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Antibiotic-induced dysbiosis alters host-bacterial
interactions and leads to colonic sensory and
motor changes in mice
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Alterations in the composition of the commensal microbiota (dysbiosis) seem to be a pathogenic component of
functional gastrointestinal disorders, mainly irritable bowel syndrome (IBS), and might participate in the secretomotor
and sensory alterations observed in these patients.We determined if a state antibiotics-induced intestinal dysbiosis is
able to modify colonic pain-related and motor responses and characterized the neuro-immune mechanisms implicated
in mice. A 2-week antibiotics treatment induced a colonic dysbiosis (increments in Bacteroides spp, Clostridium coccoides
and Lactobacillus spp and reduction in Bifidobacterium spp). Bacterial adherence was not affected. Dysbiosis was
associated with increased levels of secretory-IgA, up-regulation of the antimicrobial lectin Regllly, and toll-like receptors
(TLR) 4 and 7 and down-regulation of the antimicrobial-peptide Resistin-Like Molecule-B and TLR5. Dysbiotic mice
showed less goblet cells, without changes in the thickness of the mucus layer. Neither macroscopical nor microscopical
signs of inflammation were observed. In dysbiotic mice, expression of the cannabinoid receptor 2 was up-regulated,
while the cannabinoid 1 and the mu-opioid receptors were down-regulated. In antibiotic-treated mice, visceral pain-
related responses elicited by intraperitoneal acetic acid or intracolonic capsaicin were significantly attenuated. Colonic
contractility was enhanced during dysbiosis. Intestinal dysbiosis induce changes in the innate intestinal immune system
and modulate the expression of pain-related sensory systems, an effect associated with a reduction in visceral pain-
related responses. Commensal microbiota modulates gut neuro-immune sensory systems, leading to functional
changes, at least as it relates to viscerosensitivity. Similar mechanisms might explain the beneficial effects of antibiotics
or certain probiotics in the treatment of IBS.

Introduction

Functional gastrointestinal disorders (FGDs) are highly preva-
lent alterations characterized by an altered gastrointestinal (GI)
functionality in the absence of overt structural changes. Although
FGDs might affect any segment of the GI tract, most of the
patients present symptoms related to lower GI (colon) dysfunc-
tion, and are grouped as irritable bowel syndrome (IBS) patients.
Main IBS symptoms include abdominal pain or discomfort,
bloating, abdominal distension and altered bowel habits.!
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Although still partially unknown, IBS has a multifactorial patho-
genesis involving psychosocial factors (such as stress), an intesti-
nal immune (with a low grade
inflammation) and altered brain-gut-brain communication and

activation persistent
host-microbial interactions.'™

Within the intestine, microbial community is established
shortly from birth and acts as an entire organ.”® Recent works
have identified gut commensal microbiota (GCM) as a dynamic
ecosystem that maintains a bidirectional relationship with the
host and that is essential for physiological and pathophysiological
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states.””'® Within the GI tract, GCM has a distinct distribution,
with the higher bacterial counts localized in the more distal areas
(large intestine). Colonic microbiota is composed mainly by
microorganisms from the Firmicutes and Bacteroidetes phyla
(mainly Clostridium spp, Lactobacillus spp and Segmented Fila-
mentous Bacteria), sharing the colonic niche with less abundant
bacteria from the Actinobacteria and Proteobacteria phyla
(mainly Bifidobacterium spp, Verrucobacteria and Enterobacte-
ria).""!? Alterations in the normal composition of GCM, known
as intestinal dysbiosis, have been linked to several diseases of the
GI tract, including inflammatory conditions and IBS.>'*""® For
instance, in IBS patients, intestinal dysbiosis with altered host-
microbial interactions seems to be important generating a local
immune response that might lead to the sensorial and secretomo-
tor alterations characteristic of the disease. The underlying mech-
anisms remain largely unknown, although some evidences
support a local modulation of sensory-related systems leading to
altered functional responses.'®*" For instance, we have recently
shown that specific alterations in the composition of the GCM
modify the expression of the intestinal endocannabinoid system,
affecting nociceptive responses in mice."”

The intestinal immune system is in the front line of defense
against bacteria; tolerating GCM, but, at the same time, main-
taining appropriate immune responses to pathogens.”>***> In
this context, the innate immune system represents a pivotal
player in controlling host resistance and maintaining the muco-
sal immune balance. The innate immune system provides a pri-
mary host response to bacterial invasion by using pattern
recognition receptors (PRRs), mainly Toll-like receptors
(TLRs), to recognize microbial agents. TLRs-mediated host-bac-
terial interactions trigger the sequential activation of intracellular
signaling pathways leading to the induction of a range of media-
tors that drive the primary host resistance to pathogens. Addi-
tional innate immune components include the mucous barrier
and the secretion of IgA and antimicrobial peptides (AMPs),
that modulate luminal microbiota avoiding bacterial attachment
to the epithelium.®?32%2

In the present study, to further understand the role of micro-
biota influencing gut secretomotor and sensory responses, we
assessed changes in the local immune system and in the expres-
sion of sensory-related systems within the colon of mice after a
2-week antibiotic treatment-induced dysbiosis. Furthermore, we
also assessed if these changes lead to functional alterations mani-
fested as changes in colonic contractility and viscerosensitivity.

Results

Clinical and macroscopical assessment of the animals

During the 2-week antibiotic treatment, no clinical signs were
observed, with all animals showing a similar rate of body weight
gain (data not shown). Water intake was similar across experi-
mental groups (data not shown). At necropsy, the only significant
change observed was the enlargement of the cecum in antibiotic-
treated animals (507.7 £ 18.43 mg, P < 0.0009 vs. vehicle
group: 409.0 £ 20.24 mg; n = 19 for each). These differences
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were maintained when the cecal weight was expressed as relative
to the total body weight (data not shown).

