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Abstract

Background Irritable bowel syndrome patients have

abnormal visceral perception. Probiotic organisms may

produce beneficial effects in these patients by reducing

visceral hypersensitivity.

Aim To investigate the effects of the probiotic organism,

Bifidobacterium infantis 35624, on post-inflammatory vis-

ceral hypersensitivity in rats.

Methods Colitis was induced using intracolonic admin-

istration of trinitrobenzenesulfonic acid; control rats

received saline (day 0). Myeloperoxidase (MPO) levels and

colonic damage scores were determined. From days 15–29,

rats (n = 10/group) rats were orally dosed with 2 ml of

B. infantis C 108 colony-forming units/ml or vehicle (MRS

broth). A second series of rats (n = 10/group) was dosed in

the same manner from days 15–59. The level of colonic

stimulation during colorectal distension (CRD) was deter-

mined by recording a visceromotor response (VMR) to

CRD at 30 mmHg pre- and post-treatment. Post-treatment

samples of colonic tissue were weighed, graded for mor-

phologic damage, and assayed for MPO levels.

Results All rats were hypersensitive at day 15. On day 30,

hypersensitivity to colorectal distension remained in

the vehicle group, but was significantly reduced in the

B. infantis group (mean VMR/10 min: vehicle = 15.4 ± 1.0

vs. B. infantis = 7.6 ± 1.0, p \ 0.001). A similar, signifi-

cant effect was observed at day 60. On both day 30 and day

60, tissue weight, colonic damage scores, and MPO levels

resembled those of control animals.

Conclusions Oral administration of Bifidobacterium

infantis 35624 normalized sensitivity to colorectal distension

in a rat model of post-inflammatory colonic hypersensitivity.

Keywords Bifidobacterium � Animal disease model �
Irritable bowel syndrome � Probiotics � Rats

Introduction

Although the etiology and pathophysiology of irritable

bowel syndrome (IBS) are unknown, the symptoms include

abdominal cramping and pain that is often concurrent with

abnormal bowel habits including diarrhea, constipation, or

alternating episodes of both. One important observation is

that the symptoms of IBS are due in part to alterations in

visceral perception [1–3]. Also important is the observation

that as many as 40% of IBS patients can correlate the onset

of their symptoms with the resolution of a prior episode of

colitis [4, 5]. Since episodes of colitis involve both inter-

actions with bacterial flora and immune reactions within

the intestine [6, 7], a therapy that can manipulate both of

those factors may be effective at preventing the visceral

hypersensitivity.
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Probiotic bacteria are defined as harmless organisms that

contribute to the overall health of the gastrointestinal (GI)

tract [8, 9]. While the exact mechanisms of action are

unknown, probiotic bacteria may contribute to GI health by

promoting a beneficial immune response or interfering with

pathogenic bacteria [9]. Clinical studies have shown posi-

tive effects of the probiotic bacterium Bifidobacterium

infantis 35624 on immune response and symptoms of IBS

[10, 11].

To test the hypothesis that probiotic bacteria have a

beneficial effect in IBS patients through a reversal of post-

inflammatory visceral hypersensitivity, we examined the

effects of ingestion of B. infantis 35624 on colonic

hypersensitivity in a validated rodent model in which an

acute inflammation of the colon is associated with long-

term, visceral hypersensitivity [12–16].

Methods

Animals

Drug-naive adult male Sprague–Dawley rats (Charles

River, Wilmington, MA) weighing 200–225 g were housed

singly in sterile cages in the V.A. animal facility under

controlled conditions of lighting (12 h light–dark cycles)

with free access to food and water as approved by the

V.A.M.C. Animal Use and Care Sub-committee. During

the first 5–8 days after arrival, the animals were acclima-

tized to the V.A. animal facility. Additionally, 7 days

before colonic sensitivity assessment, the rats were brought

to the laboratory for 2 h daily between 10:00 AM and 2:00

PM to acclimatize them to the laboratory.

