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Antibiotics are often used in the clinic to treat bacterial infections, but the effects of these drugs on
microbiota composition and on intestinal immunity are poorly understood. Citrobacter rodentium was used as
a model enteric pathogen to investigate the effect of microbial perturbation on intestinal barriers and suscep-
tibility to colitis. Streptomycin and metronidazole were used to induce alterations in the composition of the
microbiota prior to infection with C. rodentium. Metronidazole pretreatment increased susceptibility to C.
rodentium-induced colitis over that of untreated and streptomycin-pretreated mice, 6 days postinfection. Both
antibiotic treatments altered microbial composition, without affecting total numbers, but metronidazole treat-
ment resulted in a more dramatic change, including a reduced population of Porphyromonadaceae and in-
creased numbers of lactobacilli. Disruption of the microbiota with metronidazole, but not streptomycin
treatment, resulted in an increased inflammatory tone of the intestine characterized by increased bacterial
stimulation of the epithelium, altered goblet cell function, and thinning of the inner mucus layer, suggesting
a weakened mucosal barrier. This reduction in mucus thickness correlates with increased attachment of C.
rodentium to the intestinal epithelium, contributing to the exacerbated severity of C. rodentium-induced colitis
in metronidazole-pretreated mice. These results suggest that antibiotic perturbation of the microbiota can
disrupt intestinal homeostasis and the integrity of intestinal defenses, which protect against invading patho-

gens and intestinal inflammation.

The intestinal microbiota can be thought of as an organ
system, essential for nutrient acquisition, metabolism of indi-
gestible compounds, defense against colonization by patho-
gens, and the development of intestinal architecture and the
immune system (40, 43). Compositional changes in the intes-
tinal microbiota can lead to severe dysregulation of the phys-
iological and immunological intestinal homeostasis, with seri-
ous adverse consequences for the host (43). A well-known case
of this is antibiotic treatment, and previous studies have shown
that antibiotic treatment can predispose the host to enteric
infections (48). A recent investigation by Sekirov et al. showed
that various doses of antibiotic treatments predispose mice to
increased colonization by Salmonella enterica serovar Typhi-
murium and intestinal pathology (48). Additionally, Brandl et
al. showed that administration of a broad-spectrum combina-
tion of metronidazole (Met), neomycin, and vancomycin
promotes infection by vancomycin-resistant enterococci (9).
Further, there are significant differences in microbiota compo-
sitions of inflammatory bowel disease (IBD) patients and
healthy individuals, further implicating microbial factors in the
initiation and perpetuation of colitis (17, 19, 32, 46). It is
unknown if such changes precede and contribute to the onset
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of IBD or are simply a result of IBD. Moreover, antibiotics are
used extensively with variable efficacy in the treatment of IBDs,
such as ulcerative colitis (20, 45). As the molecular basis of the
microbiota’s protective effects and the processes triggered as a
result of its perturbation are not fully understood, it is impor-
tant to elucidate the mechanisms by which antibiotic-induced
microbial shifts perturb the homeostatic state of the intestinal
immune system. While the microbiota likely represent a phys-
ical barrier that prevents pathogens from interacting with and
penetrating the intestinal mucosa (50), other studies suggest a
much higher degree of complexity that involves a direct role
for the microbiota in dictating the immunological tone of the
intestine (12, 24, 44).

The intestinal epithelium and its protective mucin cover are
the primary defenses against pathogen permeation and micro-
bial leakage into the underlying lamina propria (LP). Anti-
microbial proteins secreted by intestinal epithelial cells (IECs)
include defensins, cathelicidins, and C-type lectins (Reg3p and
Reg3vy) (23). They function by disrupting bacterial surface
structures and contribute to the maintenance of microbiota
composition. Their expression has been shown to rely on IEC
stimulation by microbes and their products (12). Additionally,
recognition of commensals by IECs has been shown to be
important in regulating the inflammatory state of the intestine,
through regulation of the interleukin-25 (IL-25)-I1L-23-1L-17
axis and Th17 cells (59).

Goblet cells, a type of specialized IECs, have a protective
role in the intestine through the production of bioactive com-
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pounds, including mucins, trefoil factors, and other antimicro-
bials (53, 56). These molecules provide defense against patho-
gens by preventing bacterial penetration of the intestinal
epithelium, and they play a key role in the maintenance of
healthy intestinal homeostasis (35). Studies using mucin-
knockout mice, germfree (GF) mice, and probiotics suggest
that the intestinal mucus layer is a major mediator of microbe-
IEC interactions and that mucus integrity is largely affected by
the microbiota (26, 34, 55). The mucus layer in the large
intestine consists of two stratified layers mainly composed of
the secreted mucin Muc2 (26). The inner mucus layer compo-
sition is dense and devoid of the microbiota, while the outer
layer is a loose matrix that houses the microbiota (26). The
inner dense mucus layer functions as a barrier, which serves to
minimize microbial translocation and prevent excessive im-
mune activation (22). Mice deficient in Muc2 production have
an altered intestinal mucus layer and spontaneously develop
colitis, suggesting that defects in mucin production lead to
altered microbe-IEC interactions (55). Microbes might inter-
act with IECs by diffusion of microbe-associated molecular
patterns (MAMPs) through the mucus layer, resulting in stim-
ulation of the underlying IECs (23). Under homeostatic con-
ditions, this bacterial stimulation comes from the microbiota
and seems to be important for a healthy mucus layer, as GF
mice produce an inner mucus layer that is thinner than that of
conventionally housed mice (26).

