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ABSTRACT. The Na*/Ca?* exchanger (NCX) is a bidirectional transporter that is controlled by
membrane potential and transmembrane gradients of Na* and Ca?*. To reveal the functional

role of NCX on gastrointestinal motility, we have previously used NCX1 and NCX2 heterozygote
knockout mice (HET). We found that NCX1 and NCX2 play important roles in the motility of

the gastric fundus, ileum and distal colon. Therefore, we believed that NCX1 and NCX2 play

an important role in transport of intestinal contents. Here, we investigated the role of NCX in

a mouse model of drug-induced diarrhea. The fecal consistencies in NCX1 HET and NCX2 HET
were assessed using a diarrhea induced by magnesium sulfate, 5-hydroxytryptamine (5-HT) and
J. Vet. Med. Sci. prostaglandin E, (PGE,). NCX2 HET, but not NCX1 HET, exacerbated magnesium sulfate-induced
79(2): 403-411, 2017 diarrhea by increasing watery fecals. Likewise, 5-HT-induced diarrheas were exacerbated in NCX2
HET, but not NCX1 HET. However, NCX1 HET and NCX2 HET demonstrated PGE, induced diarrhea
similar to those of wild-type mice (WT). As well as the result of the distal colon shown previously,
in the proximal and transverse colons of WT, the myenteric plexus layers and the longitudinal
and circular muscle layers were strongly immunoreactive to NCX1 and NCX2. In this study, we
demonstrate that NCX2 has important roles in development of diarrhea.
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Na*/Ca®" exchanger (NCX) is an exchanger of Na* and Ca?" across the membrane by electrogenical membrane potential
and transmembrane gradients. The functional roles by which NCX influences gastrointestinal motility including contraction
and relaxation are incompletely understood and vary by tissue, although its role in cardiac muscle and brain neurons is well
understood. Our group is showing to reveal the functional role of NCX on gastrointestinal motility, because Ca>* homeostasis
is central to the regulation of gastrointestinal smooth muscle functions [1, 4, 7, 12—14]. To specifically assess the physiological
role of NCX, we used NCX1 heterozygote knockout mice (NCX1 HET) and NCX2 HET. To improve the understanding of NCX
action on gastrointestinal motility, we examined to characterize the motilities in gastrointestinal segments from the gastric fundus,
ileum and distal colon in NCX1 HET and NCX2 HET using an organ tissue bath system. In these previous articles, we found
that NCX1 and NCX2 play important roles in the motility in the gastric fundus [4], ileum [14] and distal colon [1, 13], although
NCX1 HET and NCX2 HET appeared outwardly healthy and displayed normal growth established by body weight changes,
amount of drinking, food intake, fecal weights and fecal numbers. Therefore, we believed that NCX1 and NCX2 play an important
role in transport of intestinal contents. However, the pathological role of NCX on the constipation and diarrhea is little known.
We considered that analysis of NCX in the colon might lead to the development of new treatments and a prevention method for
constipation and diarrhea. In this study, we investigated the susceptibility of NCX HET to the development of three models of
drug-induced diarrhea. Magnesium sulphate induces diarrhea by causing an increase in the osmotic pressure in the intestinal tract
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Normal Soft Watery

Fig. 1. The fecals were graded into three consistency levels as follows: normal, soft and watery. A three-point
rating system was used to characterize diarrhea: normal, normal brown formed stool; soft, soft brown stool &
soft-mucous brown yellow stool; watery, muddy-mucous yellow stool & liquid-mucous yellow stool.

[10]. 5-Hydroxytriptamin (5-HT) induces diarrhea by stimulating the cholinergic and tachykininergic excitatory pathways [6, 17].
Prostaglandin E, (PGE,) induces diarrhea by stimulating the accumulation of fluid in the colon [15].

MATERIALS AND METHODS

Drugs

Atropine, N-nitro-L-arginine (L-NNA), magnesium sulfate and PGE, were purchased from Wako Pure Chemical (Osaka, Japan).
5-HT was purchased from Tokyo chemical industry (Tokyo, Japan). An Alexa Fluor 488-labeled goat anti-rabbit IgG and an Alexa
Fluor 568-labeled goat anti-mouse IgG were purchased from Molecular Probes Inc. (Eugene, OR, U.S.A.). Rabbit polyclonal
antibodies against NCX1 and NCX2 were produced as described previously [9]. A mouse polyclonal antibody against PGP9.5 was
purchased from UltraClone Limited (Wellow, U.K.).

