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Abstract
Background—Cystic fibrosis (CF) has multiple effects on the gastrointestinal system, including
altered motility. The Cftr knockout mouse model of CF has impaired small intestinal transit but
the mechanism is unknown.

Methods—Behavior of circular smooth muscle was studied in an organ bath. Expression levels
of prostaglandin (PG) degradative genes was measured by quantitative RT-PCR, and PGE2 levels
were measured by enzyme immunoassay.

Key Results—CF circular muscle activity was erratic and had variable frequency of
contractions, as compared to WT. The CF tissue was nonresponsive to cholinergic stimulation or
direct KCl depolarization. PGE2 and PGF2α are significantly elevated in the CF mouse small
intestine, and we hypothesized these contribute to impaired smooth muscle activity. After
inhibition of PG synthesis, the CF circular muscle exhibited greater cholinergic responsiveness,
which was reversed by exogenous PGE2. PGF2α enhanced activity of CF tissue only after
inhibition of PG synthesis. The enteric microbiota was implicated in PGE2 mediated dysmotility
because broad spectrum antibiotic treated WT mice, which have slowed transit, exhibit impaired
circular muscle activity. This was accompanied by decreased expression of PG degradative genes
and increased intestinal PGE2 levels. Furthermore, administration of oral laxative, which
eradicates bacterial overgrowth and improves transit in CF mice, increased expression of PG
degradative genes, decreased PGE2 levels, and improved CF muscle activity.

Conclusions and Inferences—These results suggest that the enteric microbiota modulates
PGE2 levels in a complex manner, which affects enteric smooth muscle activity and contributes to
slower small intestinal transit in CF.
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Cystic fibrosis (CF) is an autosomal recessive genetic disease caused by mutations in the
cystic fibrosis transmembrane conductance regulator (CFTR) gene. CFTR is a
cAMPregulated Cl- channel whose activity is required for proper hydration and regulation of
pH in the lumen of various epithelial organs. In CF, the intestinal lumen has decreased fluid
volume and an abnormally acidic pH. These conditions cause accumulation of mucus in the
intestine (7) which can foster abnormal bacterial colonization of the small intestine, resulting
in an innate response that is proposed to alter gut function (8, 13, 24).
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The Cftr knockout mouse (Cftrtm1UNC) exhibits symptoms similar to CF patients that
include intestinal obstruction by mucofeculant material (35), small intestinal bacterial
overgrowth (24), altered innate immune response (8, 26), altered gastrointestinal motility
(10), and nutritional deficiencies that cause failure-to-thrive (6, 25, 28).

We have shown that small intestinal transit is dramatically slower in the CF mouse small
intestine (10). When CF mice are treated with an osmotic laxative to improve lumen
hydration, bacterial overgrowth is eradicated, inflammation is significantly attenuated, and
transit is normalized (13). These data are compatible with the model that lumen dehydration
fosters abnormal bacterial colonization, leading to an immune response which in turn alters
enteric smooth muscle function. Impaired intestinal transit is expected to allow progression
to small intestinal bacterial overgrowth.

We showed previously there is a remarkable influx of mast cells into the muscularis externa
of the CF mouse small intestine (26) which might affect enteric nerves and smooth muscle
function. However, mast cell stabilizing drugs failed to improve small intestinal transit in CF
mice (12), so another explanation was sought.

The innate response in the CF mouse small intestine includes altered eicosanoid metabolism
which might affect gut motility. Expression of the major prostaglandin (PG) degradative
genes [hydroxyprostaglandin dehydrogenase (Hpgd) and prostaglandin reductase 1 (Ptgr1,
previously referred to as leukotriene B4 dehydrogenase] is strongly reduced in the CF mouse
intestine, resulting in increased PGE2 and PGF2α (11). Expression of prostaglandin
synthetic enzyme genes, including the cyclooxygenases 1 and 2, is not altered (11). Among
the known functions of PGs are effects on the intestinal muscularis externa (2, 4, 15, 29, 30,
33, 36). In the current study, we tested the hypothesis that elevated PGE2 levels in the CF
mouse small intestine are involved in smooth muscle dysfunction.