Histological evaluation

Microscopic analysis of colonic tissue samples showed a nor-
mal histological structure in all animals. Occasionally, a moder-
infiltrate
desquamation of some epithelial cells were observed, but no
treatment-related incidence could be established. No significant
differences in the final histopathological scores (vehicle: 0.66 +
0.25; antibiotic: 1.27 + 0.25; n =
observed (Fig. 1A).

Evaluation of PAS/AB-stained sections showed a reduction in
the density of goblet cells (per crypt length) in antibiotic-treated
animals (158.8 £ 8.7 cells mm™', n = 8) compared with the
vehicle-treated group (187.2 £ 7.4 cells mm™', n =7, P < 0
.05; Fig. 1B). This was associated to a tendency for colonic crypts

ate  multifocal-to-diffuse  inflammatory and/or

7-8 per group) were

length to be increased in antibiotic—treated mice (vehicle:
87.52 £ 4.9 pm; antibiotic: 101.9 £+ 4.97 pm; P = 0.061;
Fig. 1C). When differentiating between acidic, mixed or neutral
mucins, antibiotic-treated mice showed a relative increase in the
number of goblet cells containing a mixture of acidic and neutral
mucins (antibiotic: 21.1 £ 1.9 cells mm™'; vehicle: 28.5 + 2.0
cells mm™Y; P < 0.05; Fig. 1B). No differences were observed
for the thickness of the mucus layer (Fig. 1D).

A 2-week antibiotic treatment results in a dysbiosis of the
colonic commensal microbiota

Total bacterial counts were increased in antibiotic-treated
mice for a 2-week period when compared with the counts in
vehicle-treated animals (5.33 £ 0.54 x 10'° cells/g of feces vs.
Two.79 + 0.38 x 10" cells/g of feces; P = 0.004). The treat-
ment with antibiotics increased Bacteroides spp. and Clostridium
coccoides counts by 2- and 4-fold, respectively (both P < 0.05;
Fig. 2). Similarly, the Lactobacilli group was increased by 3-fold
after the antibiotic treatment, although statistical significance was
not reached, probably because of the relative large variability
observed in control conditions (P = 0.07; Fig. 2). On the other
hand, the Bifidobacteria group showed a 10-fold reduction in
antibiotic-treated animals (P = 0.006; Fig. 2).

When assessing the relative composition of the microbiota
(proportion of each bacterial group assessed within the total
counts), the most abundant bacteria characterized, regardless the
treatment, were Bacteroides spp and C. coccoides (cluster XIVa),
representing 99% of the total bacterial counts. During antibiotic
treatment the main change was an increase in the ratio of C. coc-
coides (cluster XIVa), from about 15% in control conditions to
approximately 35% of the total counts. Regardless the treatment,
the lactobacilli group was very scarce (<0.05% of the total bacte-
rial counts) and the Bifidobacteria group was the less abundant
(<0.01% of the total bacterial counts) (Fig. 2).

In control conditions, the main bacterial group adhered to the
colonic epithelium was Clostridia (incidence of attachment:
100%), followed by Enterobacteria (incidence of attachment:
38%) and Segmented Filamentous Bacteria (Incidence of attach-
ment: 25%). Overall, the 2-week period of antibiotic treatment
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Figure 1. Colonic histopathology in vehicle- and antibiotic-treated mice. (A) Histopathological scores. (B) Goblet cell
counts from PAS/AB pH = 2.5 stained-sections. (C) length of colonic crypts. (D) Thickness of the mucus layer, assessed
on PAS/AB pH = 2.5 stained-sections. Bars represent the mean =+ SEM, symbols represent individual animals. n = 7-8

undetectable in all samples

analyzed. In antibiotic-treated mice, RELM[ was downregulated
(P < 0.05 vs. vehicle group) while ReglIly tended to be upregu-
lated, although without reaching statistical significance (Fig. 4A).

No differences in the expression of pro- (IL-6, IL-12p40 and
TNFa) or anti-inflammatory (IL-10) cytokines was observed
between vehicle- and antibiotic-treated animals. Only IL-12p40
tended to be up-regulated in antibiotic-treated mice (P = 0.069,
Fig. 4B). During inflammation, activated immune cells are a
source of NO through the expression of the inducible form of
the NO synthase (iNOS).?” In the present conditions, no differ-
ences in iINOS expression were observed between vehicle- and
antibiotic-treated mice (P = 0.1982; Fig. 4B).

In control conditions, relative colonic expression of TLRs was:
TLR4 > TLR3 > TLR2 > TLR5 > TLR7. In antibiotic-treated
animals specific changes in expression were detected; with a sig-
nificant upregulation of TLR7 (P = 0.008) and a tendency for
TLR4 (P = 0.08); while TLR5 showed a slight (less than 1-fold)
downregulation (P = 0.02) (Fig. 4C). Expression of other TLRs
was not affected.

Antibiotics modulated the local expression of sensory-related
markers

With the exception of tryptophan hydroxylase 2 (which was in
general undetectable) all markers assessed were expressed at
detectable levels in all samples analyzed. In antibiotic-treated
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animals, only a selective down-regulation of CB1, MOR and
NGF was detected (Fig. 5A). CB2 expression showed a tendency
to be upregulated; however, statistical significance was not
reached probably because of the relatively high variability
observed in antibiotic-treated animals. Other secretomotor and
sensory markers assessed were not affected by the antibiotic
treatment.

Evaluation of CB1, CB2 and MOR content in the colonic
myenteric plexus using immunohistochemistry correlated with
the gene expression data, although statistical significances were
not reached. The number of CB1- or MOR-positive ganglionic
cells within the myenteric plexus was reduced by 25% and 30%,
respectively, in antibiotics-treated mice. On the other hand, the
number of CB2-positive ganglionic cells was increased by 13%
in antibiotic-treated animals (Fig. 5B). The mean area of the
myenteric ganglia was similar in vehicle- and antibiotic-treated
mice (vehicle: 57.1 £ 10.1 wm?, antibiotic: 71.0 & 19.0 wm?,
P> 0.05).

