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We recently reported the inflammation of the cystic fibrosis (CF) mouse small intestine, and we hypothesized
bacterial overgrowth as a possible cause. Quantitative PCR of bacterial 16S genomic DNA in the CF mouse
small intestine revealed an increase of greater than 40-fold compared to controls. Sequencing of 16S PCR
products and Gram staining showed that the majority of bacteria in the CF mouse intestine were gram
negative. Bacteria were observed to colonize the mucus that accumulates in the intestinal lumen of mice with
CF. Impaired Paneth cell defenses were suggested by observation of partially dispersed Paneth granules in the
mucus plugs of CF mouse intestinal crypts, and this mucus was strongly immunoreactive for Paneth cell
bactericidal products. The role of bacterial overgrowth in intestinal inflammation in CF was tested by treating
mice with oral antibiotics (ciprofloxacin and metronidazole) for 3 weeks, which reduced bacterial load in the
CF mouse small intestine over 400-fold. Antibiotic treatment decreased the expression of the inflammation-
related genes mast cell protease 2, leucine-rich �2 glycoprotein/leucine-rich high endothelial venule glycopro-
tein, suppressor of cytokine signaling 3, hematopoietic cell transcript 1, and resistin-like molecule �/found in
inflammatory zone 2, all of which were no longer expressed at levels significantly different from control levels.
The reduction of intestinal bacteria also significantly improved the growth of CF mice but had no effect on the
growth of wild-type mice. These data suggest that bacterial overgrowth in the CF mouse small intestine has a
role in inflammation and contributes to the failure to thrive in this mouse model of CF.

Cystic fibrosis (CF) is caused by mutations in the cystic
fibrosis transmembrane conductance regulator (CFTR) gene
(35). CFTR is a cAMP-activated Cl� channel expressed in
epithelial cells, and it also regulates the activity of other api-
cally located electrolyte transport proteins (12). Loss of CFTR
function results in the secretion of fluid at a lower volume than
normal and with abnormal electrolyte composition. In the in-
testine, this results in a dehydrated state of the lumen, which is
believed to contribute to the insolubility of secreted mucus and
glycoproteins. As a consequence, intestinal obstruction occurs
in the form of meconium ileus in newborns and distal intestinal
obstructive syndrome in older patients (8).

Although the primary CF defect results in altered electrolyte
transport, inflammation is a hallmark of the disease. Inflam-
mation in CF occurs in the airways (2) and probably also in the
gastrointestinal tract (34, 40). Studies of the small intestine in
humans with CF reported an increase in mononuclear cells in
the duodenum (34) and increases in luminal albumin, immu-
noglobulins, eosinophil cationic protein, neutrophil elastase,
interleukin-1�, and interleukin-8, which suggest increased ep-
ithelial permeability and inflammation (40). The cause of in-
testinal inflammation in humans with CF is not known, but 30
to 40% of CF patients have been reported to have microbial
overgrowth in the small intestine (23, 30).

The CFTR-deficient mouse serves as a model of the gastro-
intestinal complications of CF, and these mice exhibit pro-
nounced intestinal obstruction due to decreased fluid secretion

and the accumulation of poorly cleared mucus and glycopro-
tein secretions (13). It has recently been reported that these
mice have inflammation of the small intestine with infiltration
of mast cells and neutrophils, as well as upregulation of several
inflammation-associated genes (29). Thus, the CFTR null
mouse will be useful to explore intestinal inflammation in CF.

While there is a strong association of microbial infection and
inflammation in CF, accumulating evidence indicates that sus-
ceptibility to inappropriate inflammation, at least in the air-
ways, may be inherent to the diseased tissues even in the
absence of specific pathogenic microbial colonization (26). A
possible mechanism for an inherent inflammation in CF has
been suggested to result from misfolding of �F508 CFTR, the
protein resulting from the most common CFTR mutation.
Misfolded CFTR has been shown in cultured cells to induce
endoplasmic reticulum stress responses leading to proinflam-
matory NF-�B activation (20, 47). The CFTR null mouse does
not express CFTR and, therefore, is not expected to have an
inherent inflammation caused by protein misfolding. Instead,
the observed inflammation in the CF mouse intestine likely
occurs as a result of the altered luminal environment caused by
the decrease in fluid secretion and the accumulation of se-
creted mucus and glycoproteins. We propose that the altered
environment allows bacterial overgrowth, which leads to in-
flammation.