Materials and Methods
Animals

Cftr(+/-) mice (Cftrtm1UNC), congenic on the C57BL/6J background, were bred to obtain
littermate WT [Cftr(+/+)] and CF [Cftr(-/-)] mice as described (26). Mice were kept in a
specific pathogen free facility in filter topped cages. Mice of both sexes were used at 6-12
weeks of age. To prevent lethal intestinal obstruction, CF mice were maintained on a
complete elemental liquid diet (Peptamen; Nestle, Deerfield, IL), and littermate WT mice
were also maintained on this diet (26). For some experiments, broad spectrum antibiotics
were added to the liquid diet for a period of three weeks to alter the enteric microbiota
(ciprofloxacin, 50 mg/kg per day; and metronidazole, 100 mg/kg per day). In other
experiments, CF mice and their control WT littermates were fed solid chow instead of the
liquid diet, and their drinking water was replaced with an osmotic laxative solution to
prevent intestinal obstruction as previously described (13). All animal work was approved
by the Institutional Animal Care and Use Committee.

Organ bath analysis of enteric circular muscle activity
The small intestine was resected into room temperature phosphate-buffered saline (PBS). A
ring of small intestine (0.5 cm) was taken 5-7 cm distal to the gastro-duodenal junction and
was mounted with stainless steel holders in a 20 ml bath filled with Krebs-Henseleit
bicarbonate buffer. The bath was maintained at 37°C and continuously gassed with 95%
O2/5% CO2. Isometric force data were recorded using an MP35 System and BSL Pro
software (Biopac, Goleta, CA). The tension was adjusted to 0.5 g and the tissue was
equilibrated for 1 hr. The buffer was changed every 30 min throughout the experiments. At
the end of an experiment the blotted wet weight of the tissue was used to normalize the force
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data. The thickness of the muscularis externa does not differ significantly in the CF intestine
as compared to WT (3, 13) (Supplemental Fig.1C and D).

The cholinergic agonist carbachol (CCh) was added to the bath at 2 min intervals in 10-fold
steps from 10−8M to 10−4M to stimulate activity. The effect of PGs on muscle contractile
behavior was tested by inhibiting PG synthesis with the cyclooxygenase inhibitor
indomethacin (10−5 M), added 1 hr before retesting the CCh-response. The effects of
exogenous PGE2 (10−6M) and PGF2α (10−6M) (Cayman Chemical, Ann Arbor, MI) were
tested before and after pretreatment with indomethacin. In some experiments, the inhibitors
tetrodotoxin (10−6M final) and NG-nitro-L-arginine methyl ester (10−4M final) were used as
indicated. Contractile activity data were analyzed using Biopac and PeakFit software
(Systat, Chicago, IL). Data were averaged from (n) individual animals (given in the Figure
Legends) for each experimental condition.

Quantitative RT-PCR (qRT-PCR) measurement of gene expression
Total RNA was prepared from the whole small intestine and used for qRT-PCR as
previously described (26). Gene specific primers are listed in the Table (Supplement) and
primers for Hpgd and Ptgr1(Ltb4dh) were as previously described (11). qRT-PCR of the
mRNA for the ribosomal protein Rpl26 was used for normalization. Data were analyzed by
ΔΔCt method with correction for differential PCR efficiencies as previously described (10).
Data are expressed relative to the WT control average. Our previous work suggested that
alterations in PG degradative genes was responsible for elevated PG levels in the CF
intestine (11). Therefore it was decided to use whole thickness intestinal tissue to measure
gene expression because, regardless of what tissue layer the degradative genes are normally
expressed, their downregulation in CF will result in increased longevity of PGs which in
turn will allow greater diffusion to surrounding tissues before the PGs are enzymatically
inactivated. The specific tissue layer localization of these enzymes is of less importance
under the given circumstances than if synthetic enzymes were upregulated with constant
levels of the degradative genes.

