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Changes in extracellular osmolarity lead to alteration in cellular volume. In the study, we examined the
effects of hyperosmolarity on short-circuit currents (Isc) in the rat ileum using the Ussing chamber
technique. Mucosal exposure to 20 mM glucose evoked a decrease of Isc in the rat ileum, which was
antagonized by the stretch-activated channel blocker GdCI3, TTX and atropine, respectively. In contrast, it
was not blocked by phlorizin, a Na*-glucose cotransporter SGLT1 inhibitor. Furthermore, the unabsorbed

ﬁeywoms" Larit substances, such as sucrose, lactulose or urea, also induced a decrease of Isc in rat ileum. ELISA results
H?/S[;:;?:;go anty revealed that 20 mM glucose stimulated the release of histamine from rat ileum mucosa, which was
lleum mucosa attenuated by TTX. In addition, the glucose-induced Isc was depressed by pyrilamine, a histamine Hj

receptor blocker (H; antagonist) whereas it was not affected by ranitidine (H, antagonist), clobenpropit
(H3 antagonists) or JNJ7777120 (H4 antagonist), respectively. The ion substitution experiments suggest
that the changes of Na™ and HCO3 ion flux underlie the glucose-induced Isc. In conclusion, osmotic
stimulus decreased the basal Isc of rat ileum by evoking histamine release from ileum mucosa. The
changes of Na* and HCO3 ion transport are involved in the glucose-evoked decrease of basal Isc.

© 2017 Elsevier Inc. All rights reserved.
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1. Introduction

The intestinal epithelium is one of the first interfaces between
the organism and the environment. During clinical manifestation, it
delivers a selective permeable barrier that causes limitations to the
permeability of luminal noxious molecules, for example toxins,
pathogens and antigens, while permitting the necessary absorption
of nutrients and water since maintenance of cell volume is crucial
for this selective barrier. Disturbances in tonicity (effective osmo-
larity) are the major clinical disorders affecting cell volume [1]. Cell
shrinking, secondary to hypertonicity, causes severe clinical man-
ifestations and even death [2]. To date, there are several unresolved

Abbreviations: Isc, short-circuit current; TTX, tetrodotoxin; NKCC, Na*-K™-2Cl-
cotransporter; ENS, enteric nervous system; ACh, acetylcholine; PLC, phospholipase
C; IP3, inositol trisphosphate; DAG, diacylglycerol; NO, nitric oxide; AC, adenylyl
cyclase.
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aspects of cell volume regulation. These include the identity of the
structure of the osmotic sensor, and the nature of signaling path-
ways of the hypothetical cell volume sensor which leads to acti-
vation of volume-dependent ion transporters. It has been reported
that hypertonicity stimulates Cl~ transport in eel intestinal
epithelium by the activation of the luminal Na™-K"-2Cl" cotrans-
porter (NKCC) and the functionality of basolateral CI~ channels [3].
The present study reveals a new signaling pathway of cell volume
regulation. We demonstrated that hyperosmolarity evoked hista-
mine release from ileum mucosa, and then regulated Na™ and HCO3
transport to alter cell volume.

2. Materials and methods
2.1. Animals and tissue preparation

All prospective procedures throughout the experiment were
followed by protocol and conducted with the procedures for the
Care and Use of Laboratory Animals of Shandong University, and
the work was approved by the Medical Ethics Committee for
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Experimental Animals, Shandong University, China (number
ECAESDUSM 2012029). The usage of adult male Wistar rats ranging
between 200 and 250 g were employed in this study. This specie of
rat was acquired from the Animal Center of Shandong University,
China. Animals were allocated and allowed free access to water, had
been fasted overnight prior before experiments and were then
anesthetized and decapitated. Tissue preparations were done ac-
cording to the previously described procedures [4]. After elimi-
nating luminal contents smoothly, the segments of the ileum were
chopped along the mesenteric border and tissues were pinned flat
on a Sylgard-lined petri dish with the mucosal surface facing down.
The serosa and muscularis were removed gently and precisely in
order to get mucosal-submucosal preparations. Tissue preparations
were unremittingly oxygenated with a gas mixture (95% O and 5%
CO3) while being bathed in ice-cold Krebs solution during prepa-
ration. The composition of Krebs solution was (in mM): 120.6 NaCl,
5.9 KCl, 2.5 CaCly, 1.2 KHyPOy4, 1.2 MgCly, 15.4 NaHCO3; and 11.5
Glucose.

