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Abstract

Ghrelin has been identified in some amphibians and is known to stimulate growth
hormone release and food intake as seen in mammals. Ghrelin regulates gastrointestinal
motility in mammals and birds. The aim of this study was to determine whether ghrelin
affects gastrointestinal smooth muscle contractility in bullfrogs (anuran) and Japanese
fire belly newts (urodelian) in vitro. Neither bullfrog ghrelin nor rat ghrelin affected
longitudinal smooth muscle contractility of gastrointestinal strips from the bullfrog.
Expression of growth hormone secretagogue receptor la (GHS-R1la) mRNA was
confirmed in the bullfrog gastrointestinal tract, and the expression level in the gastric
mucosa was lower than that in the intestinal mucosa. In contrast, some gastrointestinal
peptides, including substance P, neurotensin and motilin, and the muscarinic receptor
agonist carbachol showed marked contraction, indicating normality of the smooth
muscle preparations. Similar results were obtained in another amphibian, the Japanese
fire belly newt. Newt ghrelin and rat ghrelin did not cause any contraction in
gastrointestinal longitudinal muscle, whereas substance P and carbachol were effective
causing contraction. In conclusion, ghrelin does not affect contractility of the
gastrointestinal smooth muscle in anuran and urodelian amphibians, similar to results
for rainbow trout and goldfish (fish) but different from results for rats and chickens. The
results suggest diversity of ghrelin actions on the gastrointestinal tract across animals.
This study also showed for the first time that motilin induces gastrointestinal

contraction in amphibians.

Keywords: Growth hormone secretagogue receptor 1a, Ghrelin, Gastrointestinal motility,

Motilin, Bullfrog, Japanese fire belly newt.
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1. Introduction

Ghrelin was first identified in the rat stomach as an endogenous ligand for
growth hormone secretagogue-receptor la (GHS-R1a). Two major ghrelin molecules
(acylated ghrelin and unacylated ghrelin) are predominantly produced in the stomach,
and only acylated ghrelin can bind and activate GHS-R1a, by which acylated ghrelin
elicits its biological activities including growth hormone (GH)-releasing action,
feeding-stimulating action and regulation of lipid metabolism, glucose metabolism,
cardiovascular function and reproductive function (Kojima et al., 1999; Kojima and
Kangawa, 2005; Hosoda et al., 2006).

From the similarity of the amino acid sequence of ghrelin to that of motilin, a
gut peptide hormone produced in the duodenal mucosa, it has been thought that both
peptides originated from the same ancestral gene (Peeters, 2005, Yamamoto et al., 2008).
There is also a relation in receptors for the two peptides, and phylogenetic analysis
showed that these two receptors are classified under the same umbrella (Mckee et al.,
1997; Peeters, 2005). Since motilin stimulates gastrointestinal motility and is a mediator
of interdigestive migrating motor complex (Itoh, 1997), a functional role of ghrelin in
regulation of gastrointestinal motility has been examined first in mammals. Ghrelin was
shown to stimulate contractility or to potentiate spontaneous phase Ill-like contractions
in rats, mice and guinea pigs in vivo (Masuda et al., 2000; Fujino et al., 2003; Fukuda et
al., 2004; Kitazawa et al., 2005; Depoortere et al., 2005; Nakamura et al., 2010).
Ghrelin has been shown to be effective in isolated gastrointestinal smooth muscles of
rats and mice in vitro through acting on the neural GHS-R1a (Edholm et al., 2004;
Fukuda et al., 2004; Depoortere et al., 2005; Kitazawa et al., 2005). Recently,

interaction of motilin and ghrelin for regulating gastrointestinal motility has been
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reported in the Suncus and dogs (Ogawa et al., 2012; Mondal et al., 2013). These results
indicate that ghrelin is one of the gut hormones regulating gastrointestinal motility in
mammals.