Bacterial counts correlated with host-bacterial interaction
and nociceptive markers

Significant correlations were found between bacterial counts
and the expression changes in host-bacterial interaction and noci-
ceptive markers. Total bacterial counts correlated negatively with
the colonic expression of CB1 (P = 0.01; r* = 0.39) and TLR-5
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Figure 2. Characterization and quantification of luminal gut commensal microbiota. Data shows qPCR quantification
of total bacteria and the main bacterial groups present in the colonic microbiota (see methods for details). Data are
median (interquartile range) =+ SD and are expressed as cells/g of feces; n = 7-8 for each group. *, **: P < 0.05 or
0.01 vs. vehicle group. The bottom-right graph shows the relative distribution of the ceco-colonic microbiota in vehi-
cle- and antibiotic-treated mice. Data represent the relative abundance (percent) of the main bacterial groups present
in the gut microbiota as quantified using gPCR. Relative percent composition was calculated taking as 100% the total
counts of the different bacterial groups assessed (C. coccoides, Bacteroides spp., Bifidobacterium spp and Lactobacillus/
Enterococcus spp).

Table 1. Incidence of bacterial wall adherence.’

(P = 0.02; r* = 0.36) and
positively with CB2 (P =
0.03; r* = 0.31) and TLR-
7 (P = 0.02; ¥ = 0.32)
(Fig. 6A).

Moreover, regardless the
treatment applied, positive
correlations between TLR7
and the nociceptive markers
CB2 (P = 0.0001; r* =
0.79), TRPV1 (P = 0.005;
r* = 0.45) and TRPV3 (P
= 0.0008; r* = 0.59) were
found, while negatively cor-
relating with MOR expres-
sion (P = 0.01; r* = 0.39)
(Fig. 6B). In addition,
expression levels of IL-
12p40 (P = 0.0008; r* =
0.59) and IL-10 (P =
0.003; r* = 0.49) correlated
positively ~ with ~ TLR7

expression.

Visceral pain-related
responses were altered in
antibiotic-treated mice

Intraperitoneal acetic
acid  produced  repeated
characteristic stretching con-
tractions (abdominal con-
tractions) during the
30 min period after admin-
istration, with a maximal
response observed at 10 min
post-administration. Time-
course responses to IP acetic
acid were similar in vehicle-
and antibiotic-treated mice,
but the overall response was
attenuated by 33% in anti-
biotics-treated mice (40.9 =+
7.6 abdominal contractions/
30 min, n = 6) when
compared to vehicle treated

animals (614 =+ 4.0

Bacteroides C. coccoides Lactobacillus- Bifidobacterium  Segmented filamentous
spp. Enterobacteria  Verrucobacteria  (cluster XIVa)  Enterococcus spp. spp. bacteria
Vehicle 1/8 (12.5%) 3/8 (37.5%) 0/8 (0%) 8/8 (100%) 1/8 (12.5%) 0/8 (0%) 2/8 (25%)
Antibiotic 0/7 (0%) 2/7 (28.6%) 0/7 (0%) 6/7 (85.7%) 1/7 (14.3%) 1/7 (14.3%) 2/7 (28.6%)

"Data represent the number of animals showing bacterial wall adherence over the total of animals assessed (percentage of incidence).
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abdominal  contractions/
30 min, n = 6; P < 0
.001; Fig. 7A). Abdominal
contractions were absent in
animals injected IP with
vehicle.

Intracolonic administra-
tion of capsaicin induced
pain-related behaviors in all
mice during the 30 min
observation period, with a
maximal response observed
at 10 min post-administra-
tion.  Capsaicin-induced
pain-related behaviors were
reduced by 48% in antibi-
otic-treated mice (12.9 =+
4.2 behaviors/30 min, n =
6) when compared to vehi-
cle-treated mice (25.1 =+
2.3 behaviors/30 min, n =
6; P < 0.05; Fig. 7B). The
predominant behavior after
intracolonic capsaicin was
the licking of the abdomi-
nal area, observed in all ani-
Stretching  of  the
abdomen and squashing of

mals.

the lower abdomen against
the floor behaviors, consid-
ered to reflex the highest
levels of pain, were seen
only in  vehicle-treated
mice.

Colonic contractility was altered in antibiotic-treated mice

Spontaneous colonic contractility, as assessed iz vitro, was
increased in the antibiotic-treated group (AUC/10 min: 2.73 +
0.46 g, n = 6) when compared to vehicle-treated animals (AUC/
10 min: 1.60 £ 0.14 g, n = 5; P < 0.05; Fig. 8). Regardless the
experimental group considered, carbachol produced a concentra-
tion-dependent contractile response. In antibiotic-treated mice
the ECs for carbachol was 2.4-fold lower than that determined
in control conditions (vehicle: 1.24 £ 0.30 10~° M; antibiotic:
5.19 4+ 1.59 1077 M; n = 5-6; P = 0.056; Fig. 8).

Spontaneous colonic contractility during L-NNA addition to
the organ bath, to block NO synthesis, had a tendency to be
higher in antibiotic-treated mice (AUC/10 min: 10.37 £ 2.77 g,
n = 6) compared with vehicle controls (AUC: 4.88 £ 0.82 g,
n = 5; P =0.0578; Fig. 8).