Enzyme immunoassay of PGE2

Mice were fasted overnight and the lumen of the small intestine was flushed with 5 ml
phosphate buffered saline. PGE2 levels in the flushed fluid were estimated with an enzyme
immunoassay that converts PGE2 and all its metabolites to a single compound which is then
assayed (Cayman Chemical, Ann Arbor, MI), as previously described (11). Luminal fluid
was used for these determinations because (a) the act of resecting the tissue can activate PG
synthesis and one might thereby mask an in vivo difference between WT and CF; (b) it is
possible there are regional differences along the proximal-distal axis, and flushing the entire
small intestine lumen allowed us to get an average of the levels along the small intestine; (c)
sampling of luminal contents for assay is frequently used clinically and it is hoped that this
work will stimulate study of intestinal PG metabolism in human CF patients and luminal
sampling is easily translated to clinical investigations.

Statistics
Data are presented as means ∀ SE. Significance was determined with Systat 11 software
(San Jose, CA) by ANOVA followed by a post-hoc Tukey's test. P-values < 0.05 were
considered as significant.

Results
To explore the mechanisms by which small intestinal transit is impaired in the CF mouse
(10, 13), an organ bath approach was used to measure contractile behavior of the circular
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smooth muscle, whose activity is important for intestinal transit. The spontaneous tonic
contractions of enteric circular muscle of WT mice was regular (Fig.1A) with a narrow
distribution of the frequency of contractions (0.630 ∀ 0.006 Hz) (Fig.1C). In contrast, the
spontaneous activity of the CF tissue was variable and erratic (Fig.1B). The frequency of
spontaneous contractions in the CF tissue (0.518 ∀ 0.022 Hz) was significantly less than in
the WT tissue (P<0.00001) and the range of frequencies was broadly distributed (Fig.1D).

CF enteric circular muscle is nonresponsive to cholinergic stimulation
WT tissue responded to increasing concentrations of carbachol (CCh) (Fig.1E) with
increased force (Fig.1G) and amplitude of contractions (Fig.1I). In contrast, the CF tissue
was non-responsive to cholinergic stimulation (Fig.1F) and had no significant increase in
force (Fig.1H) or in amplitude of contractions (Fig.1J).

CF muscularis externa is morphologically normal
Because there are many conditions affecting intestinal motility that involve structural
changes to the myenteric nerve plexus or the network of interstitial cells of Cajal (ICC),
these were examined in CF as compared to WT intestine. There were no noticeable
differences comparing WT and CF intestines by acetylcholinesterase histochemistry or
neuron specific enolase immunohistochemistry (quantitative morphometry: CF area = 82 ∀
9% of WT; P>0.05; n=7 WT and 5 CF samples) (Supplemental Fig.1) The labeling pattern
of the ICC network by c-kit immunofluorescence also was not different comparing WT and
CF muscularis (Supplemental Fig.1).

One of the major smooth muscle inhibitory pathways that can be regulated by inflammation
is production of nitric oxide. Therefore, expression of the three nitric oxide synthase (NOS)
genes, Nos1 (neuronal NOS/nNOS), Nos2 (inducible NOS/iNOS), and Nos3 (endothelial
NOS/eNOS) was measured. By qRT-PCR (Supplemental Fig.2), only nNOS showed altered
expression, and the level was modestly but significantly reduced in the CF intestine. By
NADPH-diaphorase histochemistry for NOS in whole mounts, there was not a noticeable
difference comparing WT and CF tissues (Supplemental Fig.1).

The CF defect is at the level of the smooth muscle
To directly test for smooth muscle dysfunction in the CF intestine, tissues in the organ bath
were depolarized with KCl which bypasses membrane receptors and signal transduction
pathways to elevate cytosolic calcium. Upon KCl addition, the WT tissue showed a rapid
and pronounced increase in tone (Fig.2A). In contrast, the CF tissue had no change when
depolarized (Fig.2B).

