameal, significant
storable binding was observed in the region of the brainstem
containing the DVC [37]. The activation of NTS and AP
cells by PYY from circulation was showed by the observa-
tion that after intraperitoneal (ip) injection of PYY, the
expression of Fos, the nuclear protein that is used as a
marker of cellular activation [59], was significantly in-
ducted in the DVC and AP [7]. These studies provide
morphologic evidence supporting the central actions of
PYY.

4.2. Peripheral PYY inhibits central vagally stimulated
gastric acid secretion by acting in the brain

The central mediation of peripheral PYY-induced inhi-
bition of vagally stimulated gastric acid secretion has been
studied in urethane-anesthetized rats using immunoneutral-
ization with a PYY polyclona antibody, produced by the
Antibody Core in the Center for Ulcer Research and Edu-
cation (CURE), UCLA [91]. Gastric acid secretion was
stimulated by injection into the cisterna magna of a stable
TRH analog, which iswell established to act on DMN vagal
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Fig. 2. PYY antibody injected intracisternally (ic) prevented iv PYY-
induced inhibition of acid response to ic TRH analog in urethane-anesthe-
tized rats. Each point represents the Mean =+ SE of number of ratsindicated
in parentheses. * P < 0.05 compared with control antibody (normal rabbit
1gG) ic pretreated group. Adapted from Reference [91].

—e— PYY Ab (n=14)

motor neurons and induces gastric acid secretion through
vagal efferent activation [60,78,79]. PYY iv infusion at 250,
500 and 1000 pmol/kg/h dose-dependently inhibited by
52%, 69% and 83% of the acid secretion induced by ic TRH
analog. PYY or PYY, 5 injected ic a the dose of 2.4
pmol/rat also inhibited the acid response to ic TRH analog
by 73% and 80% respectively. Pretreatment with the PYY
antibody (4.5 mg/rat, iv), which shows a 35% cross-reaction
with PY'Y 554 by radioimmunoassay, completely prevented
the inhibitory effect of iv infused PY'Y (1000 pmol/kg/h).
When injected ic, the PYY antibody (280 wg/rat) reversed
not only the inhibition of gastric acid secretion by ic PYY
(2.4 pmol) by 64%, but aso the inhibition by iv PYY
infusion (1000 pmol/kg/h) by 94% (Fig. 2). These results
strongly indicate that peripheral PYY inhibits central-va-
gally stimulated gastric acid secretion through its action at
the brain and this action may involve Y 2 receptors [91]. The
recent finding demonstrating the strong expression of Y2
receptor mMRNA inthe AP and NTS[67] supports this view.

4.3. PYY inhibits activities of DMN neurons via Y2
receptors

Chen and Rogers [12] studied the action of PYY on
DMN neurons using both in vivo and in vitro models. In
vivo extracellular recording of single-unit electrical activity
of DMN neurons was performed in urethane-anesthetized
rats. The gastric-related neuronsin the DMN were identified
by gastricinflation. PY'Y or PY'Y ;5 35 Was pressure-injected
from a pipette array at 0.25 fmol/cell. Of the identified
DMN neurons, 50% were inhibited, 44% were unaffected
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and 6% were activated by PYY or PYY ;5 56 Thein vitro
studies were performed using coronal brainstem sections of
400 um thickness. Extracellular single unit recordings pro-
vided similar results as that observed in the in vivo prepa-
rations. PYY or PYY .5 55 inhibited 50%, left unaffected
42% and activated 7% of DMN neurons under both normal
and blockade media (high-Mg®*/low-Ca®") conditions.
These results showed that PYY and Y2 agonist peptide
exert a predominantly inhibitory effect on DMN cells in
normal in vivo and in vitro conditions as well asin an in
vitro model with synaptic blockade. The inhibitory effect
recorded under high-Mg®*/low-Ca?* condition suggests
that the PY'Y effects on the DMN neurons are direct and not
mediated by synaptic inputs from other neurons [12]. Func-
tional studies on gastric motility by the same research group
have revealed that PYY or PYY ;5 55 microinjected into the
DVC a doses ranging from 2 to 20 fmol significantly
inhibited gastric motility induced by centrally applied TRH,
while in a higher dose (2 pmol) PYY displayed a excitatory
effect on basal gastric motility [11,14].

