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Abstract

Development of the intestinal microbiota during early life serves a key regulatory stage in 

establishing the host-microbial relationship. This symbiotic relationship contributes to developing 

host immunity and maintaining health throughout the life span. This study was to develop an 

approach to colonize conventionally raised mice with a model probiotic bacterium, Lactobacillus 
rhamnosus GG (LGG), and determine the effects of LGG colonization on intestinal development 

and prevention of colitis in adulthood. LGG colonization in conventionally raised was established 

by administering LGG to pregnant mice starting at gestational day 18 and pups at postnatal day 1 

to day 5. LGG colonization promoted bodyweight gain and increased diversity and richness of the 

colonic mucosa-associated microbiota prior to weaning. Intestinal epithelial cell proliferation, 

differentiation, tight junction formation and mucosal IgA production were all significantly 
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enhanced in LGG colonized mice. Adult mice colonized with LGG showed increased IgA 

production and decreased susceptibility to intestinal injury and inflammation induced in the 

dextran sodium sulphate model of colitis. Thus, neonatal colonization of mice with LGG enhances 

intestinal functional maturation and IgA production and confers life long health consequences on 

protection from intestinal injury and inflammation. This strategy might be applied for benefiting 

health in the host.

Keywords

functional maturation of the intestine; IgA; the intestinal microbiota

INTRODUCTION

Colonization of the intestinal mictobiota in humans, occurring in utero,1 is significantly 

affected by microbial exposures at birth.2 Post-natal colonization is a dynamic and 

genetically controlled process, leading to establishing a symbiotic relationship between the 

host and the microbiota.3 This relationship provides an ecosystem that includes a nutrient-

rich environment for bacteria, while conferring to the host important contributions, including 

nutrient metabolism, functional maturation, and the development of immunity.4

Clinical studies have revealed that interruption of the host-microbial relationship leads to 

several diseases, such as inflammatory bowel disease (IBD), consisting of ulcerative colitis 

and Crohn’s disease.5–7 Antibiotic treatment has been shown to alter the gut microbiome in 

humans8 and the antibiotic exposure in childhood is associated with an increased risk of 

developing IBD.9 Animal studies have demonstrated several defects in development of 

intestinal morphology, motility, epithelial proliferation and differentiation and the immune 

system in germ-free animals.10 These defects in germ-free animals can be restored through 

monoassociation.11 Altering the intestinal microbiota during early development by antibiotic 

treatment has long-term metabolic consequences even when the microbiota returns to a 

normal population structure after the cessation of antibiotics.12 These findings emphasize 

the important contribution of the intestinal microbiota to intestinal homeostasis during 

development and throughout the life span.

Probiotics have shown clinical benefits on humans of different ages. For example, 

preliminary evidence suggests that probiotics have efficacy for treatment of infants and 

young children with infectious diarrhea13, 14 and prevention of antibiotic-associated 

diarrhea.14 However, a number of meta-analyses vary in their conclusions on the 

effectiveness of probiotics on disease prevention and treatment.15 Therefore, hypothesis-

driven clinical trials using optimal strains, dose, and delivery and treatment protocols are 

needed.

Several animal studies have suggested that short-term treatment of probiotics, such as 

LGG,16 L. reuteri,17 and E. coli Nissel 1917,18 enhanced proliferation, migration, 

differentiation, barrier function formation, and immune defense in intestinal epithelial cells 

in mice. These findings underscore the importance of identifying the effects of probiotics on 

intestinal development and disease prevention in the later stage of life.
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LGG, a naturally occurring gram-positive bacterium, was originally isolated from the 

healthy human intestine. LGG has powerful adhesive properties for intestinal cells.19 

Perinatal administration of LGG, L acidophilus La-5, and Bifidobacterium animalis subsp. 
lactis Bb-12 to mothers led to colonization of LGG, but not the other two bacteria, in the 

children at 10 days and at 3 months of age, which indicates that LGG has high ability to 

transfer from the mother to the child and colonize in the child.20 LGG has been widely used 

as a nutritional supplement. Clinical studies have demonstrated that perinatal LGG 

supplementation to mothers reduced the incidence of eczema at 2, 4 and 7 years of life in at-

risk children.21–23 Feeding infants with formulas supplemented with LGG was well tolerated 

and supported growth.24 LGG has also shown beneficial effects on treating and/or 

preventing several disorders, including diarrhea and atopic dermatitis.25 To further 