Discussion

In the present study, we show that a 2-week treatment with
antibiotics generates a moderate dysbiotic state, with increments
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Figure 3. Representative colonic tissue images showing Clostridium spp (identified by FISH using the EREC 482
probe) adherence to the colonic epithelium. (A) Vehicle-treated animal. (B) Antibiotic-treated animal. (C) Non-treated
naive animal maintained in the same conditions as the experimental groups; included here for comparative purposes.
(D) Negative control (hybridized with the control non-specific fluorescent probe NON338). In all cases (A-C) abundant
bacteria was observed attached to the colonic epithelium. Note, however, that bacillary-shaped bacteria were
observed in vehicle-treated animals (A) (similarly to that observed in the non-treated naive animal, (C) while in antibi-
otic-treated animals (B) a shift in morphology, with the appearance of abundant coccoidal forms, can be observed.

in total bacterial counts, in mice. These changes imply a modula-
tion of both host-bacterial interaction systems and local neuro-
immune systems, leading to functional alterations revealed as
changes in colonic sensitivity and contractility.

The 2-week antibiotic treatment caused a specific dysbiosis
accompanied with an enlargement of the cecum, although no
signs  of inflammation observed, as previously
described.'”*®* Overall, this dysbiotic state is similar to that
described in previous studies in mice and indicates antibiotic-
induced temporal and spatial changes in the GCM composi-
tion.'”?®%° In the present conditions, total bacterial load was

were

increased in antibiotic-treated animals; thus suggesting that the
treatment favored the expansion of antibiotic-resistant bacterial
groups. This contrasts with other studies indicating that antibiot-
ics alter bacterial community richness decreasing overall bacterial
density.?**>* In the same way, similar antibiotic treatment
might cause different microbial changes depending upon the
doses administered, the basal microbial composition, the strain
and commercial breeder of the animals used or the environmen-
tal conditions. Specifically, short- and long-term antibiotic treat-
ments seem to generate different states of dysbiosis*®>" and be,
in consequence, related to different responses of the host.
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Figure 4. Changes in immune and host-bacterial interaction markers. (A) Changes in innate immune-related markers: luminal levels of secretory IgA
(S-IgA) and gene expression levels of antimicrobial peptides. (B) Changes in expression levels of pro- (IL-12p40, IL-6 and TNFa) and anti-inflammatory
(IL-10) cytokines and the inducible nitric oxide synthase (iNOS). (C) Changes in the expression levels of TLRs. Data are mean =+ SEM, n = 7-8 group,

In our conditions, luminal ceco-colonic dysbiosis was charac-
terized by increments in Bacteroides spp., C. coccoides (cluster
X1Va) and Lactobacillus-Enterococcus spp. and reductions in Bifi-
dobacterium spp. counts. All these bacteria have been implicated

in both GI physiology and pathology.
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18,21,26,31-33 Recent

evidences suggest a key role of some bacterial groups in immune
functions (mainly segmented filamentous bacteria, SFB, and
Clostridia from the clusters XIVa and VI) which are, in normal
conditions, in direct contact to the host and, therefore, directly
influenci . 19,34-36 .

influencing host immune responses. In agreement with
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Figure 5. Changes in sensory-related markers. (A) Changes in colonic gene expression of cannabinoid receptors 1 and 2 (CB1/2), mu-opioid receptors
(MOR) and nerve growth factor (NGF). Data are mean =+ SEM, n = 5-8 animals per group. *, **, ***: P < 0.05, 0.01 or 0.001 vs. vehicle. (B) Quantification
of immunorreactive ganglionic cells within the myenteric plexus in vehicle- and antibiotic-treated animals. Data are mean =+ SEM, of 5-8 animals per

this, we found Clostridia, SFB, and Enterobacteria adhered, in
large percentages, to the colonic epithelium. However, despite
the luminal dysbiosis observed, antibiotics did not modify the
rate of attachment, in agreement to that previously reported dur-
ing long-term antibiotic treatment in mice.”? Nevertheless, these
results contrast with data obtained during short-term antibiotic
treatment, which suggested a facilitation in bacterial attach-
ment.'? These differences further enfatize the importance of the
duration of the antibitotic exposure in the microbial and func-
tional responses elicited. Interestingly, a change in bacterial mor-
phology for epithelium-attached Clostridia was observed in
antibiotic-treated animals. While in control conditions Clostridia

showed a predominant bacillary shape after antibiotics treatment
a higher proportion of coccoidal Clostridia was observed in close
contact to the colonic epithelium. This agrees with the key role
given to C. coccoides in immune activation within the gut.34
Together with the increase in the ratio of luminal Clostridium
spp. observed in antibiotic-treated animals, these observations
further suggest that antibiotics favored the proliferation of some
bacterial groups, particularly C. coccoides.

In antibiotic-treated mice, changes in markers related to host-
bacterial interactions were detected. TLRs are primary sensors of
luminal bacteria and key components in host-bacterial interac-
tions. In our conditions, there was a type-specific modulation of
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Figure 7. Effects of antibiotic treatment on visceral pain-related responses. A: Intraperitoneal acetic acid- (AA, 0.6%)
induced abdominal contractions. The left graph shows the total number of abdominal contractions during the
observation time (30 min) in the different experimental groups. Each point represents an individual animal; the hori-
zontal lines with errors correspond to the mean =+ SEM. ***: P < 0.001 vs. respective non-AA-treated control group.
#: P < 0.05 vs. vehicle-AA group. The graph to the right shows the time-course (in 5-min intervals) for the pain-
related responses in the same animals. B: Intracolonic capsaicin- (Caps) evoked visceral pain-related behaviors. The
left graph shows the total number of behaviors during the observation time (30 min) in the different experimental
groups. Each point represents an individual animal; the horizontal lines with errors correspond to the mean + SEM.
*** P < 0.001 vs. respective non-capsaicin-treated control group. #: P < 0.05 vs. vehicle-Caps group. The graph to
the right shows the time-course (in 5-min intervals) for the observation of pain-related behaviors in the same

involved in colonic sensitiv-
ity
responses were also affected
during the antibiotic treat-
ment, thus indicating that
local adaptive processes to
microbial modifications

and  secretomotor

might take place at multiple
levels and affect various reg-

TLRs expression, with an up-regulation of TLR4 and 7 and a
downregulation of TLR5. Changes in TLR5 and TLR7 might be
difficult to correlate with specific microbial changes because they
recognize components of a wide variety of ligands from both
Gram positive and negative bacteria.”” On the other hand, TLR4
is mainly activated by lipopolysaccharides (LPS) from Gram neg-
ative bacteria.”” Therefore, in our conditions, the slight TLR4
upregulation observed might represent and adaptive response to
the proliferation of Bacteroides spp. In fact, similar up-regulation
of TLR4 was observed in estates of colitis characterized by
increases in the counts of gram-negative bacteria (Bacteroides
sp p')38
detected when Bacteroides spp. counts were reduced.”