Animals

NCX1 HET and NCX2 HET were produced as reported previously [8, 18]. These mice (9—12 weeks old) on the C57BL/6
background were comparable in all analyses to age-matched WT. All procedures used in this study were performed according to
the institutional policies of the Osaka Prefecture University Animal Care and Use Committee.

Drugs-induced diarrhea

We used two mice of the same genotype in one cage. Data from one cage count one number of an experiment. After the
administration of the diarrheogenic drugs, magnesium sulfate (2 g/kg, p.o.), 5-HT (1 mg/kg, i.p.) and PGE, (0.3 mg/kg, i.p.), the
fecals consistency was noted [6, 10, 15, 16]. The fecals were graded into three consistency levels as follows: normal, soft and
watery (Fig. 1). In particular, a three-point rating system was used to characterize diarrhea: normal, normal brown formed stool;
soft, soft brown stool & soft-mucous brown yellow stool; and watery, muddy-mucous yellow stool & liquid-mucous yellow stool.

Expressions of NCX1 and NCX2

We analyzed expressions of NCX1 and NCX2 using quantitative real-time PCR as described previously [3] with some
modifications [1]. Briefly, total RNA was extracted from the proximal and transverse colons. The primers used for amplification
of NCX1 and NCX2 were as follows: 5'-CCTTGTGCATCTTAGCAATG-3" and 5'-TCTCACTCATCTCCACCAGA-3', and
5'-ATGGCTCCCTTGGCTTTGATG-3' and 5'-CAGCGGTAGGAACCTTGGC-3', respectively. Amplification of hypoxanthine
phosphoribosyltransferase (HPRT) mRNA was used for each experimental sample as an endogenous control to account for
differences in the amount and quality of total RNA added to each reaction.

Immunofluorescent staining

Immunofluorescent staining for frozen sections was performed as described previously [5] with some modifications [11]. Briefly,
mice were fixed by transcardiac perfusion with 4% paraformaldehyde, and the proximal and transverse colons were removed.
Frozen sections (5 um thick) were cut and prepared for immunofluorescent staining. The immunoreactivity of NCX1 and NCX2
was detected using an Alexa Fluor 488-labeled goat anti-rabbit IgG antibody. To detect neurons, the immunoreactivity of PGP9.5
was detected using an Alexa Fluor 568-labeled goat anti-mouse IgG antibody. Confocal images were obtained under a laser-
scanning microscope (Clsi; Nikon Corporation, Tokyo, Japan).

Motility in proximal and transverse colons

Ex vivo motility was analyzed using previously described methods [7]. Briefly, the proximal and transverse colons were removed
from mice (10-15 weeks old). Whole-wall strips were prepared in the orientation of the longitudinal muscle layer. The strips were
exposed to electrical field stimulation (EFS) with 100 pulses for 10 sec. Atropine (1 uM) or L-NNA (30 M) was added at least
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Fig. 2. Fecal weights in saline administrated mice. Fecal samples were collected at various times for up to 6 hr beginning immediately after the
administration of saline. Weight of normal fecal was measured (A). Total weight of each fecal is shown (B). Data include WT (n=3), NCX1 HET
(n=3) and NCX2 HET (n=3).

10 min prior to EFS. Contraction or relaxation was analyzed by measuring the extent of the maximal contraction in response to 60
mM KClI or the extent of the maximal relaxations in response to Ca?*-free EGTA solution.

Statistical analysis

The results are expressed as the means = S.E. Statistical significance was determined using one-way ANOVA for non-repeated
measures to detect differences among WT, NCX1 HET and NCX2 HET. The differences between groups were determined using
the Dunnett test. A P value of less than 0.05 was considered significant.

RESULTS

Magnesium sulfate-induced diarrhea

We confirmed that WT, NCX1 HET and NCX2 HET administered with saline had only normal fecal but not soft and watery
fecals. Normal fecal weights after saline administration were similar among WT, NCX1 HET and NCX2 HET (Fig. 2).