4.4 PYY acts in the DVC to induce vagally mediated
stimulation of gastric acid secretion and gastric
protection through PYY preferring, Y1-like receptors

In contrast to the inhibition on gastric motility induced
by low doses of PYY (2-20 fmol/rat) in the DVC, PYY
microinjected into the DVC with higher doses induced
dose-dependent and site specific stimulation of gastric acid
secretion [95]. The mean basal gastric acid secretion in
urethane-anesthetized ratswas 1.7 wmol/10 min. After PYY
was unilaterally microinjected into the DVC at doses of 7,
12, 24 and 47 pmol, the net increase in gastric acid output
were 13, 22, 40 and 59 umol/10 min, respectively [95].
Bilateral cervical vagotomy completely abolished the acid
response to PYY (47 pmol) microinjected into the DVC.
The PYY stimulatory effect in the DV C was potentiated by
co-injection of PYY with either TRH or serotonin receptor
(5-HT,) agonist [95]. TRH and serotonin are the two natural
neurotransmitters synthesized in the raphe nuclel and re-
leased from nerve terminals innervating the DMN to mod-
ulate gastric functions [55,79]. These results indicate that
PYY hasadirect actionin DV C neuronsto stimulate gastric
acid secretion. The PYY action is independent from, but
may be interactive with, the actions of TRH and 5-HT.

A variety of PYY and NPY derivatives were used to
characterize the pharmacological profile of the receptor me-
diating the acid stimulatory response to PY'Y microinjected
into the DVC [92]. The rat/porcine (r/p) Pro**PYY and
human (h) Pro**PYY microinjected into the DV C resulted
in a similar dose-related increase in net acid secretion,
which was about 33% less potent compared with the acid
stimulatory action of PYY [92,95]. Rat/h NPY and pNPY
also induced a similar net increase of gastric acid secretion
after being microinjected into the DVC, which was about
60% less potent than PY'Y . Microinjection of PP, r/h[Leu®?,

Pro*INPY or the Y2 sdlective agonists, hPYY; g,
PNPY 556 Or pNPY 15 5 a doses ranging from 25 to 168
pmol failed to influence basal gastric acid secretion [92].
The rank order of potency of PYY > r/pPro®'PYY =
hPro**PYY > r/hNPY = pNPY to stimulate gastric acid
secretion upon microinjection into the DVC and the inef-
fectiveness of PP, [Leu®!, Pro*|NPY and C-terminal NPY/
PYY fragments suggest that a PY'Y -preferring, Y 1-like re-
ceptor subtype is involved in mediating the stimulatory
effect of PYY on DVC neurons [92]. This viewpoint was
supported by the observation on gastric motility. Chen and
Rogers [14] reported that in contrast to the inhibition on
TRH-induced gastric motility by DV C microinjected PY'Y
Y2 agonist, a strong stimulation on basal gastric motility
was observed after microinjection of PYY Y1 agonist into
the DVC.

Chemical stimulation of the DVC, such as injecting ex-
ogenous TRH into the DV C [24,40] or increasing endoge-
nous TRH release in the DVC via the stimulation of the
raphe nuclel [23,93], induces vagally mediated elevation of
gastric secretory and motor functions. However, when the
DVC neurons are stimulated with subthreshold doses of
these stimuli that do not change acid secretion or motility,
gastric protection against ulcerations was observed. It has
been established that stimulating DV C-induced gastric pro-
tection is mediated by vagal-cholinergic pathways and gas-
tric calcitonin gene-related peptide (CGRP) and L-arginine/
nitric oxide (NO)-dependent gastric vasodilation [42,43,45,
46,80]. A similar pattern of this dose-related distinction in
gastric response was aso observed in the central actions of
PYY. PYY icinjected at 23 and 47 pmol did not influence
gastric acid secretion, however it did reduce gastric lesions
induced by ethanol (45%) by 27% and 63% respectively
[90]. The gastric protective action of ic injected PYY is
independent of medullary TRH, since the action of PYY
was not prevented by pretreatment with ic TRH receptor
antisense oligodeoxynucleotide [90]. However, the actions
of the two peptides are additive. PYY and TRH induced
gastric protection when co-injected ic with subthreshold
doses that did not show any prevention on the gastric mu-
cosal damage when injected alone [44]. The ic PYY pro-
tective action is abolished by CGRP receptor antagonist and
by NO synthase inhibitor, indicating the mediation of vagal-
cholinergic pathways and the involvement of gastric CGRP
and NO releases upon the central vagal stimulation by ic
PYY [90]. Similar to the gastric acid stimulatory action of
PYY microinjected into the DVC, the gastric protective
action of ic injected PYY is also mediated through a PYY
preferring, Y 1-like receptor. This was shown by the rank
order of potency for different PYY and NPY derivatives to
protect gastric mucosa against ethanol injury [44], which is
similar to that observed for the stimulation of gastric acid
secretion by PY'Y related peptides upon microinjection into
the DVC [90,92].