Induction of Colitis

Rats were fasted overnight (12 to 18 h) and then briefly

anesthetized with isoflurane (5%). While sedated, the rats

received an enema (8.0 cm from anus, flexible tubing ID

3.0 mm) of trinitrobenzenesulfonic acid (TNBS) (50 mg/

kg, 0.5 ml, 25% EtOH). Using the same methodology, an

additional series of control rats received an enema of saline

(0.5 ml). To prevent any loss of the liquid enema, the rats

were then held so that the rectum was elevated with rela-

tion to the head until they regained consciousness.

Preparation of Bifidobacterium

Freezer stocks of B. infantis 35624 were stored at -86�C

until use. Fresh bacterial cultures were prepared from

thawed freezer stocks by adding 100 ll to 9 ml MRSB and

incubating at 37�C for 48 h in an anaerobic jar. Turbid

cultures were then vortex mixed, transferred into sterile

50-ml conical tubes, and centrifuged at 8,000 9 g for

10 min at 15�C. The cultures were then concentrated by

removing 2.5 ml of broth. The bacterial pellet was then

resuspended, divided into aliquots (C 108 colony-forming

units (CFU)/ml) and stored at 4�C. To verify the purity of

each aliquot, each culture was isolation streaked in dupli-

cate. The bacterial concentration was determined in tripli-

cate from 10-6 to 10-9 by serially diluting 1 ml of the

stock culture in 9 ml of sterile PBS and spread plating

100 ll. Each culture was sub-cultured once by adding 100

ll to 9 ml MRSB and incubating as above.

Dosing

For dosing, a 16-gauge feeding needle was flame-sterilized

and used to prepare a 3-ml syringe to deliver 2 ml of

culture (approximately 2 9 108 CFU) or MRS broth. Once

all syringes were prepared, rats were briefly placed in a

plastic restraint cone and orally dosed. The vehicle group

was always dosed first, and gloves were changed between

groups to prevent cross-contamination of the groups. Ani-

mals in the first series received B. infantis or vehicle daily

for days 15 to 29; animals in the second series received

B. infantis or vehicle daily for days 15 to 59. The dose of

B. infantis was selected to mirror the dosages used in

clinical studies [10, 11].

Measurement of Visceromotor Behavioral Response

Rats were fasted overnight (12 to 18 h) and brought to the

laboratory for strain-gauge instrumentation. Briefly, under

continuous administration of 1.5–3.0% isoflurane, a small

incision was made in the rat’s abdomen. A strain-gauge

transducer (R B Products, Madison, WI) was then sutured

(seven stitches, 3–0 silk) to the right external oblique

muscle, 1 cm from the midline. The skin was then sutured

over the strain gauge and the lead wires were looped

around the rat’s right side where they were secured to the

back by a single suture to the skin. A colorectal balloon

(5 cm, latex) was then inserted via the anal canal (11 cm)

and secured to the base of the tail with tape. Once the

animal had recovered from the surgery, the strain gauge

was connected via a shielded cable to a Grass Model 7

Polygraph (Astro-Med, Inc., West Warwick, RI) for the

recording of abdominal muscle contractions or movement.

To determine the visceromotor response (VMR) to colo-

rectal distension (CRD) (30 mmHg), abdominal contrac-

tions were recorded during the 10 m distension period.

Each VMR experiment consisted of a total of six disten-

sions (10 m at 30 mmHg) separated by a 10 min rest

period (0 mmHg).

Following the VMR experiment, the rats were sedated

with isoflurane as described previously and the colonic
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balloon and strain gauge were carefully removed. The

incision was closed with 3–0 silk and an analgesic/antibi-

otic ointment was applied topically to the wound. After

completion of the dosing protocol, rats were euthanized

through inhalation of isoflurane before removal of instru-

mentation or colonic tissue.

Morphological Scoring

To verify the absence of gross inflammation at day 30 or

day 60 post-enema, after euthanasia, the entire colon was

removed from the rat. The distal 2 cm were removed and

then the next 5 cm were retained for morphological scor-

ing. The 5-cm colonic tissue sample was opened along the

mesenteric border and cleaned with saline. The tissue was

weighed and a morphologic score was assigned according

to the following scale (adapted from [17]): 0 = no damage;

1 = localized inflammation, no ulcers; 2 = one ulcer, no

inflammation; 3 = ulcer with inflammation at one site;

4 = two or more ulcers and/or sites of inflammation;

5 = two or more ulcers and/or sites of inflammation with

one site extending [1 cm along the tissue. The colonic

tissue samples were frozen in liquid nitrogen for later

analysis.