understand the mechanisms underlying the effects of LGG on disease prevention and 

treatment, we have demonstrated that LGG and the LGG-derived protein, p40, prevented 

cytokine-induced apoptosis, preserved barrier function, and up-regulated mucin production 

in cultured intestinal epithelial cells and in tissue culture models, thereby prevention and 

treatment of experimental colitis.26–28

Here, we colonized conventionally raised neonatal mice with LGG and provided evidence 

that LGG colonization promoted growth, epithelial proliferation, differentiation, tight 

junction formation, IgA production, and maturation of the intestinal microbiota during 

development and decreased susceptibility to intestinal injury and colitis in adult mice. These 

results support the efficacy of administration of LGG at early life for enhancing intestinal 

functional maturation and long-term health consequences in adults.

RESULTS

Generation of an approach for colonization of conventionally raised mice with LGG

The evidence that the microbial exposure at birth shapes the acquisition and structure of the 

initial microbiota in newborns2 supports the importance of early exposure of microbes for 

colonization. Furthermore, studies in germ-free mice showed that there was a time window 

for colonization by caecal contents.29 Therefore, we first generated an approach for 

colonization of conventionally raised mice with LGG.

We treated wt pregnant mice with live LGG (Live-LGG) from gestation day 18 to delivery 

and newborn mice starting at postnatal day 1, 3, and 5 for 5 days. Glutaraldehyde-fixed LGG 

(Fix-LGG) was used as non-colonization control in this study. Colonization of LGG was 

defined by recovery of LGG from cultured mouse fecal bacteria using DNA fingerprint 

analysis 30, 31. PCR analysis was performed to amplify 16S rRNA bacterial genes using 

specific primers for Lactobacillus rhamnosus 31. DNA from LGG was used as a marker for 

the DNA fingerprint analysis. The migration profile of PCR amplified products from 

cultured fecal bacteria of 2, 3 and 8-week old mice treated with Live-LGG from postnatal 

day 1 to 5 showed the specific band for LGG (Figure 1A). The PCR products were further 

analyzed by direct sequencing to verify the presence of LGG in LGG-colonized mice. In 

mice treated with Live-LGG from postnatal day 1 to 5, 100% of mice with LGG detected in 

feces at 2 and 3-week old had LGG in feces at 8-week old, which indicates that neonatal 

LGG colonization can persist to adulthood. We did not find the LGG-specific PCR band 
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from mice treated with Fix-LGG for the same period of time (Figure 1A). We also verified 

the presence of LGG in mouse feces by quantitative PCR (qPCR) analysis using LGG 

specific primers, as previously reported.32 Results from qPCR analysis showed that the 

amount of LGG in feces from LGG-colonized mice identified by the DNA fingerprint 

analysis was significantly higher than that in mice without LGG colonization (Supplemental 

Figure 1).

The colonization rate, which was detected in individual litter at 3-week old, was 70%–100%, 

0%–40%, and 0, in mice receiving Live-LGG from postnatal day 1 to 5, 3 to 8, and 5 to 10, 

respectively (Figure 1B). Thus, these results suggest that colonization of conventionally 

raised mice with LGG is age-dependent. Mice treated with Live-LGG and Fix-LGG from 

postnatal days 1 to 5 were used as the LGG colonization model and non-colonization 

control, respectively, in this study.

LGG colonization promotes growth, intestinal epithelial cell proliferation, differentiation 
and tight junction formation during development in mice

Since it has been reported that feeding infants with formulas supplemented with LGG 

supported growth24 and affected development of the intestinal microbiota,33 we next 

examined whether LGG colonization in mice promoted growth and maturation of the 

intestinal microbiota during development.

Mice with LGG colonization showed increased bodyweight gain from 1 to 4-weeks of age, 

but no differences were found in older mice, as compared to non-colonized mice (Figure 

2A). Consistent with this result, LGG colonized mice exhibited increased length of villi and 

depth of crypts at 2-week old (Figure 2B–C). However, we did not find any difference in 

these parameters between LGG-colonized and non-colonized mice at 8-week old (data not 

shown). These results indicate a beneficial effect of LGG colonization on intestinal growth 

during early life.

