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Morphine-induced constipation develops with increased aquaporin-3
expression in the colon via increased serotonin secretion

Risako KON
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Fig. 1. Effects of morphine on the constipation score
and fecal water content

Rat fecal samples were collected for up to 12 h after mor-
phine administration. The number of fecal pellets (A), the
weight of pellets (B), and the fecal water content (C) were
measured. The mean fecal water content immediately
after administration (0 h) was indicated as 1000 . Data
represent means * SDs for six rats. Student’'s t-test or
*p<0.05,

Dunnett’'s test: **p<0.01, and ***p<0.001 vs.

Control or 0 h.
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Fig. 2. Effect of morphine on AQP3 expression level
in rat colon

Rat colons were harvested for up to 12 h, beginning im-
mediately after morphine administration.

A: The mRNA expression levels of AQP3 were measured
using real-time RT-PCR, and normalized to 18S rRNA.
B-D: The CM (B), PM (C), and IV (D) fractions were pre-
pared, and the protein expression levels of AQP3 were
analyzed using western blotting.

Mean levels of AQP3 mRNA and protein expression im-
mediately after administration (0 h) were indicated as
10000 . Data represent means + SDs for six rats. Dunnet
t's test: *p<0.05, **p<0.01, and ***p<0.001 vs. O h.
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Fig. 3. The distribution of AQP3 in rat colon after
morphine administration

Rat colons were removed 5 h after water (control) or mor-
phine administration.

A: AQP3 (green) and nuclei (blue) were immunostained.
B: Enlarged view of AQP3 in rat colon epithelial cells.
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Fig. 4. Changes in the morphine-induced constipa-
tion score by HgCl. administration

HgCl. or saline was administered intrarectally to rats 30
min after treatment with oral morphine. The number (A)
and the weight (B) of fecal pellets were measured. The
data represent the means + SDs for five rats. Tukey's
test: **p<0.01 vs. Control. 1 p<0.01 vs. Morphine.
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Fig. 5. Effects of morphine and M-3-G on AQP3
mMRNA expression in HT-29 cells

HT-29 cells were treated with morphine (A) or M-3-G (B)
for 3 h. AQP3 mRNA expression levels were measured
using real-time RT-PCR, normalized to the GAPDH, and
presented with the mean of the control cells set to 1000 .
AQP3 mRNA expression levels of the control cells did not
change 3 h post-treatment with original growth medium.
The data represent the means + SDs for five experiments.
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Fig. 6. Effect of 5-HT on AQP3 mRNA expression in
HT-29 cells

HT-29 cells were treated with 5-HT (0-10p M) for 1 h (A).
HT-29 cells were treated with 5-HT (1py M) for up to 6 h
(B). The expression level of AQP3 mRNA was measured
using real-time PCR, normalized to the GAPDH, and then
presented with the mean of the control cells set to 10001 .
AQP3 mRNA expression levels of the control cells did not
change 6 h post-treatment with original growth medium.
The data represent the means + SDs for five experiments.
Dunnett’s test: **p<0.01 and ***p<0.001 vs. Oy M or O h.
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Fig. 7. The distribution of 5-HT-positive EC cells in
rat colon after morphine administration

Rat colons were removed 1 h after water (control) or mor-
phine administration. 5-HT-positive EC cells (green) and
nuclei (blue) were immunostained.
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Fig. 8. Effects of 5-HT receptor or SERT inhibitor
on AQP3 mRNA and PPARy expression in HT-
29 cells

A: HT-29 cells were treated with ketanserin (5-HT: recep-
tor antagonist), Y-25130 (5-HT: receptor antagonist), or
RS39604 (5-HT. receptor antagonist) for 1 h and then
with 5-HT (1p M) for an additional 1 h. AQP3 mRNA ex-
pression levels were measured using real-time RT-PCR
and normalized to GAPDH.

B: HT-29 cells were treated with fluoxetine (SERT inhibi-
tor) for 1 h and 5-HT (1p M) for an additional 1 h. AQP3
mRNA expression levels were measured using real-time
RT-PCR and normalized to GAPDH.

C: PPARy protein expression levels in nuclei were meas-
ured using western blotting and normalized to Lamin B
levels.

AQP3 and PPARy expression levels were presented with
the means of the control cells set to 10000 . The data rep-
resent the means + SDs for five experiments. Tukey's
test: *p<0.05 and ***p<0.001 vs. Control. T p<0.05 and
t11 p<0.001 vs. 5-HT.
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Fig. 9. Changes in the morphine-induced constipa-
tion score and the colon AQP3 protein expres-
sion by fluoxetine administration

Saline or fluoxetine was administered intraperitoneally to
rats 15 min after oral water or morphine administration.
The number of fecal pallets (A) and the weight of pellets
(B) were measured for up to 5 h after morphine admini-
stration. The colon was removed 5 h after morphine ad-
ministration. AQP3 protein expression levels in the PM
fraction were measured using western blotting (C). AQP3
protein expression levels were presented with the means
of the control group as 100%. The data represent the
means = SDs for five rats. Tukey's test: *p<0.05,
**p<0.01, and ***p<0.001 vs. Control. T t p<0.01 and
11 p<0.001 vs. Morphine.
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Fig. 10. The mechanism of morphine-induced consti-
pation via AQP3 in rat colon
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Morphine-induced constipation develops with increased aquaporin-3
expression in the colon via increased serotonin secretion

Risako KON
Department of Clinical Pharmacokinetics, Hoshi Unversity

Aquaporin-3 (AQP3) is a water channel that is predominantly expressed in the colon, where it plays a critical role
in the regulation of fecal water content. This study investigated the role of AQP3 in the colon in morphine-induced con-
stipation. AQP3 expression levels in rat colon were increased during morphine-induced constipation. The combination of
HgCl. and morphine improved morphine-induced constipation. Treatment with 5-HT in HT-29 cells significantly increased
the AQP3 expression level and the nuclear translocation of peroxisome proliferator-activated receptor gamma (PPARy )
1 h after treatment. Pretreatment with fluoxetine significantly suppressed these increases. Fluoxetine pretreatment sup-
pressed the development of morphine-induced constipation and the associated increase in AQP3 expression in the colon.
The results suggest that morphine increases the AQP3 expression level in the colon, which promotes water absorption
from the luminal side to the vascular side and causes constipation. This study also showed that morphine-induced 5-HT
secreted from the colon was taken into cells by SERT and activated PPARYy , which subsequently increased AQP3 expres-
sion levels.
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