2.2. Short-circuit current (Isc) measurement

Isc in vitro was measured using Ussing Chamber techniques. The
tissue preparations were attached and placed between 2 halves of
the Ussing Chambers. The exposed area (about 0.50 cm?) was for-
tified with water-jacketed gas lifts which were then bathed on both
sides with 5 mL Krebs solution and oxygenated with a gas mixture
of 95% 0O, and 5% CO,, while maintaining the pH at 7.4.

The Krebs solution was maintained at 37 °C and circulated
through a reservoir. The tissue was then continuously voltage-
clamped to a zero potential difference by using an external cur-
rent with compensation for fluid resistance in consideration. The
baseline value of the electrical parameters was measured as the
mean over the 3 min interval immediately prior to administration
of drug. The tissue was then equilibrated under these stated con-
ditions for 20 min to maintain the Isc proceeding to the addition of
drugs. The transepithelial potential difference for each prospective
preparation was calculated with Ag/AgCl reference electrodes
(P2020S; Physiologic Instruments, San Diego, Calif) connected to a
preamplifier that was in turn connected to a voltage clamp
amplifier (VCC MC4; Physiologic Instruments, San Diego, Calif). The
changes in the short circuit current (Alsc) were calculated, and
results were recorded on the basis of the value before and after the
process of stimulation. The Alsc was normalized as the current per
unit area of epithelium (pA/cm?). The viability of tissues was
checked by inducing stimulation by acetylcholine (ACh).

2.3. Measurement of histamine

The ileum mucosa was attached between the 2 halves of the
Ussing chambers (0.50 cm?). The tissues were there after bathed on
both sides with 5 mL Krebs solution, gassed with 95% O, and 5%
COy, pH adjusted to 7.4 and maintained persistently at 37 °C by
circulating the solution of contents via a reservoir throughout the
experiments. Glucose (20 mM) was added to the mucosa side so-
lution then the tissues were taken out and homogenized and
centrifuged for ELISA at 4 °C. Histamine was measured using a
Histamine ELISA Kit for mouse (R&D, USA) with a detection range
from 0.5 to 200.0 ng/mL. The histamine standard curve was
calculated using a 4-PL curve fit (R*> = 0.9950).

2.4. Drugs
The p-glucose (20 mM), phlorizin (100 uM), D (+)-Sucrose

(20 mM)), lactulose (20 mM) or saccharin (1 mM) was added to the
mucosal side bathing solution and measured the changes of Isc.

Atropine (10 uM) was used to block the cholinergic system. GdCls3
(100 uM) was used to block the osmotic sensors. Histamine re-
ceptor antagonists including pyrilamine (H; antagonist,1 pM), ra-
nitidine (H; antagonist,1 uM), clobenpropit (Hs antagonist,1 uM) or
JNJ7777120 (H4 antagonist,1 uM) was added to serosal side bathing
solution to study the effect of histamine to the hyperosmolarity.
Tetrodotoxin (TTX,1 uM) was used to block the neural pathway.
Atropine, TTX or furosemide (100 pM) was added to the serosal side
bathing solution. In the alternative experiments, the Cl~ free so-
lution contained (in mM): 117 Na-gluconate, 4.7 K-gluconate, 8 Ca-
(gluconate),, 1.2 Mg-(gluconate);,1.2 NaH,PO4, 25 NaHCO3, and 11
glucose. In HCO3-free solution. HCO3 was replaced by gluconate
and HEPES buffer and the pH were adjusted to 8.0. In Na*-free
solution, 120.6 mM NaCl was replaced by 120.6 mM KCl, pH 7.4
adjusted with KOH.