Functional maturation of the gastrointestinal tract completes by the third postnatal week in 

rodents. Thus, we examined the effects of LGG colonization on regulation of intestinal 

epithelial cell proliferation, differentiation, and barrier function formation in 2-week old 

pups. Intestinal tissue sections were immunostained using antibodies against Ki67 and 

MUC2 to detect proliferation and differentiation, respectively. The numbers of Ki67 (Figure 

3A) and MUC2-positive cells (Figure 3B) were increased significantly in pups with LGG 

colonization. In addition, Muc2 gene expression in colonic epithelial cells isolated from 

pups with LGG colonization was significantly increased (2.1±0.5 fold, Figure 3C), as 

compared to that in non-colonized mice.

While development of barrier function occurs before birth, there is ongoing maturation 

postnatally. We have reported that LGG-derived p40 prevents cytokine and hydrogen 

peroxide disruption of tight junctions in vivo and in vitro.27, 34, 35 Thus, we next assessed the 

tight junction formation in LGG-colonized mice using three approaches. The in vivo 
permeability assay was performed to examine barrier function by measuring serum FITC-

dextran level after injection of FITC-dextran into the small intestine. The serum FITC-

dextran in LGG-colonized mice was significantly lower than that in non-colonized mice 
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(Figure 3D), which indicates maturation of barrier function by LGG colonization. LGG 

treatment has been found to increase mRNA expression of a tight junction protein, claudin 3 

(CLDN3) in neonatal mice 16. We found that mRNA expression of CLDN3 was increased in 

neonatal mice with LGG colonization (Figure 3E). Immunostaining of ZO-1 showed that 

LGG colonization increased ZO-1 membrane localization in the ilium (Figure 3F). These 

data suggest that LGG colonization promotes tight junction formation in neonatal mice.

In total, these results indicate that LGG colonization has the potential effects on promoting 

intestinal functional maturation through promoting proliferation, differentiation and tight 

junction formation during development in mice.

LGG colonization enhances IgA production during development and in adulthood

IgA in the gastrointestinal tract plays an important role in maintenance of the homeostatic 

community of commensal bacteria and protects the host against pathogenic infections.36 

Probiotics have been reported to strengthen the immune response by increasing production 

of IgA.37, 38 Thus, we examined the effects of LGG colonization on IgA production. The 

IgA level in feces was measured using ELISA. Fecal IgA levels in 3- and 8-week old mice 

with LGG colonization were significantly higher than those of age-matched non-colonized 

mice (Figure 4A). Immunostaining showed that LGG colonization increased the number of 

IgA expressing cells in lamina propria of the small intestine (Figure 4B). The number of 

fecal Lactobacillus colonies was examined by culturing fecal bacteria on MRS agar. The 

fecal sIgA level directly correlated with the number of Lactobacillus in feces in 3 and 8 

week-old mice with LGG colonization (Figure 4C), which further suggests that LGG 

colonization plays a role in regulation of IgA production in the intestine.

LGG colonization benefits maturation of the intestinal microbiota during development

We next studied the impact of evolution of LGG colonization on development of the 

intestinal microbiota. Community profiling of the colonic mucosally-adherent bacteria 

isolated from 3 and caecal bacteria from 8-week old mice was assessed by pyrosequencing 

of amplified bacterial 16S rDNA. LGG colonization increased Shannon diversity and Chao1 

richness in 3-week old mice (Figure 5A–B). There were no differences of richness and 

diversity of microbiota in between LGG-colonized and non-colonized mice in 8-weeks old 

mice (Supplemental Figure 2A–B). It should be noted that the diversity and richness of the 

intestinal microbiota in 3-week old LGG-colonized mice showed similarity to that of 8-week 

old mice with and without LGG colonization.

The functional maturation of the intestinal microbiome in humans includes compositional 

shifts in the abundances of major microbial taxa, with the intestinal microbiota of the young 

resembling that of the adult by approximately 3 years of age.39 To gain greater insight into 

the effects of LGG colonization on maturation of mouse intestinal microbiome, we analyzed 

the abundance of specific taxa of the microbiota for comparing the microbial composition in 

3-week old mice to that in 8-week old mice with and without LGG colonization. Genus-

level analysis showed that major taxonomic groups with abundance from high to low were 

Bacteroides, Lactobacillus, Clostridium, and Helicobacter in 3-week old non-colonized mice 

(Figure 5C), which were shifted to Lactobacillus, Clostridium, and Bacteroides in 8-week 
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old non-colonized mice (Supplemental Figure 2C). Thus, estabolisment of the intestinal 

microbiota in adult mice is a dynamic process, with significant change of the microbial 

compositions, such as decrease of Bacteroides in adult mice.