Myeloperoxidase (MPO) Analysis

MPO activity is a rapid, biochemical measurement of

neutrophil infiltration that positively correlates with histo-

logical scoring systems to represent the extent of inflam-

mation in intestinal tissue [16, 18], and was measured in

this study to provide additional evidence of the absence of

inflammation at day 30 or day 60 post-enema. Frozen

colonic tissue samples were weighted and homogenized at

20 mg tissue in 1 ml of the following buffer: 50 mM

KH2PO4, 100 mM Na2HPO4, 0.5% (w/v) hexadecyl-

trimethylammonium bromide (HTAB), pH 6.0. A portion

of the homogenized sample (0.2 ml) was then placed in a

cryogenic tube and frozen in liquid nitrogen. Once all the

samples were homogenized, they were allowed to thaw at

room temperature (30 m). Thawed samples were sonicated

for 10 s in an ice bath and re-frozen in liquid nitrogen. The

samples were then slowly thawed on ice (60 m) before

being re-frozen in liquid nitrogen. Finally, the samples

were allowed to slowly thaw on ice (60 m). Once thawed,

samples were centrifuged at 12,000 9 g and 10 ll aliquots

were added in duplicate to a 96-well microplate. A stan-

dard curve consisting of horseradish peroxidase (HRP)

from 1 to 50 ng/10 ll was also set up in duplicate. Then,

100 ll of 3,30,5,50-tetramethylbenzidine (TMB) liquid

substrate system was added to each well and allowed to

react in the dark for 10 m. The reaction was then stopped

by adding 100 ll of 0.1 M H2SO4 and the absorbance at

450 nm was read using a Dynatech MR5000 ELISA

reader. Results were expressed as ng MPO/g tissue wet

weight.

Statistical Methods

Animals that were hypersensitive to CRD on day 15 were

randomly assigned to a treatment group. Five rats were

excluded from the study after randomization based on the

lack of colonic hypersensitivity on day 15. Each data

series was analyzed separately at pre-treatment and post-

treatment time points to compare groups with respect to

VMR. An unpaired two-sample t test was used to compare

treatment groups pre-treatment. Treatment groups were

compared post-treatment using analysis of covariance with

baseline VMR as the covariate. VMR analysis results were

expressed as mean ± standard error of the mean (SEM).

Analysis of the colonic damage scores, colonic wet weight

and colonic MPO levels were performed with a parametric

or non-parametric (Kruskal–Wallis) one-way ANOVA as

appropriate. p \ 0.05 was considered significant for all

tests. Statistical tests were performed using The Statistical

Analysis System version 9.2 (SAS Institute, Cary, NC,

USA) and GraphPad Prism 4.0c (GraphPad Software, San

Diego, CA).

Results

Verification of Post-Inflammatory Colonic

Hypersensitivity

In this study, we confirmed that colorectal administration

of TNBS resulted in post-inflammatory chronic hypersen-

sitivity to distension of the colorectum, as demonstrated

previously [14, 16]. Specifically on day 15 post-enema,

colonic sensitivity was assessed in all rats and those with a

consistently exaggerated or hypersensitive response to a

low level (30 mmHg) of CRD were used in the current

study. As illustrated in Fig. 1a, on day 15, rats that received

the TNBS enema had a hypersensitive response to non-

noxious CRD as measured by VMR (13.3 ± 1.1); a much

smaller response was seen in the group that received a

saline enema only (6.3 ± 0.8, p \ 0.001). This hypersen-

sitivity to non-noxious CRD was still present on day 30 in

rats that had received a TNBS enema (TNBS: 12.6 ± 1.0,

Saline: 8.1 ± 0.7, p \ 0.01).