2.5. Data analysis and statistics

Data showed as means + SEM and the n values represent the
numbers of animals used in these experiments. We considered
one-way ANOVA or unpaired Student's t-tests to investigate if there
were significant differences in basal electrical parameters among
the tissue elements. P < 0.05 was considered statistically
significant.

3. Results
3.1. Osmotic stimulus evoked a decrease in Isc in rat ileum

It's well known the absorption of glucose in intestinal epithe-
lium causes an increase of Isc because of Na® co-transport. Our
experiments confirmed that indeed, the addition of glucose
(20 mM) to mucosal bathing solution suggested an increase in Isc in
rat jejunum (Fig. 1A). In contrast, 20 mM glucose evoked a decrease
of Isc in the rat ileum (Fig. 1B). The absorption of glucose in intes-
tinal epithelium is through Na -+ -glucose cotransporter SGLT1
therefore absorption of glucose is Na + -dependent. Since phlorizin
inhibits SGLT1, we added phlorizin to test whether the change in Isc
is evoked by SGLT1. Phlorizin blocked glucose-evoked increase of
Isc in jejunum, however, did not exert any effect on glucose-evoked
decrease of Isc in the rat ileum (Fig. 1C). Furthermore, sucrose or
lactulose which is not absorbed by the small intestine also caused a
decrease of Isc (Fig. 1D and E). In addition, a non-nutrient osmotic
load such as urea (20 mM) showed similar result (Fig. 1F). It is well
known that the small intestine expresses sweet taste receptors
[5,6]. To elucidate the role of sweet taste receptors, saccharin
(1 mM), a sweet taste receptor agonist was used. However, it had no
effect on the Isc of the ileum mucosa (Fig. 1G). Notably, the stretch-
activated channel blocker GdCls (100 pM) largely attenuated the
osmotic stimulus-evoked Isc in the rat ileum (Fig. 1H). These results
suggest that 20 mM glucose-induced Isc in the rat ileum may be due
to the hyperosmotic challenges.

3.2. The osmotic stimulus-evoked Isc in the rat ileum is mediated by
the cholinergic circuitry of enteric nervous system (ENS)

The ENS plays a significant part in the regulation of intestinal
epithelial ion transport. The principal role of submucousal plexus is
in sensing the environment within the lumen. To examine the
contribution of the ENS in the effects of hypertonic challenge, TTX
(10-% M) was added to the serosal bathing solution to block the
ENS. In the presence of TTX, the 20 mM glucose-induced Isc was
almost suppressed (Fig. 2A). Interestingly atropine, a selective
muscarinic ACh receptor antagonist also inhibited the effect of
20 mM glucose on the Isc of ileum mucosa (Fig. 2B).



B. Wang et al. / Biochemical and Biophysical Research Communications 493 (2017) 1037—1042 1039

A Jejunum

=30
~ 100 g
el 22
5 Glucose 3
2 90 5 10
<L
<

O]
100 300 500

o
(=]
(=}

Control  Glucose

S wa Glucose
mm phlorizin+Glucose

A Isc(uA/cm?)
=

o 4=l e
-10
-20
E
o
P
< g
3 <
5 <
2 2
= 3
£
= *
100 300 500 16 Control Lactulose
G Ileum
100 o
oy Saccharin g
2 ' <
= 9 —— =
Q ~—
80 () <

100 200 300 Control Saccharin

Fig. 1. Osmotic stimulus evoked a decrease in Isc in rat ileum.
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Adding a relatively high concentration of glucose (20 mM) to mucosal bathing solution evoked an increase of Isc in rat jejunum (A), but stimulated a decrease of Isc in rat ileum(B).
Phlorizin, a non-selective SGLT inhibitor, blocked glucose-evoked increase of Isc in jejunum, however, did not exert any effect on glucose-evoked decrease of Isc in rat ileum(C). Like
glucose, sucrose or lactulose also caused a decrease of Isc (D and E). In addition, urea (20 mM), a non-nutrient osmotic substance, evoked a decrease of Isc in rat ileum either (F).
Saccharin (1 mM), a sweet taste receptor agonist, had no effect on the Isc of ileum mucosa (G). Notably, the stretch-activated channel blocker GdCl; (100 pM), largely attenuated the
osmotic stimulus-evoked Isc in rat ileum(H). n = 7; *, P < 0.05; **, P < 0.01versus Control or glucose.