Ghrelin has also been identified in non-mammalian vertebrates from
elasmobranch fish to birds (Kaiya et al.,, 2008; 2011a). Ghrelin is predominantly
produced in the mucosa of the stomach and intestine of all vertebrate species examined
so far. The fundamental structure of ghrelin has been conserved during vertebrate
evolution, and phylogenetic tree analysis demonstrated that ghrelin falls into five
lineages: mammalian-type, avian/reptilian-type, amphibian-type, teleost fish-type and
cartilaginous fish-type (Kaiya et al., 2011a). On the other hand, ghrelin receptors have
been roughly divided into two groups, ghrelin receptor-like receptor (GHS-R1a-LR) and
GHS-R1a (Kaiya et al., 2008; 2009; 2010; 2011a). GH release-stimulating action of
ghrelin has been demonstrated in birds, frogs and fish (Baudet and Harvey, 2003; Kaiya
et al., 2001, 2002; 2005). The endogenous ghrelin level is increased by fasting, and
ghrelin stimulates food intake in rodents, goldfish and bullfrogs, whereas it inhibits food
intake in chickens and rainbow trout (Kojima and Kangawa, 2005; Saito et al., 2005;
Matsuda et al., 2006; Riley et al., 2005; Jonsson et al., 2010; Kaiya et al., 2011b;
Shimizu et al., 2014), indicating that ghrelin regulates energy homeostasis both in
mammalian and non-mammalian vertebrates. Regarding gastrointestinal motility,
ghrelin was shown to cause contraction of gastrointestinal tracts isolated from chickens
and Japanese quails in vitro (Kitazawa et al., 2007; 2009) as was demonstrated for
rodents. However, ghrelin did not affect gastrointestinal motility in fish such as rainbow
trout and goldfish (Kitazawa et al., 2012) and caused only very small contraction of the

isolated zebrafish intestine (Olsson et al., 2008). These results suggest that the
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gastrointestinal-stimulating action of ghrelin is not common in all vertebrates. Bullfrogs
and Japanese fire belly newts are good models for ghrelin study because ghrelin and
GHS-R1a have been identified and because functional roles of ghrelin such as GH
release and regulation of food intake have been reported (Kaiya et al., 2001, 2011b,
2015; Shimizu et al., 2014). Since vertebrate ghrelin has been divided into five families
including amphibian-type and since bullfrog ghrelin has a unique n-octanoic acid
modification of the third threonine residue (In general, the third position of ghrelin is
serine.) (Kaiya et al., 2001; 2011b), clarification of the gastrointestinal tract
motility-regulating roles of ghrelin in amphibians might be important for estimating
ontogenic change in the physiological function of ghrelin from fish to mammals.
However, effects of ghrelin on gastrointestinal contractility have not been examined in
amphibians.

Motilin, a peptide related to ghrelin, caused contraction of isolated
gastrointestinal strips of mammals (rabbit, human, cat, suncus) and avians (chicken and
quail) in in vitro studies (Ludtke et al., 1989; Depoortere et al., 1993; Kitazawa et al.,
1994, 2009; Mondal et al., 2011). Although motilin-related peptides have been
identified in lower vertebrates such as fish (Liu et al., 2013), motilin has not been
identified in amphibians, and the action of motilin on the gastrointestinal tract has never
been examined.

The aim of the present study was to determine whether bullfrog ghrelin/newt
ghrelin affects contractility of gastrointestinal strips isolated from the bullfrog and
Japanese fire belly newts. The bullfrog and Japanese fire belly newt are good amphibian
models in which structures of ghrelin and GHS-R1a have already been identified (Kaiya

et al., 2001, 2011a, 2011b, 2015). Expression of GHS-R1a mRNA in the bullfrog and
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newt gastrointestinal tracts was examined by quantitative RT-PCR to understand the
localization of ghrelin action sites. Effects of motilin on the gastrointestinal contractility
have been investigated and compared with those of ghrelin in some animals (suncus,
rats and chickens) (Depoortere et al., 2005; Kitazawa et al., 2007; Mondal et al., 2013).
Therefore effect of human motilin was also examined to determine the functional role of

motilin in the regulation of gastrointestinal motility in amphibians.

2. Materials and methods

All experiments were performed in accordance with Institutional Guidelines for

Animal Care at Rakuno Gakuen University, Hokkaido, Japan..