This study aimed to define the effect of metronidazole (Met)
and streptomycin (Strep) on mucosal defense. We hypothe-
sized that an alteration in intestinal microbial composition by
antibiotic treatments would alter susceptibility to the natural
mouse pathogen Citrobacter rodentium, which results in intes-
tinal inflammation with features similar to those of ulcerative
colitis (38). Both antibiotics induced distinct alterations in the
microbiota composition, altering the susceptibility of the host
to subsequent C. rodentium-induced colitis. We found that
mice pretreated with metronidazole suffer a more severe form
of C. rodentium-induced colitis than do streptomycin-pre-
treated and untreated mice. Further, our results demonstrate
that some antibiotic treatments can not only induce composi-
tional changes in the commensal population but also affect the
inflammatory tone of the intestine, interfering with the protec-
tive function of goblet cells. Metronidazole treatment reduced
Muc2 production and caused a thinning of the protective mu-
cus layer, suggesting that intestinal homeostatic changes and
depletion of the mucus layer by some antibiotics may predis-
pose the host to enteric infection and, potentially, other in-
flammatory bowel diseases.

MATERIALS AND METHODS

Mice. Eight- to 10-week-old C57BL/6 female mice (Jackson Laboratory, Bar
Harbor, ME) were housed in the animal facility at the University of British
Columbia (UBC) in accordance with guidelines of the UBC Animal Care Com-
mittee and the Canadian Council on the Use of Laboratory Animals. Mice were
fed a standard sterile chow diet (laboratory rodent diet 5001; Purina Mills, St.
Louis, MO) ad libitum throughout the experiments. Antibiotic-treated mice were
given metronidazole (Sigma) at 750 mg/liter or streptomycin (Sigma) at 450
mg/liter in drinking water for 4 days. Untreated, control mice received sterilized
water. After 4 days, the antibiotics were withdrawn, mice were infected or
euthanized, and tissues were harvested.

Bacterial strains and infection of mice. Mice were infected by oral gavage with
0.1 ml of an overnight culture of LB containing approximately 2.5 X 10® CFU of
a streptomycin-resistant derivative of C. rodentium DBS100.
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Tissue collection. Uninfected mice or mice at days 2, 4, 6, and 21 postinfection
(p.i.) were euthanized by CO, asphyxiation, and their spleens, mesenteric lymph
nodes (mLNs), and large intestines were dissected for further analysis. The large
intestine was divided into cecum and colon. The piece of the distal colon col-
lected for subsequent studies was the terminal 5 mm. Tissues were immediately
placed in 10% neutral buffered formalin for histological studies or methanol-
Carnoy’s fixative for mucin studies or frozen at —20°C for subsequent microbial
composition analysis.

Microbial composition analysis. Changes in microbial composition were as-
sessed in tissue samples collected from the distal colon by terminal restriction
fragment length polymorphism (T-RFLP) analysis and cloning and sequencing as
previously described (57). Briefly, total bacterial 16S rRNA genes were PCR
amplified using broad-range Eubacteria primers 27F and 926r (Table 1) and
subjected to digestion with Haelll and Mspl. Fragment length determination of
6-carboxyfluorescein (6-FAM)-labeled products was performed on an ABI 3730
capillary sequencer (Applied Biosystems), and electropherograms were pro-
cessed using GeneMarker (State College, PA). Peaks of interest were compared
to reference clone libraries generated using DNA isolated from the ileum,
cecum, and feces of C57BL/6 mice treated with streptomycin or metronidazole or
not treated. PCR-amplified products were cloned into the pCR 4 TOPO vector
and transformed into Escherichia coli TOP10 chemically competent cells (Invit-
rogen). Sequences were classified using the naive Bayesian rRNA classifier in
RDP (57). Real-time PCRs were completed using 16S rRNA group-specific
primers (Table 1) to determine the relative abundances of selected bacterial
groups (standard curves from ATCC strains or purified 16S rRNA gene clones)
including Bacteroidales (purified clone), Bifidobacterium (purified clone), Clos-
tridium coccoides cluster (ATCC 47340D), and Lactobacillus (ATCC 4357D) in
colon samples. Results were normalized to total bacterial 16S rRNA gene copies
in the sample. To test whether treatments resulted in reduced bacterial abun-
dance, total bacterial 16S rRNA gene copies were also quantified in fecal sam-
ples, because colon samples had various contents of digesta. Measurement of 16S
rRNA gene copies correlates well with bacterial number. All real-time PCRs
were performed using Quantitect SYBR-Green Mastermix (Qiagen).

Citrobacter rodentium CFU and cytokine determination. Whole mLNs, ceca,
and colon tissues were collected in 1 ml of sterile phosphate-buffered saline
(PBS) supplemented with complete EDTA-free protease inhibitor cocktail
(Roche Diagnostics) at a final concentration recommended by the manufacturer.
Tissues were weighed and homogenized in a MixerMill 301 bead miller (Retche)
for 5 min at 30 Hz at room temperature. Tissue homogenates were serially
diluted in PBS, plated onto MacConkey agar (Difco), and incubated overnight at
37°C, and bacterial colonies were enumerated the following day and normalized
to the tissue weight (per gram). C. rodentium colonies were clearly identified by
their unique characteristic of being round with a red center and a white rim.
Colon homogenates were centrifuged twice at 15,000 X g for 20 min at 4°C to
remove cell debris, and the supernatants were aliquoted and stored at —80°C.
Cytokine levels in colon homogenates were determined with the BD cytometric
bead array mouse inflammation kit (BD Biosciences), according to the manu-
facturer’s recommendations, and normalized to tissue weight (per gram).