Effect of B. infantis 35624 on Colonic Sensitivity

At day 30 post-enema, as on day 15, the vehicle group

remained hypersensitive to luminal distension of the col-

orectum (Fig. 1b). In contrast, the group treated with
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B. infantis 35624 had a VMR resembling that seen in

control rats that were not hypersensitive (treated with a

saline enema). Daily dosing of vehicle from days 15 to 30

resulted in a slight decrease (13%) in colorectal hyper-

sensitivity, while daily dosing with B. infantis 35624

resulted in a 57% decrease in the mean VMR. Rats that

received 15 days of dosing with B. infantis 35624 had a

significantly lower VMR to CRD (30 mmHg) compared to

the vehicle group on day 30-post enema (p \ 0.001).

Unlike the response at day 30 (Fig. 1b), on day 60 post-

enema, the vehicle group was not as consistently hyper-

sensitive to CRD (Fig. 1c). This resulted in a 37% lower

mean VMR for the vehicle group, indicating that there was

a decrease in colorectal hypersensitivity, however the

response remained greater than that seen in a saline enema-

treated group at day 30. Concurrent dosing of B. infantis

35624 on days 15 to 60 significantly decreased the mean

VMR to CRD (30 mmHg) a further 55% (p \ 0.01).

Effect of B. infantis 35624 on Colonic Mucosal

Integrity

Summary data for colonic damage score, colonic wet

weight (5 cm), and MPO levels are presented in Table 1.

Overall, all three parameters demonstrated that the acute

colonic inflammation caused by the TNBS enema had

resolved by day 30 or day 60, providing additional evi-

dence for post-inflammatory colonic hypersensitivity.

Additionally, colons of both B. infantis-treated groups

resembled the saline enema-treated control group.

Discussion

IBS is a common, chronic, and relapsing GI disorder that is

characterized by abdominal pain and bloating with abnormal

bowel habits. The symptoms of IBS are due in part to alter-

ations in visceral perception, manifested by both hyperal-

gesia and allodynia [1–3]. Consumption of probiotics may

reduce symptoms in IBS patients, as shown in studies with

B. infantis 35624 [10, 11]. In this study, colorectal admin-

istration of TNBS resulted in post-inflammatory chronic

hypersensitivity to luminal distension, with rats exhibiting a

consistently exaggerated or hypersensitive response to non-

noxious CRD on day 15, 30, and 60 post-enema. In contrast,

the group who were administered B. infantis 35624 had a

normal level of visceral sensitivity, resembling that seen

in control rats that were not hypersensitive (treated with a

saline enema). Taken together, these data demonstrate that

oral administration of B. infantis 35624 reversed post-

inflammatory visceral hypersensitivity.

Our findings are consistent with those of other studies of

probiotics in animal models of colonic hypersensitivity.

Fig. 1 a Verification of post-inflammatory colonic hypersensitivity.

Rats received an enema of either saline (open bars, n = 10) or TNBS

(dark grey bars, n = 6) on day 0. Data presented is VMR to CRD

(mean ± SEM), measured on day 15 and day 30 post-enema.

**p \ 0.01, ***p \ 0.001 vs. saline. b Effect of 15 days of dosing

B. infantis 35624 on post-inflammatory colonic hypersensitivity. All

rats received a TNBS enema on day 0. On day 15 post-enema, rats began

receiving daily doses (2 ml, p.o.) of either vehicle (MRSB, black bars,

n = 10) or B. infantis 35624 (light grey bars, n = 9) until day 30. Data

presented is VMR to CRD (mean ± SEM), measured on day 15 and day

30 post-enema. ���p \ 0.001 vs. vehicle. c Effect of 45 days of dosing

B. infantis 35624 on post-inflammatory colonic hypersensitivity. All

rats received a TNBS enema on day 0. On day 15 post-enema, rats began

receiving daily doses (2 ml, p.o.) of either vehicle (MRSB, black bars,

n = 10) or B. infantis 35624 (light grey bars, n = 10) until day 60. Data

presented is VMR to CRD (mean ± SEM), measured on day 15 and day

60 post-enema. ��p \ 0.01 vs. vehicle
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One study found that B. infantis 35624 reduced pain

behaviors with colorectal distension in two rat strains; this

effect was not seen with Lactobacillus salivarius UCC118

or Bifidobacterium breve UCC2003 [19]. Supplementation

with Lactobacillus paracasei was found to attenuate

increases in visceral sensitivity during antibiotic adminis-

tration in mice [20], while administration of Lactobacillus

farciminis prevented stress-induced colonic hypersensitiv-

ity and paracellular permeability in rats [21]. Another study

found inhibitory effects of live and heat-killed Lactoba-

cillus reuteri on visceral pain induced by colonic distension

in rats [22].