In WT, magnesium sulfate induced soft and watery fecals as diarrhea (Fig. 3). Normal fecal weight was decreased in NCX1
HET at 6 hr and in NCX2 HET at 4, 5 and 6 hr after magnesium sulfate administration (Fig. 3A). NCX1 HET exhibited soft fecal
weight similar to those of WT (Fig. 3B). Like normal fecal, soft fecal weight was decreased in NCX2 HET at 5 hr after magnesium
sulfate administration (Fig. 3B). However, total weights of normal and soft fecals during 6 hr in NCX1 HET and NCX2 HET after
magnesium sulfate administration were similar to those observed in WT (Fig. 3D and 3E). In contrast, watery fecal weight was
increased in NCX1 HET at 6 hr after magnesium sulfate administration (Fig. 3C). Watery fecal weight was increased in NCX2
HET at 4 hr after magnesium sulfate administration (Fig. 3C). Total weight of watery fecal during 6 hr was increased in NCX2
HET, but not NCX1 HET, compared to WT (Fig. 3F).

There is possibility that water drinking is increased in NCX2 HET after the administration of magnesium sulfate, then resulting
in the increase of watery fecal. We monitored the amount of drinking of water and taking of food for the assessment of fecal state
during 8 hr after the administration of magnesium sulfate. As shown in Fig. 4, there are no changes in the amounts of drinking of
water and taking of food in NCX1 HET and NCX2 HET.

The movements of the contents in the gastrointestinal tract rely on the coordinated contractions and relaxations of the smooth
muscles. ACh is most important transmitter on the motility in the gastrointestinal tract. We determined whether atropine affects
magnesium sulfate-induced diarrhea. In WT, atropine (3 mg/kg) administered intraperitoneally 15 min before the administration of
magnesium sulfate markedly inhibited magnesium sulfate-induced diarrhea (Fig. 5). Soft fecal weight was increased in NCX1 HET
at 4 and 5 hr. NCX1 HET showed fecal weights of watery in a manner similar to WT. Watery fecal weight was increased in NCX2
HET at 4 and 8 hr in accordance with decrease of soft fecal weight at 8 hr. (Fig. 5). Indeed, atropine did not completely inhibit
diarrhea in NCX1 HET and NCX2 HET. The peak of watery fecal weight seemed to be delayed in NCX2 HET compared to the
experiment without atropine.

S5-HT-induced diarrhea

To further evaluate the role of NCX on stool transport in the colon, we use a 5-HT-induced diarrhea model that is different
mechanism from magnesium sulfate. In WT, 5-HT induced soft and watery fecals as diarrhea (Fig. 6). Weights of normal and
soft fecals in NCX1 HET and NCX2 HET were similar to those observed in WT (Fig. 6A and 6B). Weight of watery fecal was
increased in NCX2 HET, but not NCX1 HET, compared to WT (Fig. 6C).

PGE »-induced diarrhea
As mentioned above, magnesium sulfate- and 5-HT-induced diarrheas are correlated with enteric nervous system including
myenteric neurons and interneurons [6, 10, 17]. To further demonstrate the possible mechanism of NCX on diarrhea models, we
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Fig. 3. Magnesium sulfate-induced diarrhea. Fecal samples were collected at various times for up to 6 hr beginning immediately after the admin-
istration of magnesium sulfate. Weights of normal fecal (A), soft fecal (B) and watery fecal (C) were measured. Total weight of each fecal is
shown (D,E,F). Data include WT (n=12), NCX1 HET (n=9) and NCX2 HET (n=9). *P<0.05 and **P<0.01 compared with WT.
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Fig. 4. Amounts of drinking of water and taking of food during 8 hr after the
administration of magnesium sulfate. Data include WT (n=5), NCX1 HET

(n=5) and NCX2 HET (n=4).

selected a PGE,-induced diarrhea model. Enteric nervous system is not involved in a PGE,-induced diarrhea model [15]. Therefore,
we expected that NCX1 HET and NCX2 HET are similar to fecal weights observed in WT.