Immunohistochemistry. Sections of 5 wm were deparaffinized and rehydrated.
Antigen retrieval was performed prior to blocking and staining by placing depar-
affinized, rehydrated slides in 10 mM citric acid (pH 6.0) at 90 to 100°C for 20
min, followed by cooling to room temperature. Immunostaining was carried out
using antibodies against Tir (antibody production described previously [14]) or
murine Muc2 (H-300; Santa Cruz Biotechnology) antibody at 4°C overnight
followed by incubation with an Alexa 488-conjugated secondary antibody (Invit-
rogen) for 1 h at room temperature. Tissues were mounted using ProLong Gold
Antifade (Molecular Probes/Invitrogen) containing 4’,6-diamidino-2-phenylin-
dole (DAPI) for DNA staining.

Fluorescence-activated cell sorting (FACS) analysis. Lamina propria cells
were isolated from the excised murine colon. The colon was opened longitudi-
nally for washing and diced in small, 0.5-cm sections. These sections were treated
with collagenase from Clostridium histolyticum VIII (Sigma) at 37°C for 1 h. The
cell suspension was purified using a 30% Percoll gradient. Purified splenic and
lamina propria cells were stained with fluorochrome-conjugated antibodies
against CD45, CD3e, CD49b (clone DX5), and F480 (all from BD Biosciences)
before being analyzed with an LSR II flow cytometer (BD Biosciences) using
CellQuest and FlowJo 6.1.1 software.

RNA isolation and cDNA synthesis. The terminal 2 to 3 mm of the colon was
excised, immediately submerged in RNAlater (Qiagen), and stored at 4°C over-
night and then at —80°C for subsequent RNA extraction. RNA was extracted
using the RNeasy minikit (Qiagen) according to the manufacturer’s instructions.
RNA concentration was determined using a NanoDrop ND-1000 spectropho-
tometer (NanoDrop Technologies, Wilmington, DE), and reverse transcription
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TABLE 1. Sequences of primers for microbiota composition and host gene expression analysis

Target® Primer Sequence T,° (°C)

Eubacteria 16S rRNA (T-RFLP and cloning) Bact-27f* AGAGTTTGATCMTGGCTCAG 55
926r CCGTCAATTCCTTTRAGTTT

Eubacteria 16S TRNA (total bacteria) (1) UniF340 ACTCCTACGGGAGGCAGCAGT 63
UniR514 ATTACCGCGGCTGCTGGC

Bacteroidales 16S rRNA (16) BactF285 GGTTCTGAGAGGAAGGTCCC 61
UniR338 GCTGCCTCCCGTAGGAGT

Bifidobacterium 16S TRNA (30) Bif164F GGGTGGTAATGCCGGATG 62
Bif662R CCACCGTTACACCGGGAA

Clostridium coccoides 16S TRNA (18) UniF338 ACTCCTACGGGAGGCAGC 60
CcocR491 GCTTCTTAGTCAGGTACCGTCAT

Lactobacillus 16S TRNA (42) LabF362 AGCAGTAGGGAATCTTCCA 56
LabR677 CACCGCTACACATGGAG

Muc2 (21) MUC2-F GCTGACGAGTGGTTGGTGAATG 60
MUC2-R GATGAGGTGGCAGACAGGAGAC

TFF3 (21) TFF3-F CCTGGTTGCTGGGTCCTCTG 60
TFF3-R GCCACGGTTGTTACACTGCTC

GAPDH GAPDH-F ATTGTCAGCAATGCATCCTG 60
GAPDH-R ATGGACTGTGGTCATGAGCC

“ Numbers in parentheses are references.
® 6-FAM-labeled 5’ end for T-RFLP.
¢T,, annealing temperature.

(RT) was performed with the Quantitect RT kit (Qiagen) using 1 pg RNA as
template.

Real-time PCR. Real-time PCR was performed using Quantitect SYBR-
Green Mastermix (Qiagen) and QuantiTect Reg3y, Relmp, IL-25, and thymic
stromal lymphopoietin (TSLP) primers (Qiagen) in addition to the primers listed
in Table 1. PCR was performed on an Opticon 2 system (Bio-Rad), and cycles
consisted of 95°C for 15 min and 40 cycles of 94°C for 15 s, 60°C for 30 s, and
72°C for 30 s. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used
for normalization. The fold difference in expression was calculated as threshold
cycle (2744€T),

Measurements of mucus thickness ex vivo. The terminal 5 mm of the colon was
excised, immediately submerged in methanol-Carnoy’s fixative at 4°C for 2 h, and
then placed into 100% ethanol. Fixed colon tissues were embedded in paraffin
and cut into 5-pm sections. Tissues were stained with Alcian Blue (AB)/periodic
acid-Schiff (PAS) stain.