In the present study we used the CF mouse to test for a role
of bacterial overgrowth in inflammation of the small intestine.
The data demonstrate that bacterial overgrowth occurs in the
CF mouse intestine and that a reduction of bacterial load
reduces immune cell infiltration and the expression of inflam-
matory genes and improves the body weight of these mice.
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MATERIALS AND METHODS

Animals. CFTR�/� mice (cftrtm1UNC) were obtained from Jackson Laborato-
ries and were backcrossed on the C57BL/6 background until congenic (5).
CFTR�/� mice were intercrossed to obtain wild-type (CFTR�/�) and CF
(CFTR�/�) mice. Mice of both sexes were used between 6 to 9 weeks of age and,
with the exception of body weights, no gender-related differences in the mea-
sured parameters were observed. To prevent lethal intestinal obstruction, all
mice were maintained on a complete elemental liquid diet (Peptamen; Nestlé,
Deerfield, Ill.) from the age of 10 days (7). Endogenous intestinal bacteria were
reduced by the use of the broad-spectrum antibiotics ciprofloxacin (50 mg/kg of
body weight/day) and metronidazole (100 mg/kg of body weight/day) (Sigma-
Aldrich, St. Louis, Mo.) for 3 weeks beginning at weaning (postnatal day 20). The
antibiotics were administered orally by addition to the liquid diet of experimental
groups of mice. Some wild-type mice were placed on a restricted caloric intake
(pair fed) to match Peptamen consumption by CF mice. All procedures were
approved by the University of Kansas Medical Center Institutional Animal Care
and Use Committee.

Analysis of gene expression. Total RNA was prepared from the entire small
intestine by the TriZol method as previously described (29). Real-time quanti-
tative reverse transcription-PCR (QRT-PCR) was performed by using a Light-
Cycler (Roche, Indianapolis, Ind.) instrument. Expression of the following in-
flammatory genes was measured by using the previously described gene-specific
primer pairs (29): resistin-like molecule �/found in inflammatory zone 2
(RELM�/FIZZ2), leucine-rich �2 glycoprotein/leucine-rich high endothelial
venule glycoprotein (Lrg/Lrhg), hematopoietic cell transcript 1 (HemT1), mast
cell protease 2 (Mcpt2), and suppressor of cytokine signaling 3. Data are ex-
pressed relative to GAPDH (glutaraldehyde-3-phosphate dehydrogenase)
mRNA levels which are not changed in the CF mouse intestine (29).

Measurement of bacterial load and classification of bacteria. Mice were sac-
rificed with CO2 gas; the small intestines were ligated at the stomach and cecum
and removed in their entirety. The ligatures were removed, and 30 ml of room
temperature phosphate-buffered saline (PBS) containing a mucolytic agent (10
mM dithiothreitol [36, 38]) was flushed through the lumens. The flushed material
was centrifuged at 20,000 � g for 30 min to pellet bacteria. The pellet was
processed to extract microbial DNA by using a stool DNA kit, following the
supplier’s instructions, and included the option of heating the bacterial suspen-
sion in the supplied ASL buffer (proprietary composition) for 5 min in a boiling
water bath at step 3 of the protocol (QIAGEN, Valencia, Calif.). This procedure
was equally effective at extracting genomic DNA from laboratory strains of
gram-negative (Escherichia coli) and gram-positive (Enterococcus faecalis) bac-
teria (data not shown), and this kit was recently reported to be as effective as the
bead-beating technique (24). Microbial load was measured by real-time quanti-
tative PCR (QPCR) by using microbial 16S (small ribosomal subunit gene)-
specific primers: plus primer, 5�-TCC TAC GGG AGG CAG CAG T A-3�;
minus primer, 5�-GGA CTA CCA GGG TAT CTA ATC CTG TT-3� (28). The
16S PCR product from a lab strain of E. coli (XL1-Blue; Stratagene) was cloned
into the pDRIVE plasmid (QIAGEN), and linearized plasmid was used to
generate a standard curve for copy number determinations in the real-time
QPCR assays as described (29). The minimum detectable copy number was 27
copies per reaction. When a sample had undetectable 16S DNA, the minimum
copy number value was used for analysis.