These data are also consistent with the results of clinical

trials of B. infantis 35624 in patients with IBS. A pilot

study of 77 subjects with IBS treated for 8 weeks with

either L. salivarius or B. infantis 35624 (both dosed daily at

1010 CFU in malted milk) showed that B. infantis 35624,

but not L. salivarius, alleviated symptoms of IBS (e.g.,

pain/discomfort, bloating/distension), and normalized the

ratio of anti-inflammatory/pro-inflammatory cytokines

(IL-10/IL-12) [10]. In a larger study, 362 female IBS

patients were dosed daily with B. infantis 35624 (106, 108,

or 1010 CFU), or placebo, in a capsule for 4 weeks [11].

The primary treatment group (1010) was not different from

placebo for symptoms of IBS, but that dose group was

determined to have significant formulation issues. The 108

treatment group was significantly better than placebo for

nine of 11 IBS symptom scores.

Knowledge of the brain-gut-microbiome axis, the con-

cept of bi-direction influences between the brain and the

commensal bacteria that influence the host’s physiology,

is an ever-evolving area of GI research (reviewed by [23]).

Interestingly, bacteria can influence colonic epithelial cells

to secrete chemokines that target pathogenic bacteria [24],

while at the same time promoting immune cell differenti-

ation that promotes tolerance for commensal strains and

also targets pathogens for elimination [25, 26]. Thus, dis-

turbances within the colonic microflora are thought to

trigger the development of GI diseases. Indeed, two studies

have demonstrated that the fecal microbiota of IBS patients

is significantly different from healthy controls [27, 28].

Relevant to this study, rodent bacterial flora influences

TBNS-colitis in that anaerobic strains are associated with

transmural inflammation [29] and there is a positive cor-

relation between macroscopic damage scores and the

amount of total colonic flora [30]. Thus, we can anticipate

that the commensal flora of the rats in this study influenced

the extent of acute TNBS colitis; however, we cannot

speculate about the composition of the gut flora at day 30

or day 60 post-enema. Future studies will provide a more

rigorous examination of the changes in gut flora in the post-

inflammatory state to provided insight into potential

mechanisms the efficacy of B. infantis 35624 in preventing

post-inflammatory colonic hypersensitivity.

Clinical studies have demonstrated abnormal mucosal

function, including enhanced colonic permeability, in post-

infectious IBS patients (reviewed by [31, 32]). In rodents,

during active TNBS-induced colitis there is increased

colonic permeability [33, 34], which persists for at least

1 week following the TNBS enema [35]. TNBS colitis has

also been shown to cause a concomitant increase in blood–

brain barrier permeability over the same time period [36],

which could promote central sensitization and/or stress-

axis dysfunction as shown by increased corticotropin-

releasing factor expression in the paraventricular nucleus

of the hypothalamus at 3 and 30 days post-enema [37]. In

the TNBS colitis model of inflammatory bowel disease, the

effects of probiotics on colonic permeability have been

shown to be strain-specific. Two studies by Lamine et al.

[38, 39] showed that when dosed for 15 days before the

enema, at 4 days post-enema, Lactobacillus farciminis

could prevent both mucosal damage and increased colonic

permeability associated with TNBS colitis. In contrast,

Lactobacillus plantarum species 299 failed to change the

amount of colonic damage or the associated increase in

permeability at 1 week post-enema, when dosing was

started 24 h after the TNBS enema [40]. While perme-

ability was not measured in this study, using a similar

Table 1 Summary of results for colonic mucosa integrity parameters

Group Colonic damage score Colonic wet weight (mg) MPO (ng/g tissue wet weight)