Histopathological scoring. Tissues were fixed in 10% neutral buffered formalin
overnight and then placed into 70% ethanol. Fixed cecal tissues were embedded
in paraffin and cut into 5-pm sections. Tissues were stained with hematoxylin and
eosin (H&E) using standard techniques by the UBC Histology Laboratory.
Tissue sections were assessed for pathology in four regions: lumen, surface
epithelium, mucosa, and submucosa. Pathology in the lumen was based on the
presence of necrotic epithelial cells (0, none; 1, scant; 2, moderate; 3, dense). The
surface epithelium was scored for regenerative change (0, none; 1, mild; 2,
moderate; 3, severe), desquamation (0, no change; 1, <10 epithelial cells shed-
ding per lesion; 2, 11 to 20 epithelial cells shedding per lesion), and ulceration (3,
epithelial ulceration; 4, epithelial ulceration with severe crypt destruction). The
mucosa was scored for hyperplasia (scored based on crypt length/high-power
field averaged from four fields at X400 magnification where 0 is <140 um, 1 is
141 to 285 wm, 2 is 286 to 430 um, and 3 is >431 wm) and goblet cell depletion
(scored based on number of goblet cells/high-power field averaged from four
fields at X400 magnification where 0 is >50, 1 is 25 to 50, 2 is 10 to 25, and 3
is <10). Lastly, the submucosa was scored for edema (0, no change; 1, mild; 2,
moderate; 3, profound). The maximum score that could result from this scoring
is 21.

Statistical analysis. T-RFLP profiles were subjected to cluster analysis using
Bray-Curtis metrics (31). Statistical significance was calculated by using a two-
tailed Student ¢ test unless otherwise stated, with assistance from GraphPad

Prism software version 4.00 (GraphPad Software, San Diego, CA). If not oth-
erwise specified, statistical significance was indicated as follows: ***, P < 0.001;
** P <0.01; *, P < 0.05; NS (not significant), P > 0.05. The results are expressed
as the mean value with standard error of the mean (SEM), unless otherwise
indicated.

RESULTS

Metronidazole pretreatment increases the severity of C. ro-
dentium-induced colitis. To study the role of the microbiota in
protection against enteric infections, two different antibiotics,
streptomycin and metronidazole, were used to induce altera-
tions in the intestinal microbial composition prior to infection
with C. rodentium. Streptomycin is a broad-spectrum antibiotic
that kills sensitive microbes by binding to the 30S subunit of
the bacterial ribosome and inhibiting protein synthesis (7).
Metronidazole targets anaerobic bacteria and sensitive proto-
z0a, as these organisms are capable of nitroreduction of met-
ronidazole, converting it to its active form, leading to DNA
damage (47). An analysis of the ceca from metronidazole-
pretreated, infected mice 6 days postinfection (p.i.) showed
inflammation that was significantly increased over that of un-
treated, infected mice (Fig. 1A to C). This was characterized by
greater submucosal edema, more extensive damage to the sur-
face mucosa and ulceration, extensive regions of mucosal hy-
perplasia, and increased goblet cell depletion in metronida-
zole-pretreated mice 6 days p.. (Fig. 1B). At 6 days p.i.,
streptomycin-pretreated mice showed overall pathology not
significantly different from that of untreated mice (Fig. 1C).
This study focused on cecal pathology since the cecum is the
first site colonized by C. rodentium, and as a result, it exhibits
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FIG. 1. Metronidazole pretreatment leads to increased severity of C. rodentium-induced colitis. (A) H&E-stained cecal and distal colon sections from
untreated and streptomycin- and metronidazole-pretreated mice at day 0 and 6 days p.i. No inflammation is evident in cecal sections of untreated and
antibiotic-pretreated mice prior to infection (left panels; original magnification, X50; bars, 100 wm). Notably, there is an increase in inflammation
throughout the cecal mucosa and submucosa of metronidazole-pretreated mice (original magnification, X50; bars, 100 wm). Goblet cell depletion and
hyperplasia are more extensive in the mucosa of metronidazole-pretreated mice (black arrowhead, goblet cell; right panels; original magnification, X400)
both in the cecum and in the distal colon. (B) Independent histology damage scores from cecal tissues of untreated, streptomycin-pretreated, and
metronidazole-pretreated mice at day 6 p.i. Scores were determined under blinded conditions. Each bar represents one individual based on inflammation
and damage to the submucosa, mucosa, surface epithelium, and lumen. (C) Cumulative histology damage scores from cecal tissue at day 6 p.i. of
untreated, streptomycin-pretreated, and metronidazole-pretreated mice. Scores were determined under blinded conditions. Cecal results represent the
means of two independent infections (n = 4 per group). U, untreated; ***, P = 0.0003. (D) Goblet cell numbers of untreated, streptomycin-pretreated,
and metronidazole-pretreated mice. Goblet cell numbers prior to infection and at day 6 p.i. in the distal colon are shown. Results represent the means
of two independent experiments (n = 4 per group). U, untreated; **, P = 0.0011. (E) Hyperplasia was measured as changes in crypt length in untreated,
streptomycin-pretreated, and metronidazole-pretreated mice. Hyperplasia prior to infection and that at day 6 p.i. in the distal colon are shown. Results
represent the means of two independent experiments (n = 4 per group). U, untreated; **, P = 0.0044. (F) Enumeration of C. rodentium bacteria in the
cecum, colon, and mesenteric lymph node tissue at day 6 p.i. Each data point represents one individual. Results are pooled from three separate infections
(n = 4 to 6 per group). The horizontal lines represent the median for each group. U, untreated.
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inflammation and tissue pathology before the distal colon
does. However, we did note that metronidazole treatment re-
sults in a modest increase in distal colon pathology 6 days p.i.,
with significantly greater goblet cell depletion and hyperplasia
(Fig. 1D and E). Later in the infection, 10 days p.i., there is
increased pathology in the distal colon of metronidazole-pre-
treated mice compared to that in streptomycin-treated and
untreated mice (data not shown). Increased mucosal damage
seen in metronidazole-pretreated, infected mice was not due to
increased C. rodentium burdens, as numbers were similar to
those in untreated and streptomycin-pretreated mice in the
cecum, colon, and mesenteric lymph nodes, 6 days p.i.
(Fig. 1F).