2.1. Animals and tissue preparations

Bullfrogs (Rana catesbeiana, 200-250 g) of both sexes were commercially obtained
from an animal supplier (Hokudo, Sapporo, Japan) and kept in a humid plastic case
under natural photoperiod and room temperature and used within 2-3 days. Japanese fire
belly newts (Cynops pyrrhogaster, 4-6 g) of both sexes were obtained another animal
supplier (Sankyo Laboratory, Sapporo, Japan) and kept in a tank containing dechlorined
tap water for 1 week under natural light/dark conditions at room temperature (20-24°C)
before use. The newts were fed once in a day by commercially available granular feed.
Bullfrogs and newts were sacrificed by decapitation and pithing the spinal cord by fine
needles. The whole gastrointestinal tract from the stomach to anus was carefully
isolated and placed in an ice-cold physiological salt solution of the following

composition described in a previous study (Yano et al., 1994): NaCl, 80 mM; KCI, 2.5
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mM; CaCl,, 1.8 mM; NaH,POy,, 0.12 mM; NaHCO3, 24 mM and glucose, 1.1 mM. The
bullfrog gastrointestinal tract was divided in four parts: stomach, upper small intestine,
middle small intestine and lower small intestine (length of each region being about
60-70 mm), and they were used for both molecular and contraction studies. After
removing the mucosal layer, smooth muscle strips of the bullfrog stomach in the
longitudinal and circular muscle directions were prepared. Only longitudinal muscle
strips were prepared from the intestinal tract because the intestine was a small tubular
organ with a diameter of 3-4 mm, and it was difficult to make circular muscle strips. For
molecular study, the isolated bullfrog gastrointestinal preparations were divided into
three parts, smooth muscle layer, mucosal layer and the whole preparation including
both muscle and mucosal layers, and cut into small pieces. These bullfrog
gastrointestinal preparations were soaked in RNAlater (Ambion Inc., Texas, USA) for
16 h and frozen until used. Expression of GHS-R1la mRNA among gastrointestinal
regions or between muscle layer and mucosal layer was compared.

In the case of fire belly newt gastrointestinal tracts, only longitudinal muscle strips
were prepared from the stomach and upper small intestine for contraction study because
of small diameter of the tract. For molecular study, the newt gastrointestinal tract was
divided into the stomach, upper, middle and lower small intestine, and large intestine.
Due to the small size and tight bond between muscle layer and mucosa, separation of
mucosal layer and muscle layer was not carried out in the newts. Expression levels of
GHS-R1a mRNA in the five regions of gastrointestinal tract of the newts were

measured and compared.

2.2. Quantitative real-time PCR (gPCR)



169

170

171

172

173

174

175

176

177

178

179

180

181

182

183

184

185

186

187

188

189

190

191

192

8/30

First-strand cDNAs were synthesized from 1 pg total RNA using the QuantiTect RT
Kit (QIAGEN) with oligo-dTi,.15 primers. Quantitative real-time PCR (qPCR) was
performed using a LightCycler 480 (Roche Applied Sience, Mannheim, Germany) with
the QuantiFast SYBR Green PCR Kit (QIAGEN GmbH) in combination with a primer
set for bullfrog GHS-R1a (bfGHSR-Q-s: AGA ATG GTA CCA ATC CTT TTG AGA,
bfGHSR-Q-AS: CAG CTA GCA TTT TTA CAGTCT GTC [240-bp amplicon]) or for
newt GHS-Rla (ntGHSR-Q-s: TTG GTC GGG GTA GAA CAC GAG AAT,
ntGHSR-Q-AS: CAC AAC AAG CAT TTT TAC AGT CTG [261-bp amplicon]). The
reaction mixtures consisted of 250 nM of primer and template (100 ng total RNA
equivalent) in 1 x master mix. The amplification reactions were 95°C for 5 min and
subsequent 35 cycles of 95°C for 10 sec and 60°C for 30 sec. To estimate mRNA copy
numbers, qPCR samples were run with a serially diluted (10° to 10° copies) pCRII

plasmid vector that consisted of an Xba-I linearized full-length target cDNA.

2.3. In vitro contraction study of gastrointestinal strips

Longitudinal muscle (LM) and circular muscle (CM; 20 mm in length and 2 mm
in width) preparations from the stomach and LM strips from upper, middle or lower
intestine of the bullfrogs were suspended vertically in an organ bath (5 ml) to measure
contraction of muscle preparations. For the newts, LM strips from the stomach and
upper intestine were used in the contraction study. The organ bath contained warmed
physiological salt solution (23°C) bubbled with 95% O, + 5% CO,. (pH =7.4-7.6).
Mechanical activity of the preparation was measured with an isometric force transducer
(SB-11T, Nihon Kohden, Tokyo, Japan) and then analyzed using a computer-aided

analysis system (Power Lab 2/25, Lab Chart Ver.6.1.1., Japan Bioresearch Center,
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Gifu-hashima, Japan). The initial load was set at 0.5 g for each preparation. The
preparations were rinsed with the physiological salt solution every 15 min and allowed
to equilibrate for 1 h. Prior to the addition of test substances, it was confirmed that
spontaneous contraction appeared and that depolarization by 50 mM KCI caused
contraction of each muscle strip.