Data showing the protective action of PYY on gastric
erosions and the stimulation on acid secretion indicate that,
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besides the inhibition of DVC neurons via Y2 receptors,
PYY centra action includes activation of vagal efferent
projections to the stomach through a PYY preferring, Y 1-
like receptor. Direct extracellular recording of the electric
activity of DV C neurons by Chen and Rogers [12] revealed
that PYY exerts an excitatory action on about 6—7% of
DVC neurons when applied a a low dose (20 fmol).
Whether the percentages representing PY'Y inhibitory and
excitatory actions on the DVC neurons change with the
PYY dosage or specific PYY receptor subtype agonists
applied remains unknown. In addition, the integration of the
inhibitory and excitatory actions of PYY in the DMN neu-
rons on the regulation of gastric functions and the physio-
logical significance of this integration are yet to be studied.

4.5. PYY stimulates gastric acid secretion in other
medullary vagal related nuclei and the spinal cord

Besides the peripherally originated PYY entering the
brain from circulation, PY'Y immunoreactivity was detected
in the brain and the spinal cord with the highest concentra-
tion located in the brainstem [9]. A restricted population of
neurons in the midline of the rostral medulla expresses PY'Y
MRNA [69]. The raphe pallidus (Rpa) and raphe obscurus
(Rob) are medullary nuclei regulating vagal activity through
their projections innervating the DVC [41,55,93,94]. The
nucleus ambiguus (Amb) is another medullary location of
vagal motor neurons projecting to the viscera [53](Fig. 1).
PYY nerve terminals are located in the Rpa, Rob and the
Amb in addition to the DVC [9], suggesting a possible
action of PY'Y at these nuclei. In urethane-anesthetized rats,
PYY microinjected into the Rpa, Rob and the Amb at the
dose of 47 pmol/rat significantly increased basal gastric acid
secretion, though the effects were 30—70% less potent than
the PY'Y stimulatory action inthe DVC [95]. It was reported
that pentagastrin-stimulated gastric acid secretion was in-
creased following PY'Y administration into the thoracic (T8-
T10) region of the spinal cord [86]. Whether the stimulatory
action of PYY on gastric acid secretion in these medullary
nuclei and the spinal cord has any physiological significance
will require further study.

5. PYY acts on gastric mucosal ECL cells to inhibit
gastric acid secretion

There is convincing evidence suggesting that PY'Y acts
peripherally to inhibit gastric acid secretion. Guo et al. [30]
have reported that PY'Y inhibited pentagastrin-induced gas-
tric acid secretion in dogs after atropine treatment and
vagotomy, indicating that the inhibitory action of PYY isin
part independent of long and short cholinergic pathways.
This view was supported by observations in denervated
Heidenhain pouch of dogs [103]. PYY at a dose of 100
pmol/kg/h significantly inhibited gastric acid secretion in
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Fig. 3. Simplified relations among gastrin, somatostatin and PY'Y in their
regulation of gastric acid secretion through acting on ECL cells. For detail
see References [75,76].

the Heidenhain pouch in both interdigestive and postpran-
dia states [103].

The peripheral regulation of gastric acid secretion from
the parietal cells is achieved by interplay between three
major gastric endocrine cells: the ECL cell, the gastrin or G
cell, and the somatostatin or D cell. The regulation of the
functions of these cells is via stimulatory or inhibitory
paracrine, endocrine, and neural pathways [75,76]. Hista-
mine released from ECL cells in the gastric corpus plays a
critical role in the stimulation of gastric acid secretion from
the parietal cells[33,34,70]. Upregulation of ECL cell func-
tion is determined by activation of cholecystokinin (CCK)-
B receptors, by gastrin, and by activation of B-adrenergic
receptors, as well as by acetylcholine in some (10—29%) of
the cells. Inhibition of ECL cell histamine release and cal-
cium signaling is produced by somatostatin acting at a type
2 receptor and histamine acting at a histamine-3 receptor
[15,33,71,72,76] (Fig. 3).