To determine which bacterial species were present in the wild-type and CF
mouse small intestine, pools of equal amounts of bacterial DNA were made from
four wild-type and four CF samples. The pooled DNA samples were amplified by
PCR by using the 16S primers, cloned, transformed into XL1-Blue cells, and
cultured on agar plates overnight at 37°C. About 100 colonies each from the
wild-type and CF samples were picked at random to prepare plasmid DNA
samples, which were submitted for DNA sequencing by using the T7 primer site
in the plasmid. A BLAST search of the GenBank database for the 16S sequences
was performed to identify the bacteria present.

Histology. Mice (three to five per genotype and treatment group) were sacri-
ficed with CO2 gas, the small intestines were removed in their entirety, and the
lumens were flushed with ice-cold PBS. Tissue samples were fixed in 4% para-
formaldehyde for paraffin sections or 4% paraformaldehyde and 1.6% glutaral-
dehyde for electron microscopic analysis. Paraffin sections (5-	m) were stained
with hematoxylin and eosin for general histological evaluation, with Gram stain
to determine gram-negative and gram-positive microbes, with an antibody to
lysozyme (DakoCytomation, Carpinteria, Calif.), and with an antineutrophil
antibody for neutrophils (29). Plastic sections (1-	m) were stained with the
cationic dye toluidine blue to reveal bacteria (1). Thin sections (100-nm) were
stained with osmium tetroxide, lead citrate, and uranyl acetate and were exam-

ined by electron microscope to assess the ultrastructure of the intestinal tissue
and to verify the presence of bacteria.

Statistics. Analysis of variance (ANOVA) with a post hoc Tukey’s test was
used (Systat software, Chicago, Ill.). P values of less than 0.05 were considered
significant.

RESULTS

The CF mouse small intestine exhibits an innate type of
inflammatory response (29), which led us to propose there
might be bacterial overgrowth. To measure bacterial load in
CF mice compared to the load in wild-type mice, the small
intestines of wild-type and CF mice were isolated, and DNA
was prepared from the flushed luminal contents. Bacterial
DNA was quantified by using generic bacterial 16S PCR prim-
ers and a QPCR technique. The CF mouse had more than
40-fold more copies of 16S per intestine than the wild-type
mouse (Fig. 1). The 16S PCR products were cloned, and we
sequenced about 100 clones each from wild-type and CF mice.
In wild-type mice, there was a diverse range of bacteria present
(Table 1). The fact that about one-third of the 16S sequences
matched uncultured bacteria and could not be assigned to
known species demonstrates the utility of the PCR approach
used, as these sequences would have been missed by culture
techniques. In contrast to the diverse microbial ecology of the
wild-type mouse small intestine, the CF mouse small intestine
had bacteria that were predominantly in the family Enterobac-
teriaceae which constituted about 95% of the clones (Table 1).
Quantitation of bacterial load by 16S analysis has a degree of
uncertainty because different bacterial species have different
numbers of 16S operons in their genomes (19; http://rrndb.cme

FIG. 1. Bacterial load in the small intestine of wild-type and CF
mice and effect of antibiotic treatment. Material was flushed from the
small intestine lumen by using a mucolytic agent (10 mM dithiothrei-
tol) in PBS. DNA was extracted from the pellet and analyzed by
QRT-PCR by using bacterial 16S gene-specific primers. Data are pre-
sented as the means 
 SEM. The number of mice (n) used for each
group is given in parentheses below the graph. P values were deter-
mined by ANOVA with a post hoc Tukey test as follows: P � 0.05
versus untreated wild-type mice (a); P � 0.05 versus untreated wild-
type mice (b); P � 0.05 versus antibiotic-treated wild-type mice (c); P
� 0.05 versus antibiotic-treated wild-type mice (d); P � 0.05 versus
untreated CF mice (e).
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.msu.edu). Based on the bacteria for which the number of
16S operons is known, we estimate that the error in quantita-
tion of bacterial load could be as high as a 1.7-fold overesti-
mation of bacteria in the CF mouse small intestine. Even if all
the unknown species in the wild-type samples had one copy of
the 16S gene, the error would be threefold. The diversity of
species present in the CF mouse small intestine could also be
underestimated to some extent because Enterobacteriaceae
have seven copies of the 16S gene and may be overrepresented
in the DNA amplified by PCR of the bacterial genomic ex-
tracts.