In the normal intestine, smooth muscle activity is regulated by stimulatory neurotransmitters
(acetylcholine and tachykinins) in balance with relaxant effects of the non-adrenergic, non-
cholinergic (NANC) neurotransmitters vasoactive intestinal peptide and nitric oxide, and
purines. To test for a role of NANC relaxant pathways in CF dysfunction, nerve cell activity
was blocked with tetrodotoxin (10−6M), and NG-nitro-L-arginine methyl ester (L-NAME,
10−4M) was used to inhibit production of nitric oxide. These inhibitors strongly increased
the activity of WT muscle such that no further increase in the contractile activity was
observed with cholinergic stimulation (Fig.2C). In marked contrast, the inhibitors had no
effect on the activity of CF tissue without or with cholinergic stimulation (Fig.2D).

The above data suggest that the difference in the CF intestine is at the level of the smooth
muscle cells rather than the other tissues that support and regulate contractility. Since there
was no response to cholinergic stimulation by the CF tissue, expression levels of the two
major intestinal muscarinic acetylcholine receptors, Chrm2 (muscarinic receptor 2) and
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Chrm3 (muscarinic receptor 3), were measured. Expression of levels of these genes was not
significantly different in the CF tissue as compared to WT (Supplemental Fig.2).

Contribution of PGE2 to CF muscle dysfunction
Associated with the innate response to bacterial overgrowth in the CF mouse intestine, there
is downregulation of the two major PG degradative genes, Hpgd and Ptgr1(11), both of
which are expressed in the muscularis. As a consequence, the CF small intestine has
elevated PGE2 and PGF2α levels (11). Because PGs are known to modulate enteric smooth
muscle behavior, we examined whether the elevated levels of PGE2 and PGF2α have roles
in the dysfunction of the CF enteric circular muscle.

First, the cyclooxygenase (COX) inhibitor indomethacin was used to inhibit prostaglandin
synthesis. In WT tissue, inhibition of PG synthesis significantly increased the magnitude of
cholinergic stimulated force generation (Fig.3A and C), as well as increasing the amplitude
of contractions (Fig.3E). In CF tissue, inhibition of PG synthesis also significantly increased
force generation in response to CCh stimulation (Fig.3B and D), and the amplitude of
stimulated contractions (Fig.3F) compared to controls (Fig.1H and J, respectively). Previous
work showed that protein levels of COX1 and COX2 were not altered in the CF small
intestine as compared to WT (11). To test if one of these enzymes is of preferential
importance in CF smooth muscle dysfunction, the selective inhibitors SC-560 (COX1
selective) and nimesulide (COX2 selective) were used. Inhibition of COX1 increased
activity in 3 of 8 CF samples, whereas inhibition of COX2 increased activity in 7 of 10 CF
samples (data not shown). When combined, SC-560 and nimesulide had a similar effect as
indomethacin (data not shown).

Next, it was tested how addition of PGE2 and PGF2α, which are both elevated in the CF
small intestine (11), would affect the contractile behavior of tissues. Addition of exogenous
PGE2 to WT tissue after inhibition of PG synthesis largely abolished the contractile
response to cholinergic stimulation (Fig.4A and C). Similarly, addition of exogenous PGE2
to CF tissue after inhibition of PG synthesis resulted in total loss of response to CCh
stimulation (Fig.4B and D).

Addition of exogenous PGF2α increased the cholinergic response of WT tissue (Fig.4E) but
did not affect the CF tissue (Fig.4F). Next, tissues were preincubated with indomethacin to
reduce endogenous PG levels, followed by addition of exogenous PGF2α. After inhibition
of PG synthesis, PGF2α induced in WT tissue increased phasic contractile activity even in
the absence of CCh (Fig.4G). Similarly, the CF tissue had greatly increased activity in
response to exogenous PGF2α after inhibition of PG synthesis (Fig.4H).