In order to elucidate any competitive advantage given to C.
rodentium specific to metronidazole pretreatment, and not to
streptomycin pretreatment, we determined total microbial
numbers and composition in the large intestine prior to infec-
tion. Total fecal microbial numbers, as determined by real-time
PCR, were not significantly affected by either 4-day antibiotic
treatment (Fig. 2A). Conversely, both streptomycin and met-
ronidazole had distinct effects on the bacterial community
composition of the distal colon, as assessed by terminal restric-
tion fragment length polymorphism (T-RFLP) (Fig. 2B). Ter-
minal restriction fragment lengths that differed between treat-
ments were compared to established clone libraries and
validated by quantitative PCR (qPCR). Streptomycin treat-
ment resulted in substantial changes to the microbiota compo-
sition; however, it did not affect the abundance of the Bacte-
roidales order, specifically the Porphyromonadaceae family
(Fig. 2B). Porphyromonadaceae represent the most abundant
family of the Bacteroidales order found in untreated mice.
Metronidazole treatment resulted in a more significant distur-
bance in the microbial composition of the colon than did strep-
tomycin treatment (Fig. 2B). Metronidazole depleted the pop-
ulation of obligate anaerobic Bacteroidales, but aerotolerant
populations, including lactobacilli, became more abundant, re-
sulting in no significant effect of metronidazole on total bac-
terial numbers (Fig. 2A and C). Conversely, streptomycin de-
pleted the lactobacillus population (Fig. 2C). The Clostridium
coccoides group was also depleted by metronidazole treatment,
while streptomycin resulted in partial depletion, although not
significant, compared to the control (Fig. 2C). Bifidobacterium
spp., which were previously correlated with increased mucus
thickness (41), were undetected in all treatment groups. The
differential shift in microbial composition between streptomy-
cin- and metronidazole-treated mice confirms the distinct ef-
fect of either antibiotic on the host microbiota.

Metronidazole treatment increases the inflammatory tone
of the colon. To understand the mechanism underlying the
increased C. rodentium-induced damage observed in metro-
nidazole-treated mice, we analyzed the effect of the antibiotic
treatments on several parameters of intestinal immune func-
tion. As shown in Fig. 3A, a 4-day treatment with either anti-
biotic did not result in overt intestinal inflammation. However,
metronidazole-treated mice, but not streptomycin-treated
mice, showed an increase in mRNA expression of both IL-25
and Reg3v, but not thymic stromal lymphopoietin (TSLP), indi-
cating increased microbial stimulation of the intestinal epithe-
lium (Fig. 3B) (12, 59). The spleen and colon of untreated and
metronidazole-treated mice were excised, and cells were iso-
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FIG. 2. Metronidazole treatment and streptomycin treatment of
mice differentially alter the microbial composition of the colon com-
pared to that of untreated mice. (A) Total bacterial numbers deter-
mined by real-time PCR measuring Eubacteria 16S rRNA in feces of
untreated (U) and streptomycin- and metronidazole-treated mice. Re-
sults are averaged from two independent experiments (n = 3 or 4 mice
per group). (B) Similarity tree using Bray-Curtis metrics of bacterial
16S rRNA gene terminal restriction fragment profiles from distal colon
samples. Bar graphs represent average T-RFLP profiles from each
treatment group, and the bacterial families represented by terminal
restriction fragment lengths (TRFs; cut with Mspl) of interest are
indicated. U, untreated mice; S, streptomycin-treated mice; M, met-
ronidazole-treated mice. Results are representative of two indepen-
dent experiments (n = 3 or 4 mice per group). (C) Real-time PCR
quantification of select bacterial populations using group-specific
primers on DNA extracted from distal colon samples. The abundance
of target groups was normalized to the total bacterial 16S rRNA gene
copies in each sample. Results are averaged from two independent
experiments (n = 3 or 4 mice per group). ***, P < 0.0001.