In WT, PGE, induced soft and watery fecals as diarrhea (Fig. 7). Weights of normal and soft fecals in NCX1 HET and NCX2
HET were similar to those observed in WT (Fig. 7A and 7B). Unlike magnesium sulfate and 5-HT, NCX1 HET and NCX2 HET
demonstrated watery fecal weight similar to those of WT (Fig. 7C).

Localization of NCX1 and NCX2
Proximal and transverse colons are important to absorb most of the water present in the feces. In contrast, distal colon is
important to store feces that will be emptied into the rectum. In a previous article [4], we showed the expression and localization
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Fig. 5. Magnesium sulfate-induced diarrhea in the presence of atropine. Fecal samples were collected at various times for up to 8 hr beginning
immediately after the administration of magnesium sulfate. Atropine (3 mg/kg) administered intraperitoneally 15 min before the administration
of magnesium sulfate. Weights of normal fecal (A), soft fecal (B) and watery fecal (C) were measured. Total weight of each fecal is shown
(D,E,F). Data include WT (n=6), NCX1 HET (n=3) and NCX2 HET (n=3). *P<0.05 compared with WT.

of NCX1 and NCX2 in the distal colon of WT using immunofluorescent staining. Therefore, we next investigated the expression
and localization of NCX1 and NCX2 in the proximal and transverse colons of WT. As shown in Fig. 8A, expression of NCX1 and
NCX2 was observed within the myenteric plexus layers. Strong immunoreactivity of NCX1 and NCX2 was also observed in the
longitudinal and circular muscle layers. To estimate the histological change of NCX1- and NCX2-HET tissue preparations in the
proximal and transverse colons, we dyed myenteric neurons with the PGP9.5 antibody. As shown in Fig. 8B, immunoreactivity of
PGP9.5 was observed within the myenteric plexus layers in the proximal and transverse colons of NCX1 HET and NCX2 HET.
There are no marked histological changes in the proximal and transverse colons between WT and NCXs HET.

Decreased expression of NCX1 and NCX2

Like immunofluorescent staining, we showed that the expression level of NCX1 was significantly lower in the distal colon
of NCX1 HET, whereas the distal colon of NCX2 HET expressed significantly lower levels of NCX2 [4]. We furthermore
investigated the expressions of NCX1 and NCX2 in the proximal and transverse colons of NCX1 HET and NCX2 HET using
quantitative real-time PCR. As shown in Fig. 9, the mRNA expression level of NCX1 was significantly lower in the proximal and
transverse colons of NCX1 HET, whereas NCX2 HET expressed significantly lower levels of NCX2 mRNA in the proximal and
transverse colons.

Altered motility

We investigated the response to EFS in the longitudinal muscles obtained from the proximal and transverse colons of WT,
NCX1 HET and NCX2 HET. In WT, EFS induced a contraction in both proximal and transverse colons (Fig. 10 left panels).
In the proximal colon, the magnitudes of the contraction were smaller in NCX1 HET and NCX2 HET than in WT. During the
administration of L-NNA, an inhibitor of NO synthase, NCX1 HET and NCX2 HET showed a contraction in a manner similar to
WT (Fig. 10, right upper panel). In contrast, the magnitudes of the contraction in the transverse colon were not significantly smaller
in NCX1 HET than in WT. Importantly, NCX2 HET showed relaxation, but not contraction. In the presence of atropine, relaxations
were greater in NCX1 HET and NCX2 HET than in WT (Fig. 10, right lower panel).
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Fig. 6. 5-HT-induced diarrhea. Fecal samples were collected at Fig. 7. PGE2-induced diarrhea. Fecal samples were collected at
various times for up to 60 min beginning immediately after the various times for up to 60 min beginning immediately after the
administration of 5-HT. Weights of normal fecal (A), soft fecal (B) administration of PGE2. Weights of normal fecal (A), soft fecal
and watery fecal (C) were measured. Data include WT (n=6), NCX1 (B) and watery fecal (C) were measured. Data include WT (n=6),
HET (n=6) and NCX2 HET (n=6). *P<0.05 compared with WT. NCX1 HET (n=4) and NCX2 HET (n=4).
DISCUSSION