3.3. Histamine Hj receptor involves in hyperosmotic solution-
evoked Isc

The ELISA results confirmed that 20 mM glucose stimulated
histamine release from the ileum mucosa which was inhibited by
pretreatment with TTX (10~ M) (Fig. 3A). Furthermore, pyrilamine
(107 M), an antagonist of histamine H; receptor markedly
inhibited the 20 mM glucose-induced Isc (Fig. 3B and F) whereas
ranitidine (H; antagonist), clobenpropit (Hs antagonists) or
INJ7777120 (H4 antagonist) which did not inhibit (Fig. 3C-F).

3.4. HCO3 and Na* are involved in the glucose-induced decrease of
Isc

In order to find which ion involves in the glucose-induced
decrease of Isc, Na™, CI~ and HCO3 was removed from the bath-
ing solution, respectively. Either HCO3 -free or Na*-free Krebs so-
lution largely reduced the change of Isc in response to hypertonicity
(Fig. 4A1 and A2). But Cl -free Krebs solution which did not
(Fig. 4A3 and A4).

In addition, the hypertonicity-evoked response was not inhibi-
ted by furosemide (100 pM), an antagonist of NKCC (Fig. 4B).

4. Discussion

We reported here that osmotic stimulus evoked a response in Isc
measured by Ussing Chamber technique which was mediated by
histamine released from ileum mucosa through the reflex pathway.
Further study confirmed Na* and HCO3 ion involved hyperosmotic-
induced Isc in the rat ileum mucosa.

In the present study, we found that 20 mM glucose evoked an
inward current in the rat ileum mucosa whereas induced an out-
ward current in the rat jejunum. It's well known that the absorption
of glucose in intestinal epithelium is Na*-dependent. Therefore, the
absorption of glucose in intestinal epithelium causes an increase of
Isc. Indeed, the glucose-evoked increase of Isc in the rat jejunum
was totally blocked by phlorizin, a Nat-glucose co-transporter in-
hibitor. Interestingly glucose evoked a decrease of basal Isc in the
rat ileum which is not consistent with previous studies [7,8]. They
identified a 20 mM glucose-evoked elevation in ileal Isc of either rat
or mouse. Boudry et al. also demonstrated positive glucose-induced
currents in both the jejunum and porcine ileum [9]. It is well known
that glucose is absorbed mainly in proximal small intestine. An
increase of Isc represents increased SGLT1 activity. Notably, SGLT1
blocker phlorizin did not affect the glucose-evoked decrease of Isc
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Fig. 2. The osmotic stimulus-evoked Isc in rat ileum is mediated by the cholinergic
circuitry of enteric nervous system (ENS).

Serosal application of TTX (106 M) markedly attenuated the 20 mM glucose-induced
Isc (A). Atropine, a M-receptor antagonist, also suppressed the 20 mM glucose-evoked
effect (B). n = 5; **, P < 0.01versus glucose.

It's well known that the histamine can be released from mast
cells [11]. Hyperosmolar stimulation evokes histamine release from
mast cells [12]. It has been demonstrated that mast cells are
innervated by submucosal neurons [13—15], and 10-15% of intes-
tinal mucosal mast cells contacted vagal nerve terminals [16].
Mannaioni et al. reported that ACh evoked histamine secretion
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Fig. 3. Histamine H; receptor involves in hyperosmotic solution-evoked Isc.