Other markers assessed indicate more extended changes in the

and, on the contrary, a TLR4 down-regulation was

local innate immune system. These included changes in the
mucosal barrier, the secretion of sIgA and the upregulation of
AMPs and pro-inflammatory cytokines. Overall, these changes
indicate an activation of the innate immune system, which might
be related to the dysbiotic state. Antibiotic-treated mice showed
similar morphological (cecal enlargement, changes in goblet cells)
and innate immune-related responses as those observed in other
models of antibiotic-induced dysbiosis, in germ free animals or
in different models of intestinal inflammation.?®“*%" These
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ulatory systems. From the
markers assessed, CB1 and
MOR showed a downregulation while CB2 had a tendency to be
up-regulated. Similarly to that observed here, during spontaneous
adaptive changes of the microbiota or during the administration
of probiotics, both the endocannabinoid and opioid systems
were modulated.'”*"*>% However, the changes observed con-
trast with those after short (1-week) treatment with the same
antibiotic regime, in which CB2 was upregulated, without
changes in CB1 expression.'” These differences are likely to relate
to the different duration of the antibiotic treatment, reflecting
time-related variations (1-week vs. 2-week) in the adaptive pro-
cess of sensory mechanisms. In any case, these observations indi-
cate that modulation of cannabinoid and opioid pathways might
be important in host-bacterial interactions and might mediate
neural-related functional changes associated to alterations of the
GCM. Moreover, gene expression changes translated at the pro-
tein level, since CB1, CB2 and MOR immunoreactivity in the
enteric nervous system was also modified in the same direction as
the gene expression. Nevertheless, these data result from a semi-
quantitative analysis that should be further confirmed. Further-
more, these changes seem to have functional significance since
visceral pain-related responses were also affected in antibiotic-
treated animals. Indeed, visceral pain-related responses elicited
by intraperitoneal or direct intracolonic chemical stimulation
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Figure 8. Effects of antibiotic treatment on colonic contractility assessed in vitro: basal contractility; contractile
responses to NO-synthase inhibition with LNNA; Concentration-response curves to cholinergic stimulation with car-
bachol (CCh) and corresponding EC50s. Data are mean =+ SEM, n = 5-6 per group, each point represents an individ-
ual animal (except for the concentration-response curves, where only mean =+ SEM is shown). *: P < 0.05 vs. vehicle.

Recent evidences have
linked activation of TLRs, particularly TLR-4, with changes
in nociception.””*® In the present study, although changes in
TLRs expression were relatively minor, we observed correla-
tions between TLR expression (in particular TLR-7) and noci-
ceptive markers (CB2, MOR and TRPV1/3). Although these
correlations have to be interpreted with caution, this further
supports the possibility that TLRs act as transducers of micro-
bial-generated signals generating local changes in neuro-
immune systems and leading to a modulation of viscerosensi-
tivity. Moreover, several studies linking the gut microbiota
with visceral sensitivity, have shown that increments in the
Lactobacilli family (during probiotic treatment or during states
of dysbiosis) are associated to analgesic-like
states. "7 Tn our conditions, we can speculate that the

visceral

moderate increment in Lactobacillus spp. counts observed in
antibiotic-treated animals might be important in the observed
visceral pain-related responses. Overall, these observations
might have relevance in IBS patients in which dysbiosis coex-
ists with alterations in visceral sensitivity (visceral hyperalgesia)
and this state ameliorates during antibiotic treatment and with
administration of certain probiotics.ls’@'52 Although further
studies are needed, we can speculate that a similar modulation
of sensory-related systems to that described here might operate
during antibiotic/probiotic treatments in IBS, leading to an
improvement in visceral sensitivity.

18 Gut Microbes

The microbiota and microbial-derived products are factors
that also affect gastrointestinal motility.”>>* In the present condi-
tions, basal colonic contractility was increased in dysbiotic mice.
This, together with the observed increased responses to carbachol
and NO-synthase (neural and endothelial) inhibition suggests
that during dysbiosis enhanced colonic contractility represents an
imbalance between excitatory (mainly cholinergic) and inhibitory
(mainly NO-dependent) systems. Several bacterial metabolic
products, such as hydrogen sulphide production or short chain
fatty acids, might act as mediators modulating colonic motility.
Similarly, it has been suggested that direct TLR4-dependent
host-bacterial interactions enhance motility through a neutrally-
mediated effect.’® Overall, these observations suggest that altered
gut microbiota might be responsible, at least in part, for the
colonic motor disturbances observed in IBS patients and might
help to explain the beneficial effects observed after antibiotic or
probiotic treatments.”*>>%¢

In summary, the results presented here indicate that during
states of dysbiosis there is a local neuro-immune adaptive
response, likely associated to changes in host-bacterial interac-
tions, which leads to functional alterations manifested as changes
in viscerosensitivity and motor activity within the colon. Accord-
ing to previous observations, we can speculate that proliferation
of C. coccoides, Lactobacillus—Enterococcus spp and Bacteroides
spp. and reduction in Bifidobacterium spp counts might be
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significant for the molecular and functional changes observed.
Similar microbial-dependent modulatory actions might explain
the beneficial effects associated to the use of antibiotics or probi-
otic bacteria in IBS patients.