To visualize the relationship between mucus and bacteria in
the intestine, tissue from the middle region of the small intes-
tine (jejunum and ileum) was processed for 1-	m plastic sec-
tions and stained with toluidine blue. Histologically, the wild-
type mouse intestine had little mucus in the crypt or in the
lumen between villi (Fig. 2A), and bacteria were not apparent
in the small amounts of mucus present (Fig. 2B). In the CF
mouse intestine the presence of bacteria was confirmed at the
level of light microscopy as well as ultrastructurally. As shown
in Fig. 2C to E, the CF mouse small intestine has abundant
mucus in the crypts (Fig. 2E) as well as in the intestinal lumen
around villi (Fig. 2D), as previously reported in these mice
(41). Numerous bacteria were observed in the mucus in the
lumens (Fig. 2D) but not in the mucus in the crypts (Fig. 2E).
Gram staining of the CF intestine showed that the majority of
bacteria in the CF intestine were gram-negative bacilli (Fig.
2F), confirming the 16S gene analysis. By ultrastructural ex-
amination of the CF mouse small intestine, rod-shaped bacte-
ria were observed embedded in the mucus along villus cells
(Fig. 3). Bacteria were only seen in the lumens, and there was

no apparent adherence to the epithelial cell surfaces or inva-
sion of the tissue by bacteria.

It was recently reported that CF mice have evidence of
impaired Paneth cell defenses with decreased clearance of
introduced bacteria (3). Therefore, we examined the morphol-
ogy of crypts in the CF mouse intestine, paying special atten-
tion to the Paneth cells which contain eosinophilic secretory
granules. Wild-type mouse tissue had narrow crypts without
apparent material in the lumens, and Paneth cells at the base
of the crypts had typical eosinophilic granules (Fig. 4A). In
contrast, the crypts of CF mice were greatly dilated and filled
with eosinophilic material which appeared to emanate from
dilated Paneth cells at the base of the crypts (Fig. 4B). By using
lysozyme immunohistochemistry as a Paneth cell granule
marker, Paneth cells at the base of the crypts were immuno-
stained in both wild-type (Fig. 4C) and CF (Fig. 4D) mouse
intestines. Strikingly, the mucus in the crypts of mice with CF
was strongly stained for lysozyme (Fig. 4D), indicating that
Paneth cell-secreted proteins are trapped in the mucus-ob-
structed crypt lumen. At the ultrastructural level, the crypts of
CF mice had morphologically identifiable Paneth granules in
the crypt lumens that are only partially dissolved (Fig. 4D and
F). In contrast, crypts in wild-type mice had identifiable gran-
ules only within the Paneth cells and not in the crypt lumens
(Fig. 4C and E). These observations confirm those of Clarke et
al. (3) and are consistent with their conclusion that Paneth cell
innate defenses are impaired.

To explore the relationship between bacterial overgrowth
and the intestinal phenotype of mice with CF, mice were
treated with a combination of broad-spectrum antibiotics (cip-
rofloxacin and metronidazole). Antibiotic treatment signifi-
cantly reduced the bacterial load in CF mice by over 400-fold,
and after treatment the bacterial load was not significantly
different from that in wild-type mice (Fig. 1). The CF pheno-
type of these mice includes increased expression of various
inflammatory markers, infiltration of mast cells and neutro-
phils in the small intestine (29), and decreased body weight
compared to wild-type mice (5, 29). We used QRT-PCR to
measure gene expression in wild-type and CF mouse small
intestine, without and with antibiotic treatment. The mast cell
marker Mcpt2 was significantly increased in CF mice as previ-
ously reported (29), and after antibiotic treatment expression
levels were reduced and were not significantly different from
those of wild-type mice (Fig. 5A). The acute phase serum
protein Lrg/Lrhg (45), which is a putative neutrophil marker
(31) and is also expressed on mesenteric lymph node high
endothelial venules (37), was significantly elevated in the CF
mouse intestine and was significantly reduced after antibiotic
treatment (Fig. 5B). Expression of the anti-inflammatory gene
suppressor of cytokine signaling 3 (44) was significantly in-
creased in CF mice compared to levels in wild-type mice and
was significantly downregulated in the antibiotic-treated CF
mouse intestine (Fig. 5C). The marker of blood cell prolifer-
ation, HemT1 (48), was significantly increased in the CF
mouse intestine and was reduced to the levels of wild-type mice
after antibiotic treatment (Fig. 5D). The final gene examined
was RELM�/FIZZ2 which is associated with bacterial coloni-
zation and inflammation (14, 16, 43) as well as cell growth (42).
RELM�/FIZZ2 expression was highly increased in the CF
mouse small intestine, as previously reported (29); after anti-