ELISA results showed that histamine was release from ileum mucosa in the presence of glucose, which was inhibited by co-incubation of TTX (10-6 M)(A). Pyrilamine (10-% M), an
antagonism of histamine 1 receptor (H;R), largely inhibited osmotic stimulus-evoked response (B,F). However, the ranitidine (H,R antagonist), clobenpropit (H3;R antagonist) or
JNJ7777120 (H4R antagonist) had no obvious influence (C-F). n = 8; *, P < 0.05; **, P < 0.01versus Control. # P < 0.05 versus glucose.
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Na*, CI” or HCO3 was removed from the bathing solution, respectively. Either HCO3 -free or Na*-free Krebs solution largely reduced the change of Isc in response to hyperosmotic
stimulus (A1 and A2), whereas Cl™-free Krebs solution did not (A3,A4). Moreover, mucosal application of furosemide (100 uM), a blocker of NKCC, had no effect on hyperosmotic-

evoked Isc (B1,B2). n = 10; **, P < 0.01 versus Control.

from rat mast cells, which was competitively blocked by atropine
[17,18]. Therefore, we deduced that hyperosmotic solution stimu-
lates submucosal cholinergic nerve fiber, and then triggers hista-
mine release from mast cells, which is confirmed by the data of the
effect of pyrilamine, an antagonist of histamine H; receptor or
ELISA results. The histamine HiR-H4Rs have been found in enteric
neurons in the whole intestine and ENS in humans [19]. The his-
tamine H; receptor are also presented on epithelial cells in both the
small and large intestine to alter chloride secretion in rat [20,21]. In
our present study, the histamine H; receptor antagonist blocked
the glucose-evoked Isc in rat ileum. But, chloride is not involved in
hyperosmotic-evoked response in Isc. Strikingly, bilateral removal
of Na* or HCO3 obviously inhibited the hyperosmotic-evoked Isc.

In summary, based on the findings of the present study, authors
would like to report for the first time that hyperosmotic stimulus
decreased the basal Isc of the rat ileum by evoking histamine
release which induces the changes of Na* and HCO3™ ion flux in
intestinal epithelial cells.

Competing interests

None.

Contributors

Study concept and design: BW, N A and D Z. Acquisition of data:
BW, NA, HW,L X and H L. Analysis and interpretation of data: N A,
H W and D Z. Drafting of the manuscript: NA, AS S and D Z. Sta-
tistical analysis: N A and ] L. Revision of the manuscript: A S S.
Approved final version of manuscript: all authors.

Acknowledgments

This work was supported by the National Key Research and
Development Program of China (2016YFC1302203) and the Na-
tional Natural Science Foundation of China (NSFC 31571183).



1042 B. Wang et al. / Biochemical and Biophysical Research Communications 493 (2017) 1037—1042

Transparency document

Transparency document related to this article can be found
online at https://doi.org/10.1016/j.bbrc.2017.09.093.

References

[1] F.Lang, G.L. Busch, M. Ritter, H. Volkl, S. Waldegger, E. Gulbins, D. Haussinger,
Functional significance of cell volume regulatory mechanisms, Physiol. Rev. 78
(1998) 247—-306.

[2] C. Argyropoulos, H. Rondon-Berrios, D.S. Raj, D. Malhotra, E.I. Agaba,
M. Rohrscheib, Z. Khitan, G.H. Murata, ].I. Shapiro, A.H. Tzamaloukas, Hyper-
tonicity: Pathophysiologic Concept and Experimental Studies, Cureus 8 (2016)
e596.

[3] M.G. Lionetto, M.E. Giordona, G. Nicolardi, T. Schettino, Hypertonicity stimu-
lates CI(-) transport in the intestine of fresh water acclimated eel, Anguilla
anguilla, Cellular physiology and biochemistry, Int. ]. Exp. Cell. physiology,
Biochem. Pharmacol. 11 (2001) 41—-54.