LGG colonization stimulated a significant expansion of Lactobacillus and Clostridium and 

contraction of Bacteroides and Helicobacter in 3-week old mice (Figure 5C). Although LGG 

colonization in 8-week old mice caused a significant expansion of Lactobacillus, 

Bacteroides, and Blautia, and contraction of Parasutteralla and Aldercreutzia (Supplemental 

Figure 2C), the pattern of abundance of the major bacteria was not change. It should be 

noted that LGG colonization resulted in changing the bacterial composition in 3-week old 

mice to a similar abundance pattern in 8-week old non-colonized and colonized mice.

Thus, the results that LGG colonization in mice elicited a shift of the diversity, richness, and 

the composition of the intestinal microbiota at early stage of life to an adult-like microbiota 

suggest that LGG colonization facilitates maturation of the intestinal microbiota, which may 

exert beneficial effects on intestinal development.

LGG colonization prevents DSS-induced intestinal injury and inflammation in adult mice

It has been reported that immune effects of microbial exposure at early-life are persist into 

later stage of life and associated with prevention of IBD in humans40 and animals.41 

Therefore, we asked if neonatal LGG colonization prevented intestinal inflammation in adult 

mice. 8-week old mice were treated with 3% dextran sodium sulphate (DSS) in drinking 

water for 4 days. DSS treatment induced colonic injury and acute colitis with massive 

ulceration, crypt damage, and severe inflammation in non-colonized mice (score: 7.68±1.5). 

These abnormalities were significantly reduced in mice with LGG colonization (score: 

3.81±1.1, p<0.05) (Figure 6A–B). DSS-induced shortening of the colon, a feature of 

intestinal inflammation, in non-colonized mice was prevented in LGG-colonized mice 

(Figure 6C).

To further understand the effects of LGG colonization on colitis, markers of colitis in this 

model were examined. Increased proinflammatory cytokine production, such as TNF, KC, 

and IL-6, is a hallmark of DSS-induced colitis.42, 43 Therefore, we tested the effects of LGG 

colonization on inflammatory cytokine production in the DSS-induced colitis model. We 

used Real-Time PCR analysis of RNA isolated from the colon to detect proinflammatory 

cytokine mRNA levels. TNF, KC, and IL-6 mRNA levels were significantly increased in 

non-colonized mice, which were reduced in LGG colonized mice (Figure 6D). Disruption of 

intestinal integrity is a character of DSS-induced intestinal injury and colitis. DSS induced 

increased permeability, as determined by the level of FITC-dextran in the serum, in non-

LGG colonized mice, which was attenuated in mice with LGG colonization (Figure 6E).

More importantly, the number of Lactobacillus in feces was negatively correlated with the 

inflammation/injury score in mice with LGG colonization (Figure 6F). These results indicate 

that the effects of LGG colonization on intestinal development, maturation of the 

microbiota, and IgA production are associated with long-term health outcomes for 

protection against intestinal inflammation.
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DISCUSSION

One important factor that affects the actions of probiotics in vivo is the bioavailability. In 

most animal studies mice are given LGG via daily gavage. However, the viability of 

probiotics in the intestinal tract delivered through the oral route is a concern for assessing 

probiotic clinical efficacy. Therefore, approaches that assure survival of probiotics in the 

gastrointestinal tract could increase the clinical efficacy of probiotics. Thus, our study was 

focused on developing a model of LGG colonization in conventional mice and investigating 

its effects on intestinal development and the potential life long health consequences.

The microbial environment at birth, which is shaped by the mode of delivery, significantly 

affects colonization.2 This evidence suggests that there is a narrow window of opportunity 

shortly after birth for colonization. In fact, studies have shown that LGG persisted in the 

stools only for 7 to 14 days after discontinuing feeding infants with formula supplemented 

with LGG for 7 days.44 In our study, by introduction of LGG to mice from postnatal day 1 to 

5, we developed a mouse model of LGG colonization in conventionally raised mice, which 

could persist in 8-week old mice. These findings suggest that postnatal day 1 to 5 is a proper 

time frame for bacterial colonization in conventionally raised mice. Currently, most reported 

studies were focused on colonization of germ-free animals with bacteria. However, human 

and animals are naturally colonized by commensal bacteria after birth and it is questionable 

whether studies using germ-free animals can be extrapolated to the physiological condition. 