5.1. PYY peripheral inhibitory action on gastric

acid secretion is neither through regulating other
gastrointestinal hormones nor a direct action on
parietal cells

In dogs, PYY iv infusion a 400 pmol/kg/h, which
strongly inhibited the cephalic phase of gastric acid secre-
tion stimulated by iv 2-DG, did not inhibit the release of
gastrin and had no significant effect on either the basa
release of secretin, gastric inhibitory polypeptide, PP and
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neurotensin, or on the release of PP stimulated by 2-DG
[32]. The specific binding of gastrin to its receptors on the
fundic mucosa was also unaffected by PYY [32]. PYY
inhibits gastric acid secretion without influencing plasma
gastrin and somatostatin concentrations was confirmed in
other studies in dogs and human volunteers [22,88]. In the
isolated, vascularly perfused rat stomach, PYY perfused at
concentrations of 10 pM to 100 nM did not change either
somatostatin or gastrin secretion [19,26]. PY'Y inhibitory
action is aso independent of prostaglandin synthesis, as it
was not prevented by indomethacin treatment [31]. These
results indicate that the PYY inhibitory actions are not
mediated by either a negative effect on gastrin release or a
positive effect on the release of some established acid in-
hibitors. The results also do not suggest an inhibition of
gastrin binding to its receptors on the fundic cells by PYY.

Whether PYY has a direct inhibitory action on parietal
cells has been studied with isolated human and rabbit gastric
gland preparation using aminopyrine accumulation as an
index of the parietal cell response [48]. PYY, in contrast to
somatostatin, was unable to induce any inhibition of the
parietal cell response to db-cAMP or histamine in the iso-
lated gastric gland preparation irrespective of the species
studied [48].

5.2. PYY regulates ECL cell function through Y1
receptors

Recent interesting findings of Zeng et a. [104,105] re-
vealed that PY'Y directly inhibits gastric ECL cell functions
in rats. Histamine release and changes in intracellular cal-
cium concentration detected by video imaging were ana
lyzed in short-term cultures of isolated rat gastric ECL cells.
PYY inhibited gastrin-stimulated histamine release with an
ED50 of 2 X 10~° mol/liter. The calcium entry was aso
inhibited by PYY. Pro**PY'Y showed asimilar effect asthat
of PYY while PYY 3 55 had no effect, indicating that the
inhibitions are through Y1 receptors. Using reverse-tran-
scription polymerase chain reaction (RT-PCR) to analyze
ECL cell RNA, it was confirmed that the receptor involved
was the nontruncated Y1 isoform [105]. Additive but not
synergistic inhibitory effects of PYY and somatostatin on
gastrin-stimulated ECL cell release of histamine were ob-
served [105]. The inhibitory action of PYY and Pro**PYY
on gastrin-stimulated histamine release and calcium signal-
ing was eliminated by pretreatment with pertussis toxin at
the dose of 200 ng/mL [105]. Further investigations on the
voltage-dependent Ca?* channels (VDCC) of the ECL cells
revealed that PY'Y dose dependently inhibited L-type Ca®*
channels, one of the types of VDCC, via a pertussis toxin-
sensitive pathway [104]. PYY completely inhibited tetra-
ethylammonium-induced Ca®* oscillations as well as hista-
mine release with a maximal inhibition of 90%. PYY aso
inhibited high-K *-induced [Ca®*]i increases and histamine
release [104]. These studies identified the peripheral cellular
target for PY'Y to inhibit gastric acid secretion. The results

indicated that activation of a'Y 1 inhibitory receptor subtype
presenting on the gastric ECL cells to inhibit gastrin-in-
duced ECL cell histamine release and Ca®" entry by inter-
action with a G(i) or G(o) protein may account for the
peripheral inhibitory action of PYY (Fig. 3).