Perturbation of the gut microbiota with antibiotics impairs circular smooth muscle activity
We recently reported that mice treated with broad spectrum antibiotics have slowed small
intestinal transit as compared to control mice (10). We hypothesized that the dramatic
perturbation of the intestinal microbiota caused by long term administration of antibiotics
(24) could alter enteric muscle function and account for the slowed transit. When WT mice
were treated with broad spectrum antibiotics (see Materials and Methods), the circular
muscle activity was strongly impaired and there was little response to cholinergic
stimulation (Fig.5A). As a control for potential acute effects of the antibiotics, WT tissue
was tested for CCh responsiveness after incubation with the antibiotics. Acute treatment of
the tissue with antibiotics did not inhibit the response to CCh stimulation (Supplemental
Figure 3).

To test for an involvement of PGs in this altered behavior, we preincubated tissue from the
antibiotic treated WT mice with indomethacin and then assessed contractile activity. After
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inhibition of PG synthesis, the WT circular muscle from antibiotic treated mice now
responded to stimulation (Fig.5B). Because the mechanism of increased PGs in CF mice
appears to be due largely to decreased expression of PG degradative genes (11), we
measured gene expression levels of Hpgd and Ptgr1. Both Hpgd and Ptgr1 were
significantly reduced in the intestine of antibiotic treated WT mice (Fig.5C and D,
respectively). Expression levels in antibiotic treated WT mice for these genes was similar to
or less than that of untreated CF mice (Fig.5C and D). To determine whether changes in
expression of these PG degradative genes in antibiotic-treated WT mice affects PGE2 levels,
we measured PGE2 and its metabolites by enzyme immunoassay. As shown in Fig.5E, PGE2
was very strongly increased in the intestine of antibiotic treated WT mice. PGE2 levels were
not further increased in CF mice as compared to control CF mice (Fig.5E).

Osmotic laxative improves circular smooth muscle function in CF mice
Treatment of CF mice with osmotic laxative dramatically improves the intestinal phenotype
and this includes eradication of bacterial overgrowth and normalization of small intestinal
transit (13). Therefore, we tested whether laxatives administered for 3 weeks would improve
enteric smooth muscle function. In 3 of 4 CF mice treated with laxative, circular smooth
muscle activity was improved (Fig.6A). Supporting an important role for the PG degradative
genes in this effect, laxative treatment upregulated expression of Hpgd and Ptgr1 genes in
the CF mice (Fig.6B and C, respectively). Laxative treatment also significantly increased
Hpgd and Ptgr1 gene expression in WT mice (Fig.6B and C). PGE2 metabolite levels were
significantly reduced in CF mice after laxative treatment, but were unaffected in treated WT
mice (Fig.6E).

Discussion
In this work, we sought a mechanistic explanation for impaired small intestinal transit in the
CF mouse (10). We found that the circular smooth muscle from CF mice has a profound
lack of activity and is nonresponsive to cholinergic simulation. It might seem surprising that
mice with such a profound dysfunction of enteric smooth muscle can survive. However,
there is a precedent in that mice deficient in the major enteric muscarinic receptors (M2/M3
double knockout), have severely impaired intestinal motility, but they survive with only a
mild phenotype (23).

Because the CF mouse has an innate immune response in the small intestine (26), and
inflammatory processes can damage enteric nerves and/or ICC which could result in muscle
dysfunction, we assessed these morphologically. We found no evidence of damage to the
enteric nervous system, nor to the ICC network. This morphological analysis does not rule
out subtle changes in nerves and ICCs in the CF intestine, but there are no dramatic changes
in the CF intestine as there are in other motility disorders.

Blockage of the major NANC pathways with TTX and L-NAME failed to restore activity to
the CF circular muscle, whereas these treatments strongly enhanced activity of WT muscle.
Because the CF tissue could not be activated by direct KCl-mediated depolarization, which
strongly contracted the WT muscle, these data suggest that the defect in the CF tissue is
most likely myogenic, rather than neurogenic or due to damage to the ICCs.