lated for FACS analysis. Increased stimulation of the epithe-
lium after metronidazole treatment had no effect on colonic T
cell numbers (Fig. 3C) but resulted in increased macrophage
and NK cell infiltration of the intestinal lamina propria (LP);
metronidazole-treated mice exhibited a 3-fold increase in the
frequency of macrophages (P = 0.0382) and a 4-fold increase
in the frequency of NK cells (P = 0.0225) (Fig. 3C and E). In
contrast, splenic NK and macrophage cell numbers were un-
changed by metronidazole treatment (Fig. 3D and E), indicat-
ing that the increased frequency of these innate immune cells
is a local (intestinal) and not a systemic effect of metronida-
zole.
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FIG. 3. Metronidazole treatment alters the homeostatic balance of
the distal colon. (A) H&E-stained distal colon sections from untreated
and streptomycin- and metronidazole-treated mice at day 0. No overt
inflammation evident. Original magnification, X400; bars, 50 pm.
(B) Quantitative RT-PCR results of IL-25 (*, P = 0.0371), Reg3vy (*,
P =0.0177); and TSLP expression in the distal colon of untreated and
streptomycin- and metronidazole-treated mice. Results are averaged
from three independent experiments (n = 4 to 6 mice per group). U,
untreated mice. (C and D) FACS analysis of macrophage, NK cell, and
T cell recruitment to the lamina propria (C) and spleen (D) in un-
treated and metronidazole-treated mice. Both splenic and lamina pro-
pria cells were stained with fluorescently labeled CD45, CD3e, CD49b,
and F480. Only CD45-positive cells were examined for the expression
of CD3e, CD49b, and F480. T cells are defined as CD45" CD3e™
CD49b~; NK cells are defined as CD45" CD3e~ CD49b*; macro-
phages are defined as CD45" F480™". (E) Flow cytometric analysis of
CD49b™" and F480" populations within the CD45" lymphocytes in the
lamina propria and spleen of untreated and metronidazole-treated
mice. Data from one mouse per group are shown and are representa-
tive of 2 independent experiments (n = 4 per group).
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Metronidazole treatment compromises goblet cell function
and inner mucus layer production. Metronidazole-treated an-
imals showed evidence of increased bacterial stimulation of the
epithelium and innate immune cell infiltration of the LP (Fig.
3). We hypothesized that this could be a result of an altered
inner mucus layer in the intestine, allowing for a closer mi-
crobe-epithelium interaction in metronidazole-treated mice
than in untreated mice. To verify this, we assessed goblet cell
function by transcriptional analysis of the goblet cell-specific
proteins Muc2, intestinal trefoil factor (TFF3), and resistin-
like molecule B (Relmp). These proteins have defined roles in
intestinal homeostasis: Muc2 is the main component of the
intestinal mucin layer (26); intestinal trefoil factor (TFF3) syn-
ergizes with Muc2, enhancing the protective properties of the
mucus layer (55); and Relmf has an important role in innate
immunity and host defense (3, 39). The results in Fig. 4A show
that metronidazole treatment caused a significant downregu-
lation of Muc2, TFF3, and Relmp mRNA expression in the
distal colon, compared to that in untreated mice, strongly sug-
gesting that goblet cell function was affected by metronidazole
treatment. In contrast, streptomycin treatment did not affect
the levels of Muc2 and TFF3 expression compared to those in
untreated mice (Fig. 4A). The reduction in Muc2 mRNA ex-
pression after metronidazole treatment was reflected by a signif-
icant decrease in the colonic inner mucus layer thickness, as
shown by AB/PAS staining (Fig. 4B and C). While the inner
mucus layer of untreated mice was on average 23 wm (*3 wm)
thick (Fig. 4B), metronidazole-treated mice exhibited a signifi-
cantly thinner inner mucus layer, measured to be 13 pm (*1 pwm)
thick, a reduction of 39% from that of untreated mice (Fig. 4B
and C). The inner mucus layer of streptomycin-treated mice was
on average 21 wm (*1 wm) thick and did not differ from that of
untreated mice (Fig. 4B and C), corresponding to the unaltered
Muc2 mRNA expression in these animals. Thinning of the inner
mucus layer in the distal colon induced by metronidazole treat-
ment was confirmed by immunofluorescence using an antibody
specific for murine Muc2 (Fig. 4D). These findings indicate that
metronidazole treatment affects goblet cell Muc2 production, re-
sulting in thinning of the inner mucus layer.

Metronidazole pretreatment increases the rate of C. roden-
tium attachment to IECs. C. rodentium-induced colitis 6 days
p.i. was more severe in metronidazole-pretreated mice, but no
difference in C. rodentium burden was seen (Fig. 1C and F).
Moreover, metronidazole-treated animals showed evidence of
increased inflammatory tone of the intestine characterized by
increased bacterial stimulation of the epithelium (Fig. 3) and a
thinner inner mucus layer (Fig. 4), suggesting a weakened
mucosal barrier. To verify this, we performed immunostaining
for the C. rodentium-derived infection marker Tir (translo-
cated intimin receptor) on colon sections 2, 4, and 6 days p.i.,
as a measure of the rate of C. rodentium attachment to the
intestinal epithelium. The results shown in Fig. 5 demonstrate
that metronidazole pretreatment facilitates C. rodentium at-
tachment to the epithelium (Fig. 5A), resulting in significantly
higher numbers of colonic bacteria at the early stages of infec-
tion (Fig. 5B) and deeper penetration of C. rodentium earlier
in infection, at 4 days p.i. (Fig. 5A, asterisk). At 21 days p.i., C.
rodentium numbers in the colon decrease; however, a small
subpopulation of metronidazole-pretreated mice remain
highly colonized (Fig. 5B). Complementing the increase in C.
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the production of the inner mucus layer. (A) Quantitative RT-PCR results