Synthetic octanoylated bullfrog ghrelin  (GLT[O-n-octanoyl]FLSPADMQKIA
ERQSQNKLRHGNM) (Kaiya et al., 2001, custom-ordered from Peptide Institute Inc.
Osaka, Japan), Japanese fire belly newt ghrelin
(GSS[O-n-octanoyl]FLSPADLHKPQPRKPARKIIPNNPQ) (Kaiya et al., 2011a,
custom-ordered from Peptide Institute Inc. Osaka, Japan) or rat ghrelin at was applied to
the organ bath at 1h intervals, and evoked mechanical changes in muscle strips were
observed. The effect of human motilin (Peptide Institute Inc.) on the isolated amphibian
gastrointestinal strips was also examined in the present experiments. The mechanical
responses of carbamylcholine chloride (Carbachol, Sigma), human neurotensin (Peptide
Institute, Inc), substance P (Peptide Institute, Inc) were also examined as possible
effective substances. Mechanical changes in muscle tonus (amplitude) caused by these
substances were normalized by a standard contraction caused by 50 mM KCI and
expressed as a relative change in muscle tonus (%) for comparison. All drugs were
dissolved and diluted in distilled water and applied to the organ bath at indicated
concentrations. The administration volume of each drug was less than 1% of the bath

volume except for KCI (2.5 % of bath volume).

2.4. Statistical analysis

All data are expressed as means + S.E.M. of at least three experiments. The
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significance of differences between values was determined at P < 0.05 using Student’s
t-test (paired and unpaired) for single comparisons or one-way ANOVA followed by

Dunnett’s test for multiple comparisons.

3. Results
3.1. Bullfrog stomach

After equilibration, LM and CM preparations from the bullfrog stomach showed a
spontaneous contractility, and application of high K* solution (50 mM) caused transient
contraction. The frequencies and amplitudes of spontaneous contraction were 20.5 + 1.4
contractions / 10 min and 0.1 = 0.02 g in the LM strips (n = 7) and 18.9 = 1.5
contractions / 10 min and 1.54 = 0.48 g in the CM strips (n = 9). The amplitude of
high-K*-induced contractions were 0.25 + 0.15 g in the LM strips (n = 7) and 2.88 +
0.66 g in the CM strips (n = 9). Contractile force observed in the CM strips was
significantly stronger than that in the LM strips (Student’s t-test). Figs. 1 and 2 show
typical mechanical responses to rat ghrelin at 1 uM and bullfrog ghrelin at 1 uM in LM
and CM strips from the bullfrog stomach. Neither rat ghrelin nor bullfrog ghrelin caused
any mechanical changes in the muscle strips. Neurotensin at 1 uM also did not cause
any contraction of the gastric strips. In contrast, carbachol at 10 uM and substance P at
1 uM caused contractions. Carbachol was effective to cause contraction at a lower
concentration (100 nM — 1 uM). Relative changes in smooth muscle tonus induced by
carbachol, rat ghrelin, bullfrog ghrelin, neurotensin and substance P are summarized in

Fig. 4.

3.2. Bullfrog small intestine
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Rat ghrelin and bullfrog ghrelin also did not cause any contraction of LM strips from
the upper intestine and lower intestine (Figs. 3 and 4). However, carbachol and
substance P caused contraction of intestinal LM strips. The responsiveness of upper
small intestinal strips to substance P was examined because it was a potent stimulant.
Substance P (0.1 nM -1 uM) caused concentration-dependent contractions, and the ECsg
value was 3.9 + 1.1 nM (n = 5). In contrast to gastric muscle strips, neurotensin (1 uM)
caused contraction of intestinal strips. Relative contractions were 74.4 + 18.4% (n = 6)
in the upper small intestinal LM strips and 136.8 + 45.4 % (n = 3) in the lower small

intestinal LM strips.