As part of the innate immune response of the CF mouse small intestine, eicosanoid
metabolism is altered, resulting in elevated levels of PGE2 and PGF2α (11). There are
several effects of various PGs on enteric smooth muscle function (5, 29, 30, 36). Therefore,
we hypothesized that PGs were involved in the CF enteric muscle dysfunction. Treatment of
CF tissue to block PG synthesis resulted in restoration of circular muscle activity. Inhibition
of PG synthesis did not fully restore activity to the CF circular muscle, which may be due to
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the fact that several PGs affect the smooth muscle and that COX inhibitors will reduce levels
of them all.

It is known that PGE2 relaxes circular smooth muscle, and that PGF2α causes activation (5,
29, 30, 36). Interestingly, the effect of PGE2 is dominant over that of PGF2α (15) which
may explain the partial restorative effect by inhibition of PG synthesis on CF circular
smooth muscle activity. In support of this, we found there was a robust response in the CF
circular muscle to exogenous PGF2α but only after PG synthesis inhibition, which will also
decrease levels of the relaxant PGE2. Furthermore, the activity of the CF tissue after
inhibiting PG synthesis could be reversed by addition of exogenous PGE2. Even though the
stimulatory prostaglandin PGF2α is elevated in the CF small intestine, the net effect is loss
of activity and a dramatic decrease in small intestinal transit in vivo. This is likely due to the
fact that the relaxant effect of PGE2 dominates the stimulatory effect of PGF2α.

We also performed experiments to further support the proposed role of elevated PGE2 in
intestinal dysmotility and to test for a link between smooth muscle dysfunction and the
enteric microbiota. Long term (3 weeks) administration of broad spectrum antibiotics to WT
mice, which lowers the bacterial load and also likely results in a new stable microbiota,
slows in vivo intestinal transit (10). In the current work we found that circular smooth
muscle from antibiotic treated mice has impaired activity in vitro. Accompanying this
dysfunction was a decrease in the major PG degradative genes, Hpgd and Ptgr1, as well as a
significant increase in intestinal PGE2 levels. As a corollary, we also tested the effects of
osmotic laxative, which improves in vivo intestinal transit in CF mice (13). Laxative
treatment of CF mice improved in vitro circular smooth muscle function and this was
accompanied by increased expression of Hpgd and Ptgr1, and decreased PGE2 levels.
Together, these data provide strong evidence that the microbiota can modulate PG levels,
principally by control of their degradation and that this can be an important factor in normal
and dysregulated enteric circular smooth muscle function.

The intestinal microbiota is known to affect motility. Germ free rodents have slow small
intestinal transit and conventionalization of their microbiota normalizes their transit rates
(18). Furthermore, gnobiotic animals show different effects with regard to transit depending
on the bacterium used for colonization. E.coli gnobiotic animals have slow transit, whereas
those colonized by probiotic-type bacteria (e.g., lactobacillus) show increased rates of
transit. The mechanism linking the enteric microbiota to motility is not understood. Our data
point to changes in expression of PG degradative genes which are somehow modulated by
the microbiota. CF mice are overgrown with mostly E.coli and other Enterobacteriacae,
which based on gnobiotic rodent studies is expected to lead to slow transit. Antibiotic treated
WT mice have levels of bacteria lower than control WT mice, which may be similar to the
germ free state where transit is also slow. Both very low levels of bacteria (or the reduction
of specific species) in antibiotic treated WT mice as well as overgrowth with
Enterobacteriacae in control CF mice are associated with altered PG metabolism, and there
is a concomitant loss of circular smooth muscle responsiveness. What is the common
mechanism between the microbiota and PG metabolic gene expression remains to be
determined.