of Muc2, TFF3, and Relmf3 expression in the distal colon. Results are averaged from three independent experiments (» = 3 to 6 mice per group). U,
untreated mice; for Muc2, %, P = 0.0008, and **, P = 0.0017; for TFF3, %%%, P < 0.0001, and *, P = 0.02; for Relmp, Strep *, P = 0.03, and Met *,
P = 0.01. (B) Quantification of inner mucin layer thickness. Distal colon sections were fixed in methanol-Carnoy’s fixative, embedded in paraffin, and
stained with AB/PAS to visualize and quantify the inner mucus layer. The inner mucus width was determined by an average of 4 measurements per field
with 4 fields counted per tissue section. Results are averaged from two independent experiments (n = 3 mice per group). U, untreated mice; #%%, P =
0.0003. (C) AB/PAS-stained methanol-Carnoy’s fixative-fixed distal colon sections showing the inner mucin layer (white arrowheads). i, inner mucin layer;
GC, goblet cell. Original magnification, X400. Bars, 20 wm. (D) Representative immunostaining for the inner mucin layer using an antibody that
recognizes murine Muc2 (green) with DAPI (blue) as a counterstain. The inner mucin layer is thinner in metronidazole-treated C57BL/6 mice. i, inner

mucin layer; GC, goblet cell. Original magnification, X400. Bars, 20 wm.

rodentium attachment to the epithelium, the production of
proinflammatory cytokines upon C. rodentium infection also
indicates differences in the inflammatory tone between un-
treated and metronidazole-treated mice (Fig. 5C). Colonic lev-
els of tumor necrosis factor alpha (TNF-«), gamma interferon
(IFN-v), and monocyte chemoattractant protein 1 (MCP-1)
were found to be 6-fold, 5-fold, and 4-fold higher, respectively,
in metronidazole-pretreated, infected mice 2 days p.i. How-
ever, the expression of TNF-a, IFN-y, and MCP-1 was not
significantly higher prior to infection (data not shown) or at
later days after infection in metronidazole-pretreated mice
(Fig. 5C). Collectively, these results indicate that metroni-
dazole treatment triggers an immune homeostatic imbal-
ance in the intestinal epithelium, which might have an im-
portant impact on the severity of subsequent infections.

DISCUSSION

In this study, we have shown that metronidazole, but not
streptomycin, pretreatment results in increased severity of C.

rodentium-induced colitis. Further, we confirmed that the two
antibiotics differentially alter the composition of the microbi-
ota. Additionally, only metronidazole treatment resulted in
altered goblet cell function and thinning of the inner mucus
layer, resulting in microbially induced immune activation prior
to disease induction.

The intestinal mucus layer plays a key role in the mainte-
nance of intestinal homeostasis: it protects the epithelium from
dehydration, physical abrasion, and invading microorganisms
(33). Muc2-deficient mice, which have an altered intestinal
mucus layer, are more susceptible to the development and
perpetuation of dextran sulfate sodium (DSS)- and C. roden-
tium-induced colitis (6, 54, 55) due to a closer interaction of
intestinal microbes with the epithelial barrier. Recent work has
also shown that most of the antimicrobial activity of the intes-
tinal lumen localizes to the mucin layer (27), attesting to its
role as a barrier to bacterial penetration of the epithelium. The
thickness of the inner mucus layer varies along the length of
the intestinal tract and is thickest in the most distal portion (4),
which also harbors the highest concentrations of bacteria. We
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FIG. 5. Metronidazole pretreatment increases the rate of C. rodentium attachment to intestinal epithelial cells. (A) Representative immuno-
staining for the C. rodentium-specific effector Tir (green) in colon, with DAPI (blue) as a counterstain, at various time points for untreated and
metronidazole-pretreated mice. Note Tir staining present at day 2 p.i. in metronidazole-pretreated mice, which is absent in untreated mice. C.
rodentium penetrates deeper into crypts of metronidazole-pretreated mice than it does into those of untreated mice on day 4 p.i. (asterisk). Original
magnification, X100. Bars, 100 wm. (B) Enumeration of C. rodentium bacteria in the colon at days 2, 4, 6, and 21 p.i. (2 DPI, 4 DPI, 6 DPI, and
21 DPI, respectively). Each data point represents one individual. Results are pooled from two separate infections (n = 4 to 6 per group). **, P =
0.0068. Day 21 p.i. results represent a single experiment (n = 6). The horizontal lines represent the median for each group. U, untreated.
(C) Cytokine and chemokine production in the colon at days 2, 4, and 6 p.i. (2 DPI, 4 DPI, and 6 DPI, respectively). Results are pooled from two
separate infections (n = 4 to 6 per group). Cytokines TNF-a and IFN-y and chemokine MCP-1 are produced at 6-fold (#**, P = 0.0007)-, 5-fold
(%%, P = 0.0033)-, and 4-fold (¥, P = 0.0343)-higher levels, respectively, at day 2 p.i. in metronidazole-pretreated mice than in untreated mice.