Thus, successful colonization of conventional mice with LGG provides a useful strategy to 

study the role of commensal bacteria and probiotics in regulation of intestinal development 

and protective immunity under physiological conditions.

Currently, studies regarding host factors that contribute to bacterial colonization are limited. 

Polysaccharide A (PSA) from Bacteroides fragilis has been reported to activate the TLR 

pathway in CD4+ T cells to promote immunologic tolerance for B. fragilis colonization in 

germ-free mice.45 Since we have found that LGG-derived p40 activates EGF receptor 

activation in intestinal epithelial cells,27, 46 we conducted experiments to colonize LGG in 

Egfrwa5 mice with defective EGFR kinase. However, none of Egfrwa5 mice (n=7) could be 

colonized with LGG. This evidence suggests that EGF receptor signaling may play a role in 

LGG colonization. We have reported that activation of EGF receptor by p40 stimulated 

mucin production26 and increased Muc2 expressing cells in LGG-colonized mice were 

found in this study. Mucin has been shown to mediate bacterial growth. Both commensal 

and pathogenic bacteria benefit from their ability to regulate mucin synthesis and/or 

secretion in host goblet cells.47, 48. Thus, LGG-stimulated mucin production may contribute 

to LGG colonization.

The process for developing initial microbiota community is driven by complex interactions, 

including the mother’s microbiota, mode of delivery, type of feeding, the environment, and 

use of antibiotics and disease.49 In addition to oligosaccharides in breast milk, which have 

been shown to support the establishment of a healthy microbiota in breast-fed infants,50, 51 

mother-derived secretory IgA in breast milk has been reported to shape the composition of 

the intestinal microbiota in neonatal mice at the age of weaning, as compared to that in 

neonates that did not receive maternal secretory IgA. These differences were magnified 
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when the mice reached adulthood.52 Furthermore, a study using different genetic 

background mice showed that BALB/c mice had significant difference in abundance of 

bacterial species and higher diversity as compared to C57BL/6 mice, which was correlated 

with higher abundance and diversity of IgAs in BALB/c mice than C57BL/6 mice.53 This 

study also demonstrated polyreactive IgAs-mediated entrance of non-invasive bacteria to 

Peyer’s patches contributed to the induction of bacteria-specific IgA and the establishment 

of a positive feedback loop of IgA production.53 Thus, up-regulation of IgA production by 

LGG colonization may play roles in increasing diversity and richness of the microbiota in 

neonatal mice. However, our results showed that LGG colonization elicited changes in 

bacterial composition, but did not affect the diversity and richness of the microbiota in adult 

mice. Similar results were reported in a human study that perinatal supplementation of LGG 

to mothers had no major impacts on later microbiota development in children.54 

Development of the intestinal microbiota is a dynamic process, the microbiota diversity in 

adults is genetically and environmentally driven.55 LGG colonization-induced effects may 

not serve as a major factor determining microbiota diversity in adult mice, although 

increased IgA production may mediate promoting maturation of the intestinal microbiota in 

neonatal mice, as shown in our study. In addition to IgA production, LGG colonization may 

exert other functions that contribute to regulation of the intestinal microbiota at the early 

stage and in adulthood, which is worthy of further investigation.

Results from this study suggest that LGG colonization led to several outcomes that may 

contribute to maintaining health and disease prevention. LGG colonization increased the 

abundance of Lactobacillus and Clostridium in 3-week old mice. Studies have demonstrated 

that Faecalibacterium prausnitzii, an intestinal bacterium belonging to the Clostridium 

cluster, was reduced in abundance in Crohn’s disease,56 and Clostridium butyricum, as a 

probiotic, induces interleukin-10 production in macrophages in inflamed mucosa and 

prevents acute experimental colitis.57 This evidence supports the contribution of LGG 

colonization to host health through regulation of the intestinal microbiota.

Our results demonstrate that the effects of LGG colonization on increased IgA production 

can persist in adult mice. Mechanisms underlying IgA in breast milk promotes lifelong 

intestinal homeostasis have been demonstrated in mice. Early exposure to maternal secretory 

IgA prevented the translocation of aerobic bacteria from the neonatal gut into draining 

lymph nodes and resulted in ameliorating DSS-induced colonic damage in adult mice, which 

was associated with up-regulation of expression of gens involved in cell metabolism and 

repair intestinal epithelial cells.52 Thus, this evidence supports the possibility that increased 

IgA production by LGG colonization may contribute to decreasing susceptibility to colitis in 

adults.