Materials and Methods

Animals

Female CD1 mice, 10-12 week-old (Charles River Laborato-
ries) were used. All animals were maintained in conventional
conditions in an environmentally controlled room (20-22°C,
12 h light:dark cycle), with food and water ad libitum. All proce-
dures were approved by the Ethical Committee of the Universitat
Autonoma de Barcelona (protocols 1099 and 1396) and the
Generalitat de Catalunya (protocols 5646 and 7193).

Antibiotic treatment

Animals received a mixture of non-absorbable, broad spec-
trum antibiotics containing Bacitracin A (31626 - Vetranal™;
Sigma-Aldrich) and Neomycin (N1876 - Neomycin trisulfate
salt hydrate; Sigma-Aldrich). Amphotericin B (A9528; Sigma-
Aldrich) was added to prevent yeast overgrowth. During a
2-week period, animals were dosed daily, by oral gavage, with
0.3 mL of the mixture (prepared fresh on a daily basis). This pro-
cedure ensured a minimum dose of 0.4 mg for bacitracin and
neomycin and 0.1 mg for amphotericin B (per mouse and day).
In addition, the same mixture was added to the drinking water
during the same period of time. Vehicle-treated animals were
dosed with deionized water by oral gavage (0.3 mL). Water con-
sumption and body weight was assessed on a daily basis during
the treatment period. Similar treatment protocols have been fol-
lowed previously in comparable studies in mice and rats, demon-

. . . o 18,1
strating the induction of significant changes of the GCM.'®'*”

Experimental protocols

Mice were treated with the antibiotic mixture (n = 28) or
vehicle (n = 28) during 14 consecutive days. Different subgroups
of vehicle- and antibiotics-treated animals were used to assess vis-
ceral pain responses (behavioral pain responses to IP acetic acid,
n = 22 and IC capsaicin, n = 22) and in vitro colonic contractil-
ity (n = 12). On day 15, 24 h after the last antibiotic/vehicle
administration and after all other procedures (pain tests), animals
were euthanized, the weight of body organs assessed and samples
of colonic tissue and fecal content obtained. Samples obtained
from animals included as controls in the visceral pain tests were
used for morphological/molecular studies. Each animal was used
only for one procedure.

Samples collection

Mice were deeply anesthetized with isoflurane (Isoflo) and
euthanatized by exsanguination through intracardiac puncture
followed by cervical dislocation. Thereafter, a medial laparotomy
was performed, the ceco-colonic region localized and the cecum
and colon dissected. Afterward, ceco-colonic fecal contents and a
tissue sample from the proximal colon were collected and frozen
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immediately in liquid nitrogen. Frozen samples were stored at
—80°C until analysis. At the same time, tissue samples of the
proximal and middle colon (about 1.5 cm each) were collected
and fixed overnight in Meta-Carnoy fixative (methanol:chloro-
form:glacial acetic acid, 6:3:1, v:v:v) or in 4% paraformaldehyde.
After an overnight fixing, tissues were paraffin embedded and
5 wm-tick sections obtained. During the necropsy, the adrenal
glands, the thymus, the liver and the spleen were dissected and
weighed.

Quantification of bacteria using real-time quantitative PCR
(qPCR)

Total DNA was isolated from frozen fecal ceco-colonic con-
tent using QIAamp® DNA Stool Mini Kit (Qiagen), following
the manufacturer’s instructions. Thereafter, DNA was quantified
using the NanoDrop ND-1000 spectrophotometer (NanoDrop
Technologies), diluted to equal concentrations with sterile deion-
ized water and stored at —20°C until analysis.

The relative abundance of bacteria was measured using 16S
rRNA gene-targeting hydrolysis probes (Custom TaqMan assays;
Applied Biosystems) as previously described.’®*® Probes used are
detailed in Table 2. All samples and the negative controls were
assayed in triplicates. The vehicle group served as the calibrator.
For each assay, a positive (quantified) sample was used to gener-
ate a standard curve and to quantify the number of bacteria. For
Clostridia cluster XIVa and total bacterial counts, C. coccoides
(DSM  935; Leibniz Institute DSMZ-German Collection of
Microorganisms and Cell Cultures) was used. In all cases, stan-
dard curves were derived from the serial dilutions in a customary
way [EUB (+* = 0.99): y = —0.2808x + 16.023; EREC (> =
0.99): y = —0.2964x + 16.749 ; LAB (* = 0.98): y =
—0.3342x + 18.513; BIF (r* = 0.99): y = —0.2777x + 12.908;
and BAC (+* = 0.99): y = —0.2906x + 13.935]. Relative con-
centrations were expressed in arbitrary units. Logarithms (base
10) of concentrations were plotted against crossing points and
least square fit was used as the standard curve to obtain the bacte-
rial number (expressed as cells/g of feces).

Identification of bacterial adherence by fluorescence in situ
hybridization (FISH)

Fluorescence in situ hybridization (FISH) procedures for
colonic tissue samples were followed as previously reported.'”*
Oligonucleotide probes consisted in a single strain DNA cova-
lently linked with a Cy3 (carbocyanine) reactive fluorescent dye
at the 5’ end (Biomers and Isogen Lifescience). Probes used are
detailed in Table 2.