3.3. Expression of GHS-R1a mRNA in the bullfrog gastrointestinal tract

In the whole preparations, GHS-R1a mRNA expression levels were comparable in all
gastrointestinal regions: stomach (1681 + 1274 copies / 100 ng total RNA, n = 4), upper
small intestine (1641 + 490 copies / 100 ng total RNA, n=4) and lower small intestine
(1402 £ 314 copies / 100 ng total RNA, n = 4). Whole preparations were divided
mechanically into smooth muscle layer and mucosal layer at each region. GHS-R1a
MRNA expression in the muscle layer tended to decrease from the stomach to lower
intestine, but the difference was not significant (Fig. 5A). On the other hand, GHS-R1a
expression in the intestinal mucosa increased significantly compared with the

expression in the gastric mucosa (Fig. 5A).

3.4. Effects of human motilin in the bullfrog gastrointestinal tract
Motilin at 1 uM did not cause any mechanical changes in stomach LM (0.13 + 0.1%,

n =4) and CM strips (0.24 + 0.2%, n = 5) (Fig. 6A) but caused contraction in the upper



265

266

267

268

269

270

271

272

273

274

275

276

277

278

279

280

281

282

283

284

285

286

287

288

12/30

intestinal LM strips. Contractile responses in eight different strips were 2.6%, 10.6%,
14.4%, 19.2%, 20.0%, 45.5%, 50.5% and 57.1% (mean=27.5 £ 7.7%, n = 8). In the
middle (0.04 £ 1.5%, n = 5) and lower small intestinal LM strips (1.4 £ 1.8%, n = 9),

motilin did not cause obvious changes in smooth muscle tonus (Fig. 6B).

3.5. Fire belly newt gastrointestinal tract

Similar to the bullfrog gastric LM strips, isolated gastric LM strips of Japanese fire
belly newt contracted spontaneously in the present experimental conditions. High-K*
solution (50 mM) caused transient contraction. Carbachol (10 uM) and substance P (1
uM) caused contractile activity with similar amplitudes (High-K* = 100%, carbachol:
110.6 £ 17.9%, n = 7, substance P: 119.8 + 55.0%, n = 6). However, rat ghrelin (1 uM,
3.3+ 1.9%, n =7) and newt ghrelin (100 nM, -0.6 £ 3.6%, n =5; 1 uM, 0 £ 3.1%, n =
8) did not cause any mechanical changes in the LM strips. Motilin (1 uM) also did not
cause any mechanical changes in the tonus of gastric LM strips (Fig. 7).

In upper small intestinal LM strips, carbachol (10 uM) and substance P (1 uM)
caused contractions of intestinal strips (High-K* = 100%, carbachol: 128 + 35.4%, n = 4,
substance P: 193 £ 55.0%, n = 4). However, rat ghrelin (1 uM, 7.6 £ 3.5%, n = 4) and
newt ghrelin (100 nM, 6.7 £ 2.5%, n = 4; 1 uM, 2.7 £ 2.9%, n = 6) did not cause any
mechanical changes. Motilin also did not affect tonus of the upper small intestinal LM
strips (Fig. 8). Amplitudes of the responses to motilin ranged from 7.1% to 15.4% (10.5

* 2.4%, n = 4), but these values were smaller than those for carbachol or substance P.

3.6. GHS-R1a mRNA expression in the newt gastrointestinal tract

GHS-R1a mRNA expression in the stomach of the newt was 12 + 3 copies / 100 ng
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total RNA (n = 5) (Fig. 5). Although the mean value was low compared with that of
bullfrog whole stomach, the expression level was not significantly different from that
in the bullfrog stomach (Student’s t test, p=0.28). The expression levels in the upper,
middle and lower small intestine were 59.8 + 3.9 copies / 100 ng total RNA (n = 5),
68.7+ 14.9 copies / 100 ng total RNA (n = 5) and 73.6 £ 10.5 copies / 100 ng total RNA
(n = 5), respectively. The expression level in the intestine was significantly higher than
that in the stomach. In the large intestine, the expression level was intermediate between

the levels in the stomach and small intestine (Fig. 5B).