It is important to study the mechanisms by which LGG colonization increases IgA 

production. A proliferation-inducing ligand (APRIL), a tumor necrosis factor family 

member, plays a role in directing B cell class switching towards IgA secreting plasma 

cells.58, 59 Our preliminary studies have shown that p40, a LGG derived protein,26–28 up-

regulated APRIL expression in intestinal epithelial cells, which contributed to promoting 

IgA production by B cells (un-published data). This mechanism may be involved in LGG 
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colonization-enhanced IgA production because APRIL expression in small intestinal 

epithelial cells was up-regulated in LGG-colonized mice (Supplemental Figure 3).

Results from this study demonstrated that some effects of LGG colonization are limited to 

the early postnatal period, including accelerating bodyweight gain, and intestinal epithelial 

cell proliferation and differentiation. In fact, a clinical study demonstrated that perinatal 

LGG supplementation to mothers did not affect the weight gain in children remaining 

normal bodyweight over the 10-year follow-up. However, in children who became 

overweight by the age of 10 years, there was a tendency that the body mass index (BMI)s of 

children whose mothers received LGG were constantly lower until 7 years of age as 

compared with children whose mothers received placebo.60 Therefore, LGG colonization is 

not likely to result in overweight and may have beneficial effects on prevention of obesity in 

the later life.

In summary, these findings elucidate the impact of neonatal colonization of mice with LGG 

on intestinal development and long-term consequence in the adult as protection against 

colitis. The approach of LGG colonization applied in this study should be useful for delivery 

of other probiotics to increase their bioavailability and beneficial effects on the host.

METHODS

Mice and LGG colonization

LGG (American Type Culture Collection 53103) was cultured in Lactobacillus MRS broth. 

Fixation of LGG was performed using 0.25% glutaraldehyde in PBS for 15 minutes at room 

temperature followed by two washings with 0.1 M glycine to inactive free aldehyde and 

three washings with PBS.61

Paired pregnant C57BL/6 female mice from the same litter were housed in the same cage 

until gestational day 18. Then pregnant mice were separated into different cages and 

gavaged with 108 cfu live LGG (Live-LGG) or glutaraldehyde fixed-LGG (Fix-LGG) until 

delivery. Pups were fed with 107cfu Live-LGG or Fix-LGG for 5 days starting at postnatal 

day 1, 3, and 5. All animal experiments were performed according to protocols approved by 

the Institutional Animal Care and Use Committee at Vanderbilt University.

Bodyweight was recorded at birth and every week. Percentage of change compared to the 

bodyweight at birth was used to evaluate the growth rate. Intestinal tissues from 2- and 3- 

week old mice were isolated for preparation of paraffin-embedded tissue sections for 

immunostaining and hematoxylin and eosin (H&E) staining. Villus length and crypt depth 

were measured using H&E stained sections.

To detect fecal lactobacillus, mouse feces were solubilized in MRS broth and supernatants 

were cultured on MRS agar. The number of fecal Lactobacillus colony was counted.

Determining LGG colonization by DNA fingerprint analysis

To detect LGG in fecal bacteria, feces were cultured in MRS broth. Genomic DNA was 

isolated from cultured bacteria using the Wizard Genomic DNA Purification Kit (Promega 
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Corporation). DNA was used as a template for polymerase chain reaction (PCR) 

amplification of 16s rRNA gene using L. rhamnosus specific primers 

(CAGACTGAAAGTCTGACGG and GCGATGCGAATTTCTATTATT).30, 31 PCR products 

were separated using denaturing gradient gel electrophoresis (DGGE) to determine their 

migration profiles. Genomic DNA from LGG was used as control. Nucleotide sequences of 

PCR products were further confirmed by direct sequencing using primers for PCR 

amplification.

LGG colonization was defined as detection of LGG in fecal bacteria using DNA fingerprint 

analysis. The colonization rate of individual litter was determined by the percentage of mice 

with LGG colonization in the total number of mice from the same litter.