Hybridized slides were viewed under oil immersion, using a
Carl Zeiss Axioskop 40 FL epifluorescence microscope (Carl
Zeiss, Jena, Germany) equipped with a digital camera (Zeiss Axi-
oCam MRm) for obtaining digital images (Zeiss AxioVision
Release 4.8.1). To provide a semi-quantitative assessment of bac-
terial attachment, analysis of the images was performed manually
by 2 independent researchers that observed the pictures and local-
ized hybridized bacteria within the mucus layer or attached to the
epithelial surface. A coincidence between the 2 observers in bacte-
rial location in at least 15% of the pictures observed (at least 3
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Table 2. Probes and primers used for bacterial identification (FISH and gPCR)

FISH(5' -3)" Reference qPCR (5" -3') Reference
Non bacteria NON 338 ACATCCTACGGGAGGC 17,60
Total bacteria EUB 338 GCTGCCTCCCGTAGGAGT 17,60 F? CGG TGA ATA CGT TCC CGG 59
R® AC GGC TAC CTT GTTACGACT T
p* GTA CACACCGCCCGTC
Enterobacteria ENT-D TGCTCTCGCGAGGTCGCTTCTCTT 17,60
Bacteroides spp BAC 303 CAATGTGGGGGACCTT 17, 60 F AG AGG AAG GTC CCC 60
R GCTACTTGGCT GGTT
P CATTG ACC AAT ATT CCT CACTGC TGC
Bifidobacterium spp BIF 164 CATCCGGCATTACCACCC 17,60 F CGTGCTTA ACA CATGCA A 60
R CACCCGTITCCAGGAG
P TCA CGC ATT ACT CACCCGTTCG
C. coccoides (cluster XIVa) EREC 482 GCTTCTTAGTCAGGTACCG 17, 60 F GAC GCC GCG TGA AGG A 59
R AGC CCCAGCCTTTCACTC
P CGG TAC CTG ACT AAG AAG
Lactobacillus-Enterococccus spp LAB 158 GGTATTAGCACCTGTTTCCA 17,60 F TGG ATG CCT TGG CACTAG GA 64
R AAATCT CCG GAT CAA AGCTTACTT AT
P TATTAG TTC CGT CCTTCATC
Verrucobacteria VER 620 ATGTGCCGTCCGCGGGTT 65
Segmented filamentous bacteria  SFB 1008 ~ GCGAGCTTCCCTCATTACAAGG 66

"Probe (Cy3-5' - 3').
2Forward primer.
3Reverse primer.
“Probe (FAM-5' - 3).

out of 20) was required to decide that there was bacterial attach-
ment to the epithelium. All procedures were performed on coded
slides, to avoid bias.

Quantification of secretory immunoglobulin A

Luminal s-IgA was measured in fresh homogenates of cecal
contents (equal diluted in PBS 1x) using a commercial double-
antibody sandwich ELISA, following manufacturers’ instructions
(MBS564073; MyBiosource).

mRNA analysis

Total RNA was extracted from frozen tissue samples using
TRI reagent with Ribopure Kit (Ambion/Applied biosystems)
using the FastPrep-12 instrument (MP Biomedicals, France).
Thereafter, a 2-step quantitative real time PCR (RT-qPCR) was
performed. cDNA was obtained using the High Capacity cDNA
Reverse Transcription Kit (Applied Biosystems, Foster City,
CA). The PCR reaction mixture was incubated on the ABI
7500Fast (Applied Biosystems). All samples, as well as the nega-
tive controls, were assayed in triplicate. The cycle thresholds for
each sample were obtained and data were analyzed using the
comparative Ct method (2—AACt) with the vehicle group serv-
ing as the calibrator.!

TagMan ® gene expression assays (hydrolysis probes) for can-
nabinoid receptor 1 (CB1) (Mm01212171_s1) and 2 (CB2)
(Mm00438286_m1), receptor (MOR)
(MmO01188089_m1), tryptophan hydroxylase 1 (TPHI)
(Mm00493794_m1) and 2 (TPH2) (Mm00557715_m1), sero-
tonin Transporter (SERT) (Mm00439391_m1), transient recep-
tor potential vanilloid 1 (TRPV1) (Mm01246302_m1) and 3
(TRPV3) (MmO00455003_m1), nerve growth factor (NGF)

mu-opioid
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(Mm00443039_m1), inducible nitric oxide synthase (iNOS)
(Mm04440502_m1), interleukin 6 (IL-6) (Mm00446190_m1),
tumor necrosis factor & (TNFa) (m00443258_m1), interleukin
12 (IL-12p40) (Mm00434174_m1), interleukin 10 (IL-10)
(Mm00439614_m1), toll-like receptor (TLR) 2 (MmO0044-
2346_ml), 3 (Mm01207404_m1), 4 (MmO00445273_m1), 5
(Mm00546288_s1) and 7 (Mm00446590_m1), defensin-a6/24
(Mm04205950_gH), defensing-B4 (Mm00731768_m1), the lec-
tin regenerating islet-derived protein 3 gamma (Regllly)
(MmO00441127_m1) and the resistin-like molecule-B (RELMp)
(Mm00445845_m1) were used (Applied Biosystems). 3-2-micro-
globulin (MmO00437762_m1) was used as endogenous reference
gene.

Histology

For histological examination, hematoxylin-eosin-stained sec-
tions from the colon were obtained following standard proce-
dures. A histopathological score (ranging from 0, normal, to
12, maximal alterations) was assigned to each animal. Specifi-
cally, parameters scored included: epithelial structure (0: nor-
mal; 1: mild alterations of the villi; 2: local villi destruction
and/or fusion; 3: generalized villi destruction and/or fusion),
structure of the crypts (0: normal; 1: mild alterations of the
crypts; 2: local destruction of the crypts; 3: generalized destruc-
tion of the crypts), presence of edema (0: normal; 1: mild local
edema in submucosa and/or lamina propria; 2: moderate dif-
fuse edema in submucosa and/or lamina propria; 3: severe gen-
eralized edema in submucosa and/or lamina propria), presence
of inflammatory infiltrate (0: normal; 1: mild localized infil-

trate; 2: mild generalized infiltrate; 3: severe generalized
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infiltrate). Scoring was performed on coded slides by 2 inde-
pendent researchers.