have shown here that metronidazole-induced changes in the
microbiota composition associate with a decrease in Muc2
production and reduction of the inner mucus layer in the distal
colon. The metronidazole-induced reduction in the Bacteroi-
dales order within the Bacteroidetes phylum is particularly in-
teresting; members of the Bacteroidetes phylum, specifically
Bacteroides thetaiotaomicron, have been shown to be important
colonizers and grazers of the outer mucus layer in humans (29,
37, 49). Degradation of these mucin peptides and O-linked
glycans serves as an energy source for the intestinal microbiota
and consequently results in the production of short-chain fatty
acids such as acetate and butyrate (15, 25), which are able to
diffuse through the inner mucus layer and stimulate the un-
derlying epithelial cells to produce Muc2 (10, 11). The mech-
anism by which metronidazole treatment causes a reduction in
the expression of Muc2 may be the breaking up of an important
feedback mechanism between commensal utilization of mucins
and host production of mucins. A recent study has shown that
metronidazole treatment results in thickening of the mucus
layer in the proximal colon of rats (41). The reasons for this
discrepancy with our results may be due to the different dose of
metronidazole administered and area of intestinal tract stud-
ied. Additionally, although this study suggests that metronida-
zole causes thickening of the mucus layer, it has also shown a
closer association of microbes with the intestinal epithelium
(41). This closer microbe-IEC interaction would be more con-
sistent with our findings that metronidazole causes thinning of
the inner mucus layer, which acts as a barrier between the

microbiota and epithelium, which is devoid of bacteria (26).
The authors also speculated that a thickened mucus layer was
associated with increased Bifidobacterium spp.; however, this
population of bacteria was undetectable in all treatment
groups in our study.

Metronidazole treatment did not cause any overt signs of
inflammation in the distal colon; however, we did note an
increase in the expression of both /L-25 and Reg3y mRNA
with no effect on other cytokines secreted by intestinal epithe-
lial cells, such as TSLP. In light of previous studies (9, 12, 28,
59), this is interpreted as increased stimulation of the colonic
epithelium by the microbiota as a result of a depleted inner
mucus layer. This increase in epithelial stimulation was accom-
panied by recruitment of NK cells and macrophages to the
lamina propria, suggesting the development of a proinflamma-
tory immunological tone. Our findings are consistent with sim-
ilar experiments performed in Muc2-knockout mice, showing
that these mice exhibit enhanced mucosal permeability and
subclinical levels of chronic inflammation due to increased
stimulation of epithelial cells by intestinal bacteria (55, 58). C.
rodentium infection of metronidazole-pretreated animals re-
sulted in robust TNF-a and IFN-y cytokine and MCP-1
chemokine production early in infection, a finding which fur-
ther strengthens the interpretation that metronidazole treat-
ment triggers an immune homeostatic imbalance. Upon infec-
tion by C. rodentium, innate immune cells, including epithelial
cells, NK cells, and macrophages, respond by production of
TNF-a, IFN-y, and MCP-1. If these cells are already stimu-
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lated and recruited prior to infection, the initial inflammatory
response would be heightened, as is observed in metronida-
zole-pretreated mice.

In keeping with the recognized roles of the mucus layer, the
reduction of its thickness may have allowed for increased at-
tachment of C. rodentium to the intestinal epithelium. This fact
most likely represents a major factor contributing to the exac-
erbated severity of C. rodentium-induced colitis in metronida-
zole-pretreated animals. It has been previously shown that
colonizing the outer and inner mucus layer is a key step for the
pathogenesis of C. rodentium and other attaching and effacing
pathogens (5). However, we cannot eliminate the possibility
that the increased C. rodentium attachment results from the
elimination of intestinal bacteria that are natural competitors
of C. rodentium. Metronidazole treatment resulted in the most
drastic change in microbiota composition. However, if the
compositional changes result in a competitive advantage
and/or newly vacant niches for C. rodentium, we would have
expected to detect an increase in C. rodentium burden, but this
was not the case. In fact, C. rodentium colonization of the
cecum, colon, and mesenteric lymph nodes of metronidazole-
pretreated mice was equivalent to that of untreated mice at 6
days p.i.

Our results have serious implications with regard to the use
of antibiotics in the treatment of chronic intestinal inflamma-
tory conditions such as IBD. Metronidazole is used extensively
in the treatment of IBD, with variable efficacy (20, 45). In
ulcerative colitis, metronidazole has been found to be ineffec-
tive in double-blind, placebo-controlled trials, compared to
standard steroid treatment (13, 36). In Crohn’s disease, the use
of metronidazole is still highly controversial, as it shows vari-
able efficacy (2, 8, 51, 52). Streptomycin treatment did not
show the same effects as did metronidazole; thus, our data
outline a scenario in which certain antibiotic treatments (e.g.,
metronidazole) would have an effect on both the microbial
composition and the immune status of the intestine. We show
that metronidazole treatment has a dramatic impact on the
immunological tone of the intestinal epithelium, altering gob-
let cell function and thus leading to thinning of the inner
mucus layer, changes that are punctuated by an increased
susceptibility to enteric pathogens. Such a chain of events may
very well contribute to the onset or maintenance of chronic
intestinal inflammatory conditions and promote the occur-
rence of opportunistic enteric infections.

The difference in outcomes between the streptomycin and
metronidazole treatments strongly suggests that the antibiotic
effects on the intestinal environment are driven by their dis-
tinct impact on the intestinal commensal population. Future
studies aim to elucidate the mechanism by which the microbi-
ota may control or influence goblet cell function and mucus
production in the intestine. We have shown that a specific shift
in the microbiota composition results in intestinal homeostatic
imbalance and diminished expression of Muc2 and thinning of
the inner mucus layer, leading to increased susceptibility to
C. rodentium-induced colitis.
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