4. Discussion

The ghrelin/GHS-R1a system is conserved in many vertebrate species from fish to
mammals and is involved in various physiological functions, which are common or
differ among species (Kaiya et al., 2008; 2011a). GH-releasing ability and/or glucose
homeostasis are common actions among vertebrates examined so far, although effects of
the ghrelin/GHS-R1a system on feeding regulation and gastrointestinal motility vary in
animal species (see review by Kaiya et al., 2013). For example, ghrelin stimulates food
intake in dogs, rodents, tilapia and goldfish but inhibits food intake in chickens and
rainbow trout. The different actions may reflect their variable living habitats or
metabolic activity. Since ghrelin and GHS-R1a have some similarities to a gut
motility-stimulating hormone, motilin, and its receptor, effects of ghrelin on
gastrointestinal motility have been studied and gastrointestinal motility-stimulating
action of ghrelin in birds and mammals has been already demonstrated (Masuda et al.,
2000; Fujino et al., 2003; Fukuda et al., 2004; Depoortere et al., 2005; Kitazawa et al.,

2005, 2007, 2009). However, this action also has a species-related variation; ghrelin
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does not affect gut motility in fish (Kitazawa et al., 2012). In this regard, investigation
of the effect of ghrelin on gut motility in amphibians might be interesting from the view
point of comparative endocrinology. The present study is the first study in which
ghrelin-induced responses in isolated gastrointestinal strips of the bullfrog and Japanese
fire belly newt were examined. The results demonstrated that ghrelin, even though its
structure was homologous, did not affect the gastrointestinal motility (especially
contractility of LM) in either of the amphibians in vitro.

We used two species of amphibians with different characteristics: the bullfrog is an
anuran amphibian and the Japanese fire belly newt is urodelian amphibian. It might be
interesting to compare the responses to ghrelin and related peptides in the two different
species. The structure of GHS-R1a was recently clarified in the bullfrog and Japanese
fire belly (Kaiya et al., 2011a, 2011b; 2015). Ghrelin was identified in both amphibians,
and bullfrog ghrelin is unique in that it has threonine instead of serine at the acylated
amino acid residue and mainly synthesized in the gastric mucosa (Kaiya et al., 2001;
2006; 2011a). Isolated gastric LM and CM strips showed spontaneous contractile
activity, and a strong contraction was caused by high-K"* stimulation, the muscarinic
receptor agonist carbachol and substance P, indicating that the smooth muscle strips can
respond to depolarization and hormonal receptor activation. However, neither bullfrog
ghrelin nor rat ghrelin caused mechanical changes in gastric LM and CM strips or the
upper and lower small intestinal LM strips of the bullfrog. Kaiya et al. (2011) have
already confirmed that synthesized bullfrog ghrelin used in this experiment increased
intracellular Ca?* concentration in the bullfrog GHS-R1a-transfected-HEK293 cells.
GHS-R1a mRNA showed homogenous expression in the bullfrog stomach and small

intestine. Relationships between GHS-Rla mRNA expression and ghrelin-induced



337

338

339

340

341

342

343

344

345

346

347

348

349

350

351

352

353

354

355

356

357

3568

359

360

15/30

mechanical responses in the gastrointestinal tract have been classified into two patterns.
One is observed in chickens, rats and guinea-pigs, and the ghrelin-induced response was
shown to be dependent on the expression level of GHS-R1la mRNA (Kitazawa et al.,
2009, 2011, 2013; Nunoi et al., 2012). The other is observed in goldfish and rainbow
trout, and although GHS-R1a mRNA was expressed at a moderate level, ghrelin failed
to cause any mechanical changes (Kitazawa et al., 2012). One possible explanation for
the discrepancy is that GHS-R1a mRNA is not translated in the GHS-R1a protein.
Expression of GHS-R 1a mRNA is dissociated with its protein distribution as previously
demonstrated in the case of ghrelin and ghrelin mRNA (Ghelardoni et al., 2006). The
second explanation is that GHS-R1a protein is expressed in the gastrointestinal tract, but
the region of expression is not on enteric neurons and smooth muscle cells linked to
muscle contraction but on mucosal cells for endocrine and exocrine systems. It has been
demonstrated that GHS-R1a mRNA is expressed in the mucosa of the human intestine
(Takeshita et al., 2006). The third is that, recent study suggested the importance of
intrinsic primary afferent neurons (IPAN) in the mucosa for the ghrelin-induced
mechanical action of the suncus gastrointestinal tract (Mondal et al., 2013). Removal of
the mucosal layer for making smooth muscle preparations in the present study might
have destroyed neural networks included in the actions of ghrelin. In fact, GHS-R1a
MRNA was expressed in the bullfrog mucosa in the present study. Anyway, distribution
of GHS-R1a protein in the gastrointestinal tract of two amphibian species should be
investigated in the future studies to clarify the discrepancy between functional results
and level of GHS-R1a mRNA expression.