The mucous layer was assessed in Meta-Carnoy-fixed samples
of colonic tissue. Thickness of the mucous layer was measured in
10 different fields, in representative regions covering, at least,
20% of the epithelial surface. All measurements were performed
on coded slides by 2 independent investigators using the Zeiss
AxioVision Release 4.8.1 software. Moreover, tissue sections
were also stained with Alcian Blue pH 2.5/Periodic Acid Schiff
(AB 2.5/PAS kit; Bio-Optica) in order to specifically stain neutral
(pink), mixed (purple) or acidic (blue) mucins. Thereafter,
colonic goblet cells were counted in 20 longitudinally-oriented
villus-crypt units. Length of the villus-crypt unit was also deter-
mined to obtain goblet cells density (number of cells mm™ ).

Immunohistochemistry and quantification of immune-
positive signals in the myenteric plexus

Paraffin-embedded tissue sections (5 wm in thickness) were
deparaffinized and rehydrated with a battery gradient of alcohols.
Immunohistochemistry protocols for each antibody were fol-
lowed by a customary way and as previously described.”® Antigen
retrieval for CB1 receptor and MOR was achieved by processing
the slides in a microwave with 10 mM of citrate solution. Epi-
tope retrieval for CB2 receptor was performed using a pressure
cooker (at full pressure, for 3 min) in TrissEDTA solution
buffer. Primary antibodies included a rabbit polyclonal anti-CB1
(1:100; rabbit polyclonal to cannabinoid receptor 1, ab23703;
Abcam), a rabbit polyclonal anti-CB2 [1:100; rabbit polyclonal
to cannabinoid receptor 2 (H-60), sc-25494; Santa Cruz Bio-
technology], and a rabbit polyclonal anti-MOR (1:2,500; rabbit
polyclonal to mu opioid receptor AB1580; Chemicon/Milli-
pore). The secondary antibody used was a biotinylated polyclonal
swine anti-rabbit IgG (E 0353; DakoCytomation). Antigen—anti-
body complexes were reveled with 3—3’-diaminobenzidine (SK-
4100 DAB; Vector Laboratories), with the same time exposure
per antibody, and sections were counterstained with hematoxy-
lin. Specificity of staining was confirmed by omission of the pri-
mary antibody.

For each marker assessed (CB1, CB2 and MOR), immuno-
positive cells were counted in 30, randomly selected, myenteric
ganglia for each tissue sample, to provide a semi-quantitative esti-
mation. Cells were considered to be immunopositive if they
expressed more labeling than the background levels seen in the
negative controls. Myenteric ganglia of the same animals were
photographed (Eclipse 90i, Nikon), and the area quantified (in
pwm?) using the software Image] (National Institutes of Health).
All procedures were performed on coded slides to avoid any bias.

Organ bath contractility of the colon

Full thickness preparations from the mid portion of the colon
were cut 0.2 cm wide and hung for organ bath study oriented to
record circular muscle activity. Strips were mounted under 1-2 g
tension in a 10 mL organ bath containing carbogenated (95%
02-5% CO,) Krebs solution with glucose and maintained at
37 £ 1°C. One strip edge was tied to the bottom of the organ
bath using 2/0 silk suture and the other one to an isometric force
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transducer (Harvard VF-1; Harvard Apparatus Inc.). Output
from the transducer was fed to a PC through an amplifier. Data
were digitalized (25 Hz) using Data 2001 software (Panlab).
Strips were allowed to equilibrate for about 90 min; thereafter,
to determine the spontaneous contractile activity, the tone was
measured for 10 min. After this, responses to carbachol (CCh;
1077 10 1074 M; Sigma-Aldrich), added to the bath in a cumula-
tive manner at 5-min intervals, were assessed. Thereafter, the
bath solution was replaced, tissues were allowed to reequilibrate
(20 min), and spontaneous contractile activity and responses to
the NO-synthase inhibitor NG-nitro-L-arginine (L-NNA; 1077
M; Sigma-Aldrich) were assessed. The amplitude of contractions
from the baseline (maximal response) and the area under curve
(AUC) during 10 min (spontaneous activity and effects of L-
NNA) or 5 min (effects of CCh) were used to evaluate the con-
tractile activity.

Behavioral pain responses to intraperitoneal acetic acid

0.6% glacial acetic acid (Sigma-Aldrich) in distilled water
(10 ml/kg) or vehicle (distilled water) was administered IP and
pain related responses were determined following previous proto-
cols.®> The pain response was scored by counting the number of
abdominal contractions during the 30 min period after the IP
treatment (in blocks of 5 min) by 2 independent researchers.

Behavioral responses to intracolonic capsaicin-evoked
visceral pain

Spontaneous visceral pain-related behaviors induced by intra-
colonic capsaicin (Sigma-Aldrich) were assessed following previ-
ously described protocols, with minor modifications.'” Mice
were anesthetized with isoflurane (Isoflo) and capsaicin (0.05 ml/
mice, 0.1% in ethanol:Tween 80:saline; 1:1:8, viviv; Sigma-
Aldrich) or vehicle (ethanol:Tween 80:saline; 1:1:8, v:v:v) were
administered intracolonically. Petroleum jelly was applied to the
perianal area to avoid the stimulation of somatic areas due to any
leakage on the capsaicin solution. After recovering consciousness,
visceral pain-related behaviors (licking of the abdomen, stretch-
ing the abdomen, squashing of the lower abdomen against the
floor or abdominal retractions) were assessed during a 30 min
period (in blocks of 5 min). Pain behaviors were visually assessed
by 2 independent researchers.

Statistical analysis

Data are expressed as mean £ SEM, except for bacterial quan-
tification by qPCR which is given as median (interquartile
range) &= SD. A robust analysis (one iteration) was used to obtain
mean = SEM for RT-qPCR data. Data were analyzed by a
parametric unpaired t-test or by a non-parametric Mann-Whit-
ney test as appropriate. A Chi square test was used to analyze bac-
terial adherence. Data were considered statistically significant

when P < 0.05.
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