To support the view that PY'Y regulates the functions of
gastric endocrine cells, a recently published study suggests
that PYY may exert a direct inhibitory effect on gastric
serotonin release from the enterochromaffin (EC) cells in
perfused rat stomach. Since the effect was not influenced by
tetrodotoxin, the result indicates that the PY'Y action did not
involve the mediation of neural pathways [102].

In vivo studies in awake rabbit with chronic gastric
fistula showed that PYY and Pro® PY'Y inhibited insulin-
stimulated gastric acid secretion while PYY 5 55 did not
[51], supporting the above in vitro findings that Y1 recep-
tors are involved in the PYY inhibitory action on gastric
acid secretion.

6. PYY may not play a major rolein intestinal fat-
induced inhibition of gastric acid secretion

Intestinal fat inhibits gastric acid secretion and induces
release of PYY into the circulation. Therefore, PYY has
been considered as a potent enterogastrone. Recently, Fung
et a. [22] reported that the PYY release in response to
intraduodenal fat implicates CCK A receptor-dependent
pathway. This fat-induced, CCK-mediated stimulation of
PYY release from L-cells is accompanied with release of
colocalized GLP-1, which is also a potent inhibitor of gas-
tric acid secretion [22]

Among various inhibitory hormones that are released in
responseto intestinal fat, whether PY'Y playsamajor rolein
intestinal fat-induced inhibition of gastric secretion and mo-
tility has been investigated using immunoneutralization
with the PYY polyclonal antibody produced by the Anti-
body Core at CURE, UCLA. In particular, the role of PYY
was compared with that of CCK. In dogs equipped with
gastric, duodenal, and midgut fistulas, PY'Y antibody at the
dose of 0.5 mg/kg, or CCK-A receptor antagonist devaz-
epide at the dose of 0.1 mg/kg, was administered 10 min
before 60 mM ol eate was perfused into the proximal half of
the gut. Peptone-induced gastric acid secretion and gastric
emptying were inhibited by intestinal fat. The inhibition
was reversed by CCK-A receptor antagonist but not by PY'Y
antibody [107]. Similar results were obtained in experi-
ments with rat models. Gastric emptying of liquids was
measured by Raybould et a. [73] in awake rats fitted with
a Thomas gastric cannula. Intralipid perfused into duodenal
or mid-intestinal cannula produced a 46% and 66% inhibi-
tion of gastric emptying, which was unaffected by admin-
istration of PY'Y antibody but was abolished by administra-
tion of the CCK A receptor antagonist devazepide (0.1
ma/kg ip) [73]. In urethane-anesthetized rats, intraduodenal
intralipid (5%, 10% and 20%) administered 20 min beforeic
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injection of TRH analog dose-dependently reduced by 24%,
83% and 100% respectively the acid response to ic TRH
analog. The inhibitory effect of intraduodenal intralipid was
completely prevented by CCK A receptor antagonist devaz-
epide but not by iv PY'Y antibody (Yang et a., unpublished
observations). In these studies, the ineffectiveness of PYY
antibody was not a result of insufficient doses, since the
doses used had been shown to completely prevent exoge-
nous PY'Y inhibitory actions on gastric emptying and acid
secretion [73,91]. In humans, intraduodenal fat significantly
inhibited gastrin-stimulated gastric acid secretion by 74%,
however PYY iv infusion to produce a PY'Y blood concen-
tration similar to that obtained after intraduodenal fat failed
to induce any change in the acid response to gastrin [38].
These observations indicate that PYY release into the cir-
culation does not play a maor role in the inhibition of
gastric acid secretion and the delay of gastric emptying
induced by intestinal fat. By contrast, the inhibition of
gastric functions by intestinal fat is mediated via CCK-
dependent mechanisms.