We compared GHS-R1a mRNA expression levels in the muscle layer and mucosa of

the bullfrog. Although average GHS-R1a mRNA expression levels in the muscle layer
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tended to decrease from the stomach to lower small intestine, expression of GHS-R1a
MRNA in three different regions were not significantly different whereas that in the
mucosal layer increased significantly in the lower small intestine. In chickens,
gastrointestinal region-related expression of GHS-R1a was more emphasized in muscle
preparations than that in whole preparations containing the mucosa and muscle,
suggesting that GHS-R1a mainly exists in smooth muscle layers including the
myenteric plexus, and ghrelin affected the smooth muscle contractility (Kitazawa et al.,
2009) as shown in a previous immunohistochemical study (Dass et al., 2003). However,
the results of present study indicated that GHS-R1a is mainly distributed in the mucosa
in the lower small intestine, suggesting that ghrelin regulates mucosal functions such as
absorption of nutrients, electrolytes and water and secretion of hormone, electrolyte and
water rather than gut motility. In support of this notion, GHS-R1a expression increased
in 10 days after dehydration in the bullfrog stomach (Kaiya et al., 2011b).

Isolated gastrointestinal preparations of Japanese fire belly newt also contracted
spontaneously, but both newt ghrelin and rat ghrelin did not cause any mechanical
changes of gastrointestinal LM strips. However, high-K* (depolarization), carbachol and
substance P caused marked contractions, indicating that there was no problem in the LM
preparations. In addition, bioactivity of the present newt ghrelin has been already
confirmed in the newt GHS-R1la-transfected-HEK293 cells (Kaiya et al., 2015).
Therefore in addition to the results for the bullfrog, our results showed that ghrelin does
not change contractility of the newt gastrointestinal LM in in vitro experimental
condition.

Motilin, produced in the mucosa of the duodenum, stimulates gastrointestinal

motility and its structure has been determined in the chicken and several species of
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mammals including humans, dogs, cats, rabbits and suncus (Depoortere et al., 1993;
Kitazawa et al., 1994, 2009; De Clercq et al., 1996; Itoh, 1997; Yamamoto et al., 2008;
Tsutsui et al.,, 2009; Mondal et al., 2011). Recently, the motilin/motilin receptor
(GPR38) system has been demonstrated in a teleost, zebrafish, through molecular
cloning and functional studies (Olsson et al., 2008; Liu et al., 2013). Presence of
motilin/motilin receptor system in fish, birds and mammals suggests that the motilin
system is conserved in vertebrates and also exerts function in the amphibian
gastrointestinal tract (bullfrog and newt). In the present study, human motilin caused
contraction of bullfrog intestinal strips, and the contractile response was restricted to the
upper small intestine corresponding to the duodenum in mammals. This is the first
report to demonstrate the involvement of motilin in bullfrog gastrointestinal motility.
Region-related contraction of isolated gastrointestinal strips by motilin has been already
demonstrated in rabbits, chickens and Japanese quails (Kitazawa et al., 1994; 2009), and
high expression of the motilin receptor has been demonstrated in the cat duodenum
(Depoortere et al., 1993) and in the chicken small intestine (Kitazawa et al., 2013). The
presence of the motilin system in amphibians has not yet been demonstrated, but the
results of the present study showing motilin had contractile activity in upper intestinal
strips of bullfrogs suggest that the motilin system is present in the bullfrog. However,
intestinal smooth muscle strips of newts did not respond to human motilin, indicating a
species difference in the responsiveness to motilin in the amphibian gastrointestinal
tract as observed in the mammals. Bullfrogs and newts possess different characteristics
as amphibians (an anuran amphibian vs. aurodelian amphibian). Since human motilin
was used in the present study, the difference in motilin structure and motilin receptor

structure between bullfrogs and Japanese fire belly newts might explain the different
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actions of human motilin. Anyway the bullfrog would be a good model for further
investigation of motilin function in amphibians.