Day 30—saline (n = 10) 0.0 ± 0.0 472.4 ± 32.3 19.2 ± 9.0

Day 30—TNBS (n = 6) 0.0 ± 0.0 457.2 ± 30.8 15.8 ± 7.2

Day 30—vehicle (n = 10) 0.5 ± 0.2 470.3 ± 27.9 45.3 ± 9.4

Day 30—B. infantis (n = 9) 0.6 ± 0.3 554.7 ± 60.9 37.8 ± 7.2

Day 60—vehicle (n = 10) 0.4 ± 0.2 483.5 ± 25.2 37.3 ± 5.7

Day 60—B. infantis (n = 10) 0.2 ± 0.1 542.2 ± 48.6 31.9 ± 3.8

There were no significant differences between any of the groups for these parameters (one-way ANOVA, p [ 0.05)

MPO myeloperoxidase, TNBS trinitrobenzenesulfonic acid
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experimental protocol, Sommerfield et al. [41] demon-

strated that carbachol-induced colonic secretion on day 30

post-TNBS enema was reduced following 15 days of

B. infantis 35624 treatment, supporting a role for B. infantis

35624 in the maintenance of colonic mucosal integrity.

There is also evidence that B. infantis can secrete factors

that directly improve colonic mucosal integrity. T84

human epithelial cells treated with conditioned media from

B. infantis had both increased transepithelial resistance and

increased expression of tight junction proteins while the

same media decreased histological inflammation scores

and significantly reduced mannitol flux in the colon of

IL-10 knockout mice [42]. Since increased gut perme-

ability can promote post-infectious IBS symptoms through

local release of immune mediators that stimulate visceral

afferents [32], future studies will address whether the

inhibition of post-inflammatory colonic hypersensitivity by

B. infantis 35624 is due to normalization of colonic per-

meability.

While the exact mechanisms are unknown, current evi-

dence suggests a pathologic crosstalk between the immune

and peripheral nervous systems through cytokines and

other inflammatory mediators that promote afferent sensi-

tization as a probable cause for the development of post-

inflammatory visceral hypersensitivity (reviewed by [43,

44]). In support of a central sensitization mechanism, Zhou

and colleges [45] demonstrated that rats with post-inflam-

matory colonic hypersensitivity at 16 weeks following a

TNBS enema have increased expression splice variants of

the NR1 subunit of the N-methyl-D-aspartic acid (NMDA)

receptor in the superficial lamina of the spinal cord. Those

changes at the spinal level are preceded by changes in the

expression of NR1 splice variants in the myenteric plexus

at 4 weeks post-TNBS enema [46]. However, the effect of

B. infantis 35624 on NMDA receptor expression is

unknown. Serotonin (5-HT) is another potential mediator

of post-inflammatory hypersensitivity that can act both

centrally and peripherally. In both a murine model of post-

infective visceral hypersensitivity and a rat model of post-

inflammatory hypersensitivity, the experimentally induced

hypersensitivity could be inhibited by selective 5-HT3

receptor antagonists [47, 48]. Additionally, in both normal

and maternally separated Sprague–Dawley rats, chronic

B. infantis 35624 treatment decreased the content of the

serotonin metabolite, 5-hydroxyindoleacetic acid (5-HIAA),

in specific brain regions [49, 50]. Determining whether

B. infantis 35624 effects 5-HT content and/or metabolism

in this model of post-inflammatory colonic hypersensitivity

remains to be explored. Finally, vagal afferents mediate

anti-inflammatory effects in TNBS colitis, i.e., inflamma-

tion was worse in vagal deafferented animals [34]. A

similar vagal-dependent anti-inflammatory mechanism was

demonstrated in the murine dextran sulfate sodium model

of colitis [51]. However, B. infantis 35624 was able to

reduce the disease activity index and tissue markers of

inflammation to similar extents in sham and vagotomized

mice, which suggests that a vagal antinociceptive mecha-

nism [52, 53] is not mediating the effect of B. infantis in

this study.

In conclusion, oral administration of B. infantis 35624

normalized sensitivity to colonic distension in a rat model

of post-inflammatory colonic hypersensitivity. Additional

studies are planned to explore the multiple potential

mechanisms of action for this normalization of colonic

hypersensitivity.
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