Gastrointestinal dysmotility has been reported to occur in up to half of CF patients (1, 9, 14,
19, 20, 22, 32). The interdigestive migrating motor complex is one of the principal
mechanisms to maintain a low bacterial load in the proximal small intestine, and bacterial
overgrowth may be common in CF patients (16, 20, 27), although the sensitivity and
accuracy of the techniques used in human patients to demonstrate intestinal overgrowth cast
some uncertainty on those results. Normal GI motility is also important for proper digestion,
and nutrition is impaired in CF. Malnutrition in CF is strongly associated with the
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progression of airway disease (7, 21). Bacterial overgrowth can contribute to poor nutrition
(17, 34) as well as other aspects of the gut phenotype in CF (7).

The mechanisms of altered gut motility in CF, until now, have not been explored. It has been
known for a long time that PGs modulate enteric smooth muscle activity and there are
several examples of gut dysmotility where PGE2 is implicated. Investigations of
experimentally induced post-operative ileus have shown that the PG synthetic enzyme
COX2 is upregulated in an endotoxin-dependent manner by intestinal manipulation,
suggesting that elevated PGs play a role in dysmotility in this condition (33, 37). It has also
been demonstrated that activated macrophages in the muscularis externa are associated with
increased PGE2 levels and a decreased cholinergic response in rats (31). Other work in dogs
has shown that PGE2 decreases activity of the migrating motor complex and that
administration of indomethacin could restore motility (36). Thus, altered PGE2 levels cause
intestinal dysmotility in a number of conditions, to which CF may now be added.