TABLE 1. Classification of bacteria in wild-type and CF mouse
small intestines by sequencing of cloned 16S PCR products

Classificationa

No. of clones

Wild-type
mice CF mice

Uncultured bacteriab 37 2
Klebsiella oxytoca, Klebsiella pneumoniae,

and Klebsiella granulomatis
20 0

Enterobacter aerogenes or Enterobacter
asburiae

13 0

Other Enterobacteriacaec 5 95
Lactococcus lactis 9 0
Acinetobacter sp. 5 0
Pantoea sp. and Pantoea agglomerans 4 0
Unclassified �-Proteobacter 2 0
Helicobacter typhlonicus 1 1
Bacteroides acidofaciens 1 0
Streptococcus gordonii or Streptococcus

parasanguinis
1 0

Clostridium perfringens 0 6

a When the 16S sequence was definitive, both genus and species are listed.
When more than one species matched the sequence data or more than one
species was unequivocally identified, all species are listed.

b The wild-type group includes five clones that did not match anything in the
GenBank database even though the cloned PCR product inserts were of the
appropriate size for the 16S primers used (460 to 475 bp).

c The sequences of the 16S PCR products in this group are identical between
various family members (E. coli, Escherichia fergusonii, Escherichia vulneris, Pho-
torhabdus liminescens, and Shigella flexneri).
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FIG. 2. Histological demonstration of bacterial overgrowth of the CF mouse small intestine. Intestinal tissue was prepared for 1-	m thick
plastic sections and stained with toluidine blue. (A and B) Wild-type mouse small intestine. The crypt lumens are very small and there is only
occasional mucus surrounding the villi (arrow). (C to E) CF mouse small intestine. In panels C and E, the crypts are dilated and filled with mucus
but devoid of bacteria. In panel D, the villi are surrounded by mucus that is heavily colonized by bacteria (dark spots in the lumen). (F) Gram
staining of paraffin section of CF mouse intestine. The bacteria present in mucus in the intestinal lumens are largely gram-negative microorganisms,
as shown by the red staining. Panels of tissues with either confirmed gram-positive or confirmed gram-negative infections were processed in parallel
for comparison of staining patterns (blue and red, respectively; data not shown).
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biotic treatment RELM�/FIZZ2 expression was reduced to a
level that was intermediate between the levels of the wild-type
and CF mouse intestine and was not statistically different from
either (Fig. 5E). Antibiotic-treated wild-type mice had small
decreases in expression of the genes measured, but the changes
were not statistically significant by ANOVA versus untreated
wild-type mice (Fig. 5).

When fed ad libitum, CF mice are significantly smaller than
wild-type mice (5). To evaluate the possibility that changes in
gene expression in CF mice are due to reduced calorie intake,
we measured the Peptamen consumption of CF mice and pair
fed a group of wild-type mice; QRT-PCR was then used for
three of the inflammation-associated genes analyzed above. CF
mice consumed on average 20% 
 8% (females; seven wild-
type and eight CF mice) and 24% 
 7% (males; nine wild-type
and seven CF mice) less Peptamen than wild-type mice. After
3 weeks of caloric restriction, wild-type mice were smaller by
20% 
 3% (females; n 
 3) and 24% 
 2% (males; n 
 3)
than ad libitum fed wild-type mice. Caloric restriction for 3
weeks did not affect gene expression. Pair-fed wild-type mice
had 4.1 
 1.2 copies of Mcpt2 per 104 copies of GAPDH
(mean 
 standard error of the mean [SEM]; n 
 6), which was
not significantly different than the number of copies in ad
libitum fed wild-type mice (P � 0.9 by ANOVA) and was
significantly less than the number of copies in CF mice (P �
0.02) (Fig. 5A). Calorie-restricted mice had 17 
 3.3 copies of