7. Summary and per spectives

Recent studies related to PY'Y regulation of gastric acid
secretion have focused on three aspects, the central action of
PYY on medullary vagal regulatory nuclei, the peripheral
action of PYY on gastric endocrine cells, and the physio-
logical relevance of circulating PYY in the regulation of
postprandial acid secretion. Circulating PYY may enter the
brain through the area postrema and portions of the NTS to
inhibit through Y 2 receptors, and to stimulate through PY'Y
preferring, Y1 like receptors, the activity of cholinergic
vagal efferent neuronsin the DMN. At the peripheral level,
one of the mechanisms for PYY to inhibit gastric acid
secretion is to reduce histamine release, which is mediated
by Y1 receptors located on the ECL cells

Despite these findings, the exact regulatory roles of PYY
in the brain and the stomach on gastric acid secretion are not
fully elucidated. So far, most of the data on the PY'Y action
in the brainstem were obtained with pharmacological ap-
proaches. The cloned Y1, Y2 and Y4 receptors were re-
cently reported to be located in the AP and DVC using in
situ hybridization [67]. However, since this study was tar-
geted on observing the entire central nervous system, the
description on Y receptors in medullary vagal regulatory
nuclei was less sufficient. More detailed morphologic stud-
ies on the distribution of PYY receptors in neurons of the
DVC and other brainstem nuclei that are involved in the
central regulation of autonomic functions will be important
to establish an anatomic background for further studies. To
localize specific Y receptors on neurons synthesizing iden-
tified neuropeptides or transmitters, or on neurons project-
ing to form a known neura pathway will be necessary to
revea the mechanism of the PYY action in this area. In
addition, experiments should be designed to further study

the influence of different PY'Y doses and receptor ligands on
the electrophysiological characteristics of the DV C neurons.
Difference in the response to PYY between the DMN and
NTS neurons should be investigated. The interactions be-
tween PYY and established DVC neuropeptides or neuro-
transmitters shown to regulate gastric functions, such as
TRH, substance P [55,56], 5-HT [98,99], glutamate and
GABA [39], should be studied using electrophysiological
approaches as recently reported in the study of interactions
between TRH and 5-HT in the DVC [10]. These investiga-
tions will provide evidence to interpret the integrated PY'Y
inhibitory and stimulatory actions in the DVC on gastric
functions.

It is particularly important to note that NPY neurons are
widely distributed in the lower brainstem and NPY fibers
selectively and densely innervate vagal-regulatory nuclei,
such as the DVC, the raphe nuclei and the parapyramidal
regions [16,89,our observation]. NPY microinjected into the
DV C modulates gastrointestinal [92,97,100] and cardiovas-
cular [96] functions through the vagus. Although PYY was
more potent than NPY to stimulate gastric acid secretion
when microinjected into the DVC [92], the suggested PY'Y
preferring receptor in this area [44,92] has not been cloned.
Since both PYY and NPY act on Y receptors, to distinguish
the vagal regulatory actions in the DVC of peripheraly
originated PY'Y from those of brain originated NPY, and the
physiological significances of these actions till require fur-
ther studies.

Peripherally, PYY immunoreactivity was detected not
only in the lower intestine, but also in neural elements,
including the myenteric ganglia, and in endocrine cells in
the upper digestive tract of the rat, cat, ferret, pig [8] and
dog [58] using antibodies that do not recognize NPY and
PP. The presence of PYY in the upper digestive tract was
confirmed by radioimmunoassay combined with high-per-
formance liquid chromatography (HPLC) [8,58]. In the
stomach, PY'Y-immunoreactive endocrine cells in the an-
trum were numerous and constituted a subpopulation of the
gastrin-containing cells while in the oxyntic mucosa few
were located and found containing somatostatin [8]. The
presence of PY'Y-immunoreactive neuronal and endocrine
cell bodiesin the stomach indicates that at |east some of the
PYY actions to inhibit gastric acid secretion may involve
local neural or endocrine/paracrine regulation. In the prep-
aration of longitudinal muscle with myenteric plexus of the
guinea pig ileum, PYY is more potent than NPY to inhibit
transmural stimulation caused contractile motility by de-
pressing the release of acetylcholine from the myenteric
plexus [81]. The stimuli that activate the PY'Y-containing
neural and endocrine cells in the stomach, the responsive-
ness of these PY'Y cells to intestinal nutrition, and the role
of PYY in these cells in the regulation of gastric acid
secretion are to be studied. If PYY cells in the stomach do
respond to intestinal fat and exert neural or paracrine reg-
ulation on inhibiting histamine release from ECL célls, the
fat-induced inhibition of gastric acid secretion may not be
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prevented by immunoneutralization of circulating PYY.
Further studies on the regulation and functions of PYY
containing neural and endocrine cells in the stomach may
provide vauable information on the peripheral mechanism
of PYY regulation of gastric acid secretion and its physio-
logical significance.
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