In summary, the enteric circular smooth muscle of the CF mouse small intestine has
dramatically reduced activity. Elevated PGE2 levels are implicated in the smooth muscle
inactivity. PGE2 mediated dysmotility appears to be caused by perturbations in the enteric
microbiota. Once begun, dysmotility in the CF intestine likely contributes to progression to
bacterial overgrowth which contributes to poor nutrition in this disease. These novel data
demonstrate the importance of the PG degradative pathway and PGE2 levels in intestinal
motor dysfunction.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Contractile behavior of WT and CF enteric circular smooth muscle. Tissue rings were
mounted in an organ bath and spontaneous (tonic activity in the absence of external
stimulus) and cholinergic-stimulated contractility were recorded under isometric conditions.
(A) Unstimulated WT tissue has low amplitude regular phasic contractile behavior. (B)
Unstimulated CF tissue has variable amplitude irregular phasic contractions. (C) The
frequency of spontaneous contractions in WT tissue was narrowly distributed around 0.63
Hz. (D) In the CF tissue the frequency of spontaneous contractions was broadly distributed
and was significantly less than in the WT tissue (average of 0.52 Hz; P<0.00001 vs WT). (E)
The WT tissue responded to cholinergic stimulation (2 min intervals of stepwise CCh
addition from 10−8M through 10−4M) with increased force (G) and amplitude of
contractions (I). (F) The CF tissue was non-responsive to cholinergic stimulation with no
significant increase in force (H) nor in amplitude of contractions (J). (*) P<0.05 vs
unstimulated spontaneous activity by ANOVA with Tukey post-hoc test. (n=16 WT; n=25
CF)
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Figure 2.
Contractile activity of WT and CF enteric circular smooth muscle in response to KCl
depolarization, and effects of tetrodotoxin and L-NAME. (A) Response of WT tissue to 50
mM KCl depolarization (added at arrow; (representative of 3 mice). (B) Response of CF
tissue to 50 mM KCl depolarization (added at arrow; representative of 7 mice). (C) WT
activity without and with CCh stimulation preincubated 10 min in the presence of
tetrodotoxin (TTX, 10−6M) and L-NAME (10−4 M). Representative of 2 mice. (D) CF
activity without and with CCh stimulation in the presence of TTX and L-NAME.
(Representative of 5 mice.)
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Figure 3.
Effect of inhibition of PG synthesis on contractile behavior of WT and CF enteric circular
smooth muscle. Tissues were preincubated in the organ bath for 1 hr with indomethacin
(Indo, 10-5M). (A) WT and (B) CF tissues show increased responses to cholinergic
stimulation (stepwise CCh addition from 10−8M through 10−4M) after inhibition of PG
synthesis. There was significantly greater force (C, E) and amplitude of contractions (D, F)
in both WT and CF tissues, respectively, after indomethacin preincubation. (n=13 WT; n=20
CF) (*) P<0.05 vs unstimulated activity; (+) P<0.05 vs tissue without indomethacin (Fig.1)
at same [CCh] by ANOVA with Tukey post-hoc test.
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Figure 4.
Effect of exogenous PGs on contractile response of WT and CF enteric circular smooth
muscle, with and without inhibition of PG synthesis. Where indicated, tissues were
preincubated in the organ bath for 1 hr with indomethacin (Indo, 10−5M) to inhibit
prostaglandin synthesis. (A, C) Addition of PGE2 (10−6M) to WT tissue preincubated with
indomethacin caused loss of response to cholinergic stimulation (stepwise CCh addition
from 10−8M through 10−4M). (B, D) Addition of PGE2 (10-6M) to CF tissue preincubated
with indomethacin caused loss of response to cholinergic stimulation. (n=4 WT; n=5 CF)
(E) Addition of exogenous PGF2α (10−6M) to WT tissue increased contractile activity. (F)
CF tissue contractile activity was not affected by addition of PGF2α. (G) In WT tissue,
addition of PGF2α after inhibition of prostaglandin synthesis resulted in even greater
contractile activity. (H) In CF tissue, addition of PGF2α after inhibition of prostaglandin
synthesis increased contractile activity. (Representative of 2 WT and 3 CF mice).
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Figure 5.
Effect of antibiotics on WT enteric circular muscle activity, PG degradative gene
expression, and PGE2 levels. Mice were treated for 3 weeks with ciprofloxacin (50 mg/kg
per day) and metronidazole (100 mg/kg per day). (A) Circular muscle from antibiotic (Abx)
treated mice was not responsive to cholinergic stimulation (Representative of 4 mice). (B)
Activity was restored by preincubation in the organ bath for 1 hr with indomethacin (Indo,
10−5M) to inhibit prostaglandin synthesis. (C) Antibiotics significantly reduced intestinal
expression of Hpgd in both WT and CF mice (n=10 each WT and CF samples). (D)
Antibiotics significantly reduced intestinal expression of Ptgr1 in WT mice (n=10 each WT
and CF samples). (E) Antibiotics significantly increased PGE2 levels (measured as PGE2
and its metabolites) in the WT intestine. (n=14 WT, 10 WT + Abx, 8 CF, 9 CF + Abx) (*)
P<0.05 CF vs WT control (Con); (+) P<0.05 vs control of same genotype by ANOVA with
Tukey post-hoc test.
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Figure 6.
Effect of laxative on CF enteric circular muscle activity, PG degradative gene expression,
and PGE2 levels. Mice were treated for 3 weeks with an osmotic laxative (see Materials and
Methods). (A) Circular muscle from CF mice treated with laxative (Lax) were responsive to
cholinergic stimulation (representative of 3 of 4 treated CF mice; tissue from the fourth
mouse was not responsive). (B) Laxative significantly increased intestinal expression of
Hpgd in both WT and CF mice (n=10 WT control, 12 WT + Lax, 11 CF control, 6 CF +
Lax). (C) Laxative significantly increased intestinal expression of Ptgr1 in both WT and CF
mice (n=10 WT control, 12 WT + Lax, 11 CF control, 6 CF + Lax). (D) Laxative
significantly decreased PGE2 levels in the CF intestine (n=4 each WT, WT + Lax, CF, CF +
Lax) (*) P<0.05 CF vs WT control; (+) P<0.05 vs control (Con) of same genotype by
ANOVA with Tukey post-hoc test.
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