In summary, we examined the action of ghrelin on isolated gastrointestinal tracts of
the bullfrog and Japanese fire belly newt using homologous ghrelin. Despite the fact
that GHS-R1a mRNA was expressed throughout the gastrointestinal tract, ghrelin did
not cause mechanical change of the gastrointestinal LM in the two amphibian species,
although neurotensin and substance P were capable of contracting the preparations.
These results indicate that ghrelin does not play a crucial role in gastrointestinal motor
function in these amphibians, being different from results obtained for avian and
mammals, and indicate diversity of biological actions of ghrelin in regulation of
gastrointestinal motility among vertebrates. However, except for bullfrog stomach, the
effects of ghrelin were examined only in LM strips and it has been shown that ghrelin
can act on the terminals of vagus nerves or intrinsic primarily afferent neurons in the
intestinal wall (Fukuda et al., 2004; Nakamura et al., 2009; Mondal et al., 2013).
Therefore, further studies to investigate gastrointestinal motility using isolated CM
strips (in vitro) and whole animals (in vivo study) are needed to determine the regulation

of gastrointestinal motility by ghrelin.
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Figure Legends

Fig. 1 Typical mechanical responses to high-K* (50 mM KCI), carbachol (10 pM), rat
ghrelin (1 uM), bullfrog ghrelin (1 uM), neurotensin (1 uM) and substance P (1 uM) in
longitudinal muscle strips from the bullfrog stomach. High-K*-induced contraction was
as serving as a standard contraction to normalize the mechanical responses of other

substances.

Fig. 2 Typical mechanical responses to high-K* (50 mM KCI), carbachol (10 pM), rat
ghrelin (1 uM), bullfrog ghrelin (1 uM), neurotensin (1 uM) and substance P (1 uM) in
the circular muscle strips from the bullfrog stomach. High-K*-induced contraction was
as serving as a standard contraction to normalize the mechanical responses of other

substances.

Fig. 3 Typical mechanical responses to high-K* (50 mM KCI), carbachol (10 uM), rat
ghrelin (1 uM), bullfrog ghrelin (1 uM), neurotensin (1 uM) and substance P (1 uM) in
longitudinal muscle strips from the bullfrog upper intestine. High-K*-induced
contraction was as serving as a standard contraction to normalize the mechanical
responses of other substances. Neurotensin caused contraction of intestinal strips

different from that of gastric muscle strips.

Fig. 4 Comparison of mechanical responses to ghrelin peptides with those to other
bioactive stimulants in the gastric longitudinal muscle (A), gastric circular muscle (B),
upper intestinal longitudinal muscle (C) and lower intestinal longitudinal muscle (D).

The mechanical changes induced by carbachol (1 and 10 uM), rat ghrelin (100 nM and
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1 uM), bullfrog ghrelin (100 nM and 1 uM), neurotensin (1 uM) and substance P (1
uM) were normalized by the amplitude of standard contraction induced by high-K* (50
mM) and are shown as relative changes in muscle tonus. The number following each
substance indicated concentration (log M). Columns are means = SE of more than 3

experiments.

Fig. 5 Expression of GHS-R1a mRNA in gastrointestinal tracts of the bullfrog and
Japanese fire belly newt. A: The gastrointestinal tract of the bullfrog was divided into
three regions: stomach, upper small intestine and lower small intestine, and expression
of GHS-R1a mRNA was compared with that in the stomach (Whole). The mucosal
layer (Mucosa) and smooth muscle layer (Muscle) were separated from each whole
preparation by microscopic dissection, and the expression level of GHS-R1a mRNA
was compared among three regions. B: The gastrointestinal tract of the newt was
divided into five regions: stomach, upper, middle and lower small intestine, and large
intestine (whole preparations). * P<0.05 significantly different from respective gastric
values using one-way ANOVA followed by Dunnett’s test. Values are means + SE of 4

(bullfrog) and 5 (newt) preparations.

Fig. 6 Human motilin (1 uM)-induced responses in longitudinal (LM) and circular
muscle strips (CM) from the stomach (A) and upper, middle and lower small intestinal
LM strips (B) of bullfrog. Motilin caused contraction only in the upper small intestinal

strips.

Fig. 7 Typical mechanical responses to high-K* (50 mM KCI), carbachol (10 pM), rat
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ghrelin (1 uM), bullfrog ghrelin (1 uM), motilin (1 uM) and substance P (1 uM) in
longitudinal muscle strips from the stomach of the Japanese fire belly newt.
High-K*-induced contraction was as serving as a standard contraction to normalize the

mechanical responses of other substances.

Fig. 8 Typical mechanical responses to high-K* (50 mM KCI), carbachol (10 pM), rat
ghrelin (1 uM), bullfrog ghrelin (1 uM), motilin (1 uM) and substance P (1 uM) in
longitudinal muscle strips from the upper intestine of the Japanese fire belly newt.
High-K™-induced contraction was as serving as a standard contraction to normalize the

mechanical responses of other substances.
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