[4] Y. Li, X.F. Li, G. Hua, J.D. Xu, X.H. Zhang, L.S. Li, X.Y. Feng, Y. Zhang, Z.P. Duan,
J.X. Zhu, Colonic submucosal 5-HT(3) receptor-mediated somatostatin-
dependent secretoinhibitory pathway is suppressed in water-immersion re-
straint stressed rats, Eur. J. Pharmacol. 656 (2011) 94—100.

[5] J. Dyer, K.S. Salmon, L. Zibrik, S.P. Shirazi-Beechey, Expression of sweet taste
receptors of the T1R family in the intestinal tract and enteroendocrine cells,
Biochem. Soc. Trans. 33 (2005) 302—305.

[6] OJ. Mace, J. Affleck, N. Patel, G.L. Kellett, Sweet taste receptors in rat small
intestine stimulate glucose absorption through apical GLUT2, ]. physiology
582 (2007) 379—392.

[7] RN. Fedorak, N. Cortas, M. Field, Diabetes mellitus and glucagon alter

ouabain-sensitive Na(+)-K(+)-ATPase in rat small intestine, Diabetes 40

(1991) 1603—-1610.

S. Yan, F. Sun, Z. Li, ]. Xiang, Y. Ding, Z. Lu, Y. Tian, H. Chen, J. Zhang, Y. Wang,

P. Song, L. Zhou, S. Zheng, Reduction of intestinal electrogenic glucose ab-

sorption after duodenojejunal bypass in a mouse model, Obes. Surg. 23 (2013)

1361-1369.

(8

[0l

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

G. Boudry, V. Peron, I. Le Huerou-Luron, ].P. Lalles, B. Seve, Weaning induces
both transient and long-lasting modifications of absorptive, secretory, and
barrier properties of piglet intestine, ]. Nutr. 134 (2004) 2256—2262.

H.L. Haas, O.A. Sergeeva, O. Selbach, Histamine in the nervous system, Physiol.
Rev. 88 (2008) 1183—1241.

B.M. Jensen, S. Falkencrone, P.S. Skov, Measuring histamine and cytokine
release from basophils and mast cells, Methods Mol. Biol. 1192 (2014)
135—145.

P.A. Eggleston, A. Kagey-Sobotka, R.P. Schleimer, L.M. Lichtenstein, Interaction
between hyperosmolar and IgE-mediated histamine release from basophils
and mast cells, Am. Rev. Respir. Dis. 130 (1984) 86—91.

G.D. Wang, X.Y. Wang, S. Liu, M. Qu, Y. Xia, B.J. Needleman, D.]. Mikami,
J.D. Wood, Innervation of enteric mast cells by primary spinal afferents in
Guinea pig and human small intestine, Am. J. physiology. Gastrointest. liver
physiology 307 (2014) G719—G731.

A. Bell, M. Althaus, M. Diener, Communication between mast cells and rat
submucosal neurons, Pflugers Archiv, Eur. ]. physiology 467 (2015)
1809—-1823.

M. Schemann, M. Camilleri, Functions and imaging of mast cell and neural axis
of the gut, Gastroenterology 144 (2013) 698—704 e694.

R.M. Williams, H.R. Berthoud, R.H. Stead, Vagal afferent nerve fibres contact
mast cells in rat small intestinal mucosa, Neuroimmunomodulation 4 (1997)
266—-270.

P. Blandina, R. Fantozzi, P.F. Mannaioni, E. Masini, Characteristics of histamine
release evoked by acetylcholine in isolated rat mast cells, ]. physiology 301
(1980) 281—-293.

R. Fantozzi, E. Masini, P. Blandina, P.F. Mannaioni, T. Bani-Sacchi, Release of
histamine from rat mast cells by acetylcholine, Nature 273 (1978) 473—474.
E. Breunig, K. Michel, F. Zeller, S. Seidl, CW. Weyhern, M. Schemann, Hista-
mine excites neurones in the human submucous plexus through activation of
H1, H2, H3 and H4 receptors, ]. physiology 583 (2007) 731—-742.