Lrg per 104 copies of GAPDH, which was not significantly
different than the number of copies in ad libitum fed wild-type
mice (P � 0.9) and was significantly less than the number of
copies in CF mice (P � 0.05) (Fig. 5B). And calorie-restricted
mice had 3.2 
 0.62 copies of RELM�/FIZZ2 per 104 copies
of GAPDH, which was not significantly different than the value
for ad libitum fed wild-type mice (P � 0.9) and was signifi-
cantly less than the value for CF mice (P � 0.02) (Fig. 5E).
Thus, reduced food consumption by wild-type mice did not
affect expression of the inflammatory genes studied.

To histologically evaluate the effect of antibiotics on CF
mouse intestinal inflammation, tissue was immunostained for
neutrophils. Wild-type mice have some neutrophils in their
small intestines, primarily near lymph nodules (Fig. 6A). After
antibiotic treatment there was no appreciable effect on the
numbers of neutrophils (Fig. 6B). As previously reported, CF
mice have increased numbers of neutrophils both near lymph
nodules (Fig. 6C) and frequently in the lamina propria in areas
away from lymph nodules (Fig. 6E). After antibiotic treatment
of CF mice, there was a decrease in neutrophil numbers near
lymph nodules (Fig. 6D) and in the lamina propria (Fig. 6F),
consistent with the decrease in Lrg/Lrhg gene expression (Fig.
5B).

Finally, we assessed whether antibiotic treatment of CF mice
would affect body weight gain. CF mice are about 30% smaller
than wild-type mice on the same Peptamen liquid diet, as
previously reported (5, 18, 46) (Fig. 7). The body weight of CF
male mice at the end of the 3-week antibiotic treatment was
significantly increased compared to untreated CF mice and was
not significantly different than that of wild-type mice (Fig. 7).
Importantly, antibiotic treatment had no effect on the body
weight of wild-type mice (Fig. 7).

DISCUSSION

In this work we demonstrated that the CF mouse has small
intestinal bacterial overgrowth. Classification of the bacteria in
the CF mouse small intestine by 16S gene analysis revealed
that there is a loss of species diversity compared to wild-type
mice and that the microbes present are overwhelmingly gram-
negative organisms of the Enterobacteriaceae family. When the
bacterial load was reduced by broad-spectrum antibiotics,
there were positive effects on the CF phenotype. Antibiotic-
treated CF mice had significant reductions in inflammation as
assessed by the measurement of gene expression and infiltra-
tion of neutrophils and also had improved body weight gain.

Small intestine bacterial overgrowth has been found in 30 to
40% of CF patients by breath testing techniques (23, 30), but
the cause is unknown. The normal small intestine has low
numbers of bacteria, and there are several mechanisms that
play roles in minimizing microbial colonization (for a review,
see reference 39).

First is the defense mechanism whereby most ingested mi-
crobes are killed by gastric acid in the stomach (22). However,
stomach function is not believed to be compromised in CF
patients (8), and so it is unlikely that impairment of this de-
fense accounts for the intestinal bacterial overgrowth. Second
is the mechanism whereby microbes that survive the stomach
to enter the small intestine are continually swept along to the
large intestine by peristalsis. The rate of transit through the

FIG. 3. Ultrastructural appearance of bacteria in the CF mouse
small intestine lumen. The plastic-embedded samples shown in Fig. 2
were further processed for electron microscopy. (A) Embedded in the
mucus along the villus epithelium are rod-shaped bacteria. (B) Bacte-
ria shown at higher magnification.
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small intestine normally outpaces the replication rate of mi-
crobes, limiting the accumulation of bacteria (17). Slower tran-
sit rates in the small intestine may play a role in bacterial
overgrowth of the CF human small intestine, and there is
evidence from several studies that orocecal transit time is in-
creased in CF patients (4, 9, 23, 27). It is not currently known
if orocecal transit time is altered in the CF mouse, and this
remains an interesting possibility.