The first aim of this study was to investigate the role of NCX in stool transport under the diarrhea. We showed that magnesium
sulfate-induced diarrhea was exacerbated in NCX2 HET by decreasing normal and soft fecals and increasing watery fecal. Like
magnesium sulfate-induced diarrhea, 5-HT-induced was also exacerbated in NCX2 HET. These results suggest that NCX2, but
not NCX1, involves in some diarrhea. Total weight of watery fecal during 6 hr after magnesium sulfate administration was not
increased in NCX1 HET compared to WT, although watery fecal weight was increased in NCX1 HET at 6 hr after magnesium
sulfate administration. Unlike NCX2, weight of watery fecal after 5-HT administration was not increased in NCX1 HET compared
to WT. These results suggest that NCX1 and NCX2 have different responses in stool transport under the diarrhea.

We think the possibility for severe diarrhea as observed in NCX2 HET. One possibility is that the altered motilities in stomach,
small intestine and colon of NCX2 HET link severe diarrhea. In the presence of atropine, NCX2 HET shows delayed peak of
diarrhea induced by magnesium sulfate compared to WT. In general, atropine inhibits the gastrointestinal motility. Therefore, it
seems that severe diarrhea as observed in NCX2 HET is not potentially correlated with the motility mediated with cholinergic
pathways. In the proximal colon, decreased contraction, as observed in NCXs HET, is likely due to an increased release of NO in
myenteric neurons during EFS. We found that EFS-induced contraction in the presence of L-NNA was not small in the proximal
colon of NCX1 HET and NCX2 HET, which suggests that the decreased contraction in NCX HETs is associated with NO.
Similarly, we found that EFS-induced relaxation in the presence of atropine was greater in the transverse colon of NCX1 HET
and NCX2 HET than in WT, which also suggests that the relaxation in NCX2 HET is associated with NO. NCX1 HET showed no
significant changes in the transverse colon, although NCX1 HET showed similar responses to NCX2 HET in the proximal colon.
It seems the motility in the transverse colon is correlated with severe diarrhea rather than the motility in the proximal colon. These
results suggest that severe diarrhea as observed in NCX2 HET is correlated with the motility altering NO-mediated component.

In addition to magnesium sulfate, the difference between 5-HT and PGE, might provide us with a good suggestion on the
mechanism of severe diarrhea in NCX2 HET. 5-HT induced diarrhea by stimulating the cholinergic and tachykininergic excitatory
pathways via 5-HT; receptors within the myenteric plexus neurons [6, 17]. In contrast, PGE, induced diarrhea by the direct effect
on smooth muscles as well as by stimulating the accumulation of fluid [15, 19]. Therefore, NCX2 expressed in the myenteric
neurons is correlated with increased watery fecal in the 5-HT-induced diarrhea. In contrast, it is unlikely NCX2 expressed in the
smooth muscles contributes to PGE,-induced diarrhea. From this point of view, the role of NCX2 expressed in the myenteric
neurons may differ from that in smooth muscles.
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In this study and previous articles, we showed that the expression of NCX2 is all decreased in gastric fundus, ileum, proximal
colon, transverse colon and distal colon of NCX2 HET. However, we did not check the expression of NCX2 in the myenteric
neurons or smooth muscles of NCX2 HET. Indeed, we do not conclude which region and which types of cell can contribute to
severe diarrhea in NCX2 HET. However, we are positive that colon is more important than stomach and small intestine because of
the action points of magnesium sulfate and 5-HT [16]. Actually, immunostaining for NCX2 protein in the proximal and transverse
colons showed that NCX2 was expressed in the smooth muscles and myenteric neurons in these colons. These findings suggest
that NCX2 in the proximal and transverse colons as well as the distal colon may play an important role in stool transport under the
diarrhea.

In conclusion, we demonstrated for first time using mouse diarrhea models that NCX2 has important roles in development of
diarrhea. Diarrhea as well as constipation results in an uncomfortable feeling impressing the quality of life. Functional bowel
disorder is defined as a disorder with symptoms attributable to the middle or lower gastrointestinal tract, including functional
constipation, functional diarrhea and irritable bowel syndrome. The deficiency of NCX2 may cause functional diarrhea, followed
by much discomfort. Therefore, the roles of NCX in gastrointestinal disorders may be an interesting topic of future research.
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