HJ. Cooke, P.R. Nemeth, J.D. Wood, Histamine action on Guinea pig ileal
mucosa, Am. J. physiology 246 (1984) G372—G377.

J. Hardcastle, P.T. Hardcastle, The secretory actions of histamine in rat small
intestine,, J. physiology 388 (1987) 521—532.


https://doi.org/10.1016/j.bbrc.2017.09.093
http://refhub.elsevier.com/S0006-291X(17)31864-8/sref1
http://refhub.elsevier.com/S0006-291X(17)31864-8/sref1
http://refhub.elsevier.com/S0006-291X(17)31864-8/sref1
http://refhub.elsevier.com/S0006-291X(17)31864-8/sref1
http://refhub.elsevier.com/S0006-291X(17)31864-8/sref2
http://refhub.elsevier.com/S0006-291X(17)31864-8/sref2
http://refhub.elsevier.com/S0006-291X(17)31864-8/sref2
http://refhub.elsevier.com/S0006-291X(17)31864-8/sref2
http://refhub.elsevier.com/S0006-291X(17)31864-8/sref3
http://refhub.elsevier.com/S0006-291X(17)31864-8/sref3
http://refhub.elsevier.com/S0006-291X(17)31864-8/sref3
http://refhub.elsevier.com/S0006-291X(17)31864-8/sref3
http://refhub.elsevier.com/S0006-291X(17)31864-8/sref3
http://refhub.elsevier.com/S0006-291X(17)31864-8/sref4
http://refhub.elsevier.com/S0006-291X(17)31864-8/sref4
http://refhub.elsevier.com/S0006-291X(17)31864-8/sref4
http://refhub.elsevier.com/S0006-291X(17)31864-8/sref4
http://refhub.elsevier.com/S0006-291X(17)31864-8/sref4
http://refhub.elsevier.com/S0006-291X(17)31864-8/sref5
http://refhub.elsevier.com/S0006-291X(17)31864-8/sref5
http://refhub.elsevier.com/S0006-291X(17)31864-8/sref5
http://refhub.elsevier.com/S0006-291X(17)31864-8/sref5
http://refhub.elsevier.com/S0006-291X(17)31864-8/sref6
http://refhub.elsevier.com/S0006-291X(17)31864-8/sref6
http://refhub.elsevier.com/S0006-291X(17)31864-8/sref6
http://refhub.elsevier.com/S0006-291X(17)31864-8/sref6
http://refhub.elsevier.com/S0006-291X(17)31864-8/sref7
http://refhub.elsevier.com/S0006-291X(17)31864-8/sref7
http://refhub.elsevier.com/S0006-291X(17)31864-8/sref7
http://refhub.elsevier.com/S0006-291X(17)31864-8/sref7
http://refhub.elsevier.com/S0006-291X(17)31864-8/sref7
http://refhub.elsevier.com/S0006-291X(17)31864-8/sref7
http://refhub.elsevier.com/S0006-291X(17)31864-8/sref8
http://refhub.elsevier.com/S0006-291X(17)31864-8/sref8
http://refhub.elsevier.com/S0006-291X(17)31864-8/sref8
http://refhub.elsevier.com/S0006-291X(17)31864-8/sref8
http://refhub.elsevier.com/S0006-291X(17)31864-8/sref8
http://refhub.elsevier.com/S0006-291X(17)31864-8/sref9
http://refhub.elsevier.com/S0006-291X(17)31864-8/sref9
http://refhub.elsevier.com/S0006-291X(17)31864-8/sref9
http://refhub.elsevier.com/S0006-291X(17)31864-8/sref9
http://refhub.elsevier.com/S0006-291X(17)31864-8/sref10
http://refhub.elsevier.com/S0006-291X(17)31864-8/sref10
http://refhub.elsevier.com/S0006-291X(17)31864-8/sref10
http://refhub.elsevier.com/S0006-291X(17)31864-8/sref11
http://refhub.elsevier.com/S0006-291X(17)31864-8/sref11
http://refhub.elsevier.com/S0006-291X(17)31864-8/sref11