A third factor in epithelial innate defense is mucus secreted
by goblet cells. Mucus glycoproteins contain carbohydrate
structures which bind bacteria and reduce adherence of the
microbes to the epithelial surfaces (25). Mucus-bound bacteria
are then swept away down the intestinal tract, which limits
their numbers in the small intestine (6). In the CF mouse
intestine, mucus accumulates even though there is actually a
small decrease in mucin gene expression (33) (S. Kaur and
R. C. De Lisle, unpublished data). We observed that bacteria
in the CF mouse intestine had colonized the abundant mucus
that accumulates along the villus surfaces. This finding is con-
sistent with the idea that the slow clearance of secreted mucus
in the CF human intestine provides an anchorage for bacterial
adherence and abnormal colonization.

The innate immune defenses of the Paneth cells constitute a
fourth mechanism. The Paneth cells are at the base of intesti-
nal crypts, and they secrete a family of �-defensins (cryptdins)
and lysozyme that have bacteriostatic activities (32). The high
levels of mucus that accumulate in the CF intestine may impair
functions of the Paneth cell. Recently, it was demonstrated
that partially dissolved Paneth cell granules can be observed in
mucus-occluded small intestinal crypts in CF mice (3). In the
study, intestinal obstruction was prevented by use of a laxative
solution instead of the Peptamen liquid diet we used. It was
further demonstrated that the extent of mucus accumulation
and nearly intact granules in the lumen were increased when
the laxative was removed from the drinking water. The inves-
tigators also presented evidence for impaired clearance of an
introduced cryptdin-sensitive enteric pathogen (Salmonella en-
terica serovar Typhimurium). We confirmed in Peptamen-fed
CF mice that Paneth cell granules released into the crypt
lumens appear nearly intact. We extended these studies by
showing high levels of Paneth cell-secreted bactericidal protein
(lysozyme) (32) within the crypt lumens of CF mice. Interest-
ingly, there were no bacteria in the crypts which have high
levels of secreted Paneth cell bactericidal proteins, suggesting
that these defenses are active in the crypt but not in the intes-
tinal lumen in CF mice.

It appears that the loss of Paneth cell innate defenses alone
is not sufficient for bacterial overgrowth and inflammation. A
transgenic mouse that expresses a toxin under a Paneth cell-

FIG. 4. Histology and ultrastructure of small intestinal crypts in
wild-type and CF mice. (A and B) Conventional hematoxylin and eosin
staining. In the wild-type mouse tissue shown in panel A, the crypt
lumen is small and clear. At the base of the crypts Paneth cells with
characteristic eosinophilic secretory granules are observed (arrow),
and there are traces of eosinophilic material in the lumen (arrowhead).
Goblet cells are compact in appearance. In the CF mouse tissue shown
in panel B, the crypt lumen is greatly dilated and filled with eosino-
philic material (arrowheads) that appears to emanate from distended
Paneth cells (arrow) at the base of the crypt. Goblet cells also appear
distended. (C and D) Immunohistochemistry for the Paneth cell pro-
tein lysozyme. In the wild-type mouse tissue shown in panel C, ly-

sozyme is primarily localized to the Paneth cells at the base of the crypt
(arrows). In the CF mouse tissue shown in panel D, lysozyme immu-
noreactivity is greater and both the Paneth cells (arrows) and the crypt
lumen (arrowheads) are strongly labeled. (E to H) Transmission elec-
tron microscopy. In the wild-type mouse tissue shown in panels E and
G, Paneth cell granules (*) are observed inside Paneth cells, and there
is little material in the small lumen (indicated by an arrow in panel E
and by L in panel G). (F and H) In the CF mouse tissue Paneth cell
granules are observed inside cells (*), and there are almost intact
granules in the lumen (�) of the crypt. L, lumen; G, goblet.
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FIG. 5. Effects of antibiotic treatment on the expression of inflammatory genes in the small intestine of wild-type and CF mice. Wild-type (WT)
and CF mice were untreated (�) or given oral antibiotics (�) for 3 weeks, and total RNA was prepared from the entire small intestine. Gene
expression was determined by using QRT-PCR for the indicated genes, and data are expressed as copy number per copy of GAPDH. Data are
presented as the means 
 SEM. The number of mice (n) used for each group is given in parentheses below the graph. P values were determined
by ANOVA with a post hoc Tukey’s test as follows: (a) P � 0.05 versus untreated wild-type mice; (b) P � 0.05 versus untreated wild-type mice;
(c) P � 0.05 versus antibiotic-treated wild-type as follows; (d) P � 0.05 versus antibiotic-treated wild-type mice; (e) P � 0.05 versus untreated CF
mice; (f) P � 0.05 versus untreated CF mice.
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specific promoter lacks Paneth cells but does not exhibit bac-
terial overgrowth of the small intestine (10). We propose that
two factors are needed for bacterial overgrowth in the CF
intestine: (i) accumulated mucus along the villus surface which
provides an anchorage for bacteria and (ii) impairment of
Paneth cell defenses by mucus occlusion of the crypt which
permits bacterial overgrowth of the small intestine.

A reduction of the bacterial load with broad-spectrum anti-
biotics reduced expression of inflammatory genes, indicating
that bacterial overgrowth may be responsible for inflammation
of the CF mouse small intestine. Since we did not observe
invasion of the epithelium by bacteria, inflammation may likely
be due to bacterial products released in the intestinal lumen
(e.g., lipopolysaccharide) and not to an invasive pathogen. This

needs to be confirmed by more direct means to measure levels
of bacterial translocation to mesenteric lymph nodes and
spleen in CF mice.

An important effect of the reduction in the bacterial load
was an improvement in the growth of CF mice. The mechanism
of the effect of antibiotics on body weight is not known but may
be due to reduced competition for nutrients by intestinal bac-
teria (for a review, see reference 11), as well as to improved
lipid digestion and absorption, which can be impaired by bile
salt precipitation after bacterial deconjugation (15). While the
data are consistent with a central role of bacterial overgrowth
in CF pathologies in the small intestine, it is also possible that
the positive effects of antibiotic therapy are due to the anti-
inflammatory activities that some antibiotics exhibit (21).

FIG. 6. Effects of antibiotic treatment on neutrophil infiltration in wild-type and CF mouse small intestine. Mice were untreated (Control) or
given oral antibiotics (�Antibiotics) for 3 weeks, and paraffin sections of the central portion of the intestine (jejunum and ileum region) were
prepared for neutrophil immunohistochemistry. (A) Untreated wild-type mouse small intestine has some neutrophils, mostly near lymph nodules
(dark-staining structures). (B) Antibiotic-treated wild-type mouse intestine does not have appreciably different numbers of neutrophils compared
to untreated wild-type mice. (C and E) Untreated CF mouse small intestine has increased neutrophils near lymph nodules, shown in panel C, and
in the lamina propria, shown in panel E, compared to untreated wild-type mice. (D and F) Antibiotic-treated CF mouse intestine has fewer
neutrophils near lymph nodules, shown in panel D, and in the lamina propria, shown in panel F, compared to untreated CF mice. Representative
images from three to five mice per group are shown.
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Whether the effects of antibiotics are due to anti-inflammatory
activities and if such nonantibiotic effects are sufficient to im-
prove the health of the CF mouse will require further study.
Nevertheless, these studies show a dramatic reduction in in-
testinal inflammation and an improvement in the health of
these animals when treated with broad-spectrum antibiotics.

The results suggest that inflammation in the CF intestine is
associated with abnormal microbial growth rather than an in-
herent alteration of the immune system in the absence of
functional CFTR. It remains possible that if the �F508 CFTR
mutation were present, there would be an inherent inflamma-
tory state in addition to the one we observed in the CFTR null
mouse. It might be predicted that intestinal inflammation
would be greater in �F508 CFTR mice than in CFTR null
mice, and this needs to be determined.

In summary, there is bacterial overgrowth in the CF mouse
small intestine which is associated with mucus accumulation
and impaired Paneth cell innate defense functions. Accompa-
nying bacterial overgrowth is inflammation. A reduction of the
bacterial load significantly improves several parameters of CF
pathology, including body weight gain. Given that small intes-
tinal bacterial overgrowth is common in CF patients, it will be
important to investigate the role of microbes in this disease in
inflammation and failure to thrive.
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