http://refhub.elsevier.com/S0006-291X(17)31864-8/sref11
http://refhub.elsevier.com/S0006-291X(17)31864-8/sref12
http://refhub.elsevier.com/S0006-291X(17)31864-8/sref12
http://refhub.elsevier.com/S0006-291X(17)31864-8/sref12
http://refhub.elsevier.com/S0006-291X(17)31864-8/sref12
http://refhub.elsevier.com/S0006-291X(17)31864-8/sref13
http://refhub.elsevier.com/S0006-291X(17)31864-8/sref13
http://refhub.elsevier.com/S0006-291X(17)31864-8/sref13
http://refhub.elsevier.com/S0006-291X(17)31864-8/sref13
http://refhub.elsevier.com/S0006-291X(17)31864-8/sref13
http://refhub.elsevier.com/S0006-291X(17)31864-8/sref14
http://refhub.elsevier.com/S0006-291X(17)31864-8/sref14
http://refhub.elsevier.com/S0006-291X(17)31864-8/sref14
http://refhub.elsevier.com/S0006-291X(17)31864-8/sref14
http://refhub.elsevier.com/S0006-291X(17)31864-8/sref15
http://refhub.elsevier.com/S0006-291X(17)31864-8/sref15
http://refhub.elsevier.com/S0006-291X(17)31864-8/sref15
http://refhub.elsevier.com/S0006-291X(17)31864-8/sref16
http://refhub.elsevier.com/S0006-291X(17)31864-8/sref16
http://refhub.elsevier.com/S0006-291X(17)31864-8/sref16
http://refhub.elsevier.com/S0006-291X(17)31864-8/sref16
http://refhub.elsevier.com/S0006-291X(17)31864-8/sref17
http://refhub.elsevier.com/S0006-291X(17)31864-8/sref17
http://refhub.elsevier.com/S0006-291X(17)31864-8/sref17
http://refhub.elsevier.com/S0006-291X(17)31864-8/sref17
http://refhub.elsevier.com/S0006-291X(17)31864-8/sref18
http://refhub.elsevier.com/S0006-291X(17)31864-8/sref18
http://refhub.elsevier.com/S0006-291X(17)31864-8/sref18
http://refhub.elsevier.com/S0006-291X(17)31864-8/sref19
http://refhub.elsevier.com/S0006-291X(17)31864-8/sref19
http://refhub.elsevier.com/S0006-291X(17)31864-8/sref19
http://refhub.elsevier.com/S0006-291X(17)31864-8/sref19
http://refhub.elsevier.com/S0006-291X(17)31864-8/sref20
http://refhub.elsevier.com/S0006-291X(17)31864-8/sref20
http://refhub.elsevier.com/S0006-291X(17)31864-8/sref20
http://refhub.elsevier.com/S0006-291X(17)31864-8/sref21
http://refhub.elsevier.com/S0006-291X(17)31864-8/sref21
http://refhub.elsevier.com/S0006-291X(17)31864-8/sref21

	Hyperosmolarity evokes histamine release from ileum mucosa by stimulating a cholinergic pathway
	1. Introduction
	2. Materials and methods
	2.1. Animals and tissue preparation
	2.2. Short-circuit current (ISC) measurement
	2.3. Measurement of histamine
	2.4. Drugs
	2.5. Data analysis and statistics

	3. Results
	3.1. Osmotic stimulus evoked a decrease in ISC in rat ileum
	3.2. The osmotic stimulus-evoked ISC in the rat ileum is mediated by the cholinergic circuitry of enteric nervous system (ENS)
	3.3. Histamine H1 receptor involves in hyperosmotic solution-evoked ISC
	3.4. HCO3− and Na+ are involved in the glucose-induced decrease of Isc

	4. Discussion
	Competing interests
	Contributors
	Acknowledgments
	Transparency document
	References