Fecal IgA detection by ELISA

Fecal homogenates were prepared by solubilizing feces in PBS (10% wt:vol) and saved at 

−80°C. 96-well plates were coated with an anti-mouse IgA antibody (Sigma-Aldrich) in 

PBS at 4°C overnight. Nonspecific protein binding was blocked by incubating plates with 

1% of bovine serum albumin (BSA) in PBS for 1 hr at room temperature. Plates were then 

incubated with supernatants of the fecal homogenates for 1 hr, followed by a FITC-

conjugated anti-mouse IgA antibody (Sigma-Aldrich) for 1 hr at room temperature. 

Fluorescent intensity was measured using a fluorescent plate reader. Purified mouse IgA 

(Sigma-Aldrich) was used for generating a standard calibration curve.

Intestinal permeability assay

To detect permeability in 2-week old mice, the abdomen was opened and a ligation was 

performed in the ileum at 2 mm above the cecum. FITC-conjugated dextran dissolved in 

water (4000 mol wt, Sigma-Aldrich) was injected into the ileum at 4 mg/10 g bodyweight. 

Then the abdomen was closed. In adult mice with DSS treatment, colitis occurred in the 

colon. A ligation was performed in the colon at 2 mm below the cecum, then FITC-dextran 

was injected into the colon. Whole blood was collected using heparinized micro-hematocrit 

capillary tubes via eye bleed 2 h after FITC-dextran administration. Fluorescence intensity 

in sera was analyzed using a plate reader. The concentration of FITC-dextran in sera was 

determined by comparing to the FITC-dextran standard curve.

Microbiota analysis

Frozen colonic tissues from 3-week old pups and cecum feces from 8-week old mice were 

sent to the Research and Testing Laboratory, LLC (Lubbock, Texas) for metagenomics data 

collection. The 16sRNA samples were extracted on site and subjected to tag-encoded FLX 

amplicon pyrosequencing at a 3 K average coverage. Raw metagenomics data was analyzed 

using Qiime62 (http://www.qiime.org) including 454-based 16S rRNA amplicon library 

sequencing. Diversity was examined from two perspectives, overall richness, which was 

expressed as the number of operational taxonomic units (OTUs) and quantified using the 

Chao1 richness estimator, and overall diversity, which was expressed as Shannon Diversity. 

Measures of diversity were screened for group differences using an analysis of variance 

(ANOVA). Individual OTUs were examined for significant changes between non-colonized 

and colonized groups. OTU count data were analyzed using a generalized linear model with 
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a negative binomial distribution. Multivariate differences among groups were evaluated with 

“Permutational Multivariate Analysis of Variance Using Distance Matrices,” function 

adonis. For ADONIS, distances among samples first were calculated using unweighted or 

weighted UniFrac, and then an ANOVA-like simulation was conducted to test for group 

differences.

Intestinal epithelial cell isolation

Small intestinal and colonic epithelial cells were isolated as described before.27 Detailed 

experimental procedures are provided in the Supplementary Material.

Real-time PCR assay

Total RNA was isolated from small intestinal, colonic epithelial cells, and colonic tissues for 

Real-time PCR analysis of MUC2, CLDN3, TNF, IL-6, and KC gene expression. Detailed 

experimental procedures are provided in the Supplementary Material.

Immunhistochemistry

Paraffin-embedded tissue sections were used for immunohistochemistry to detect cells 

expression of Ki67, MUC2, and IgA, and ZO-1 localization. Detailed experimental 

procedures are provided in the Supplementary Material.

Analysis of intestinal injury and colitis

8-week old mice were administered 3% DSS (molecular weight 36–50 kDa, MP 

Biomedicals) in drinking water for 4 days. Mice were fed with drinking water as control for 

DSS treatment. Paraffin-embedded colon tissue sections were stained with hematoxylin and 

eosin for light microscopic examination to assess colon injury and inflammation. Samples 

from the entire colon were examined by a pathologist blinded to treatment conditions. A 

modified combined scoring system 63 including degree of inflammation (scale of 0–3) and 

crypt damage (0–4), percentage of area involved by inflammation (0–4) and crypt damage 

(0–4), and depth of inflammation (0–3) was applied for assessing intestinal injury and 

colitis.

Statistical analysis

Statistical significance was determined by one-way ANOVA followed by Newman-Keuls 

analysis using Prism 5.0 (GraphPad Software, Inc. San Diego, CA) for multiple comparisons 

and T-test for paired samples. A p value < 0.05 was defined as statistically significant. All 

data are presented as mean ± S.E.M.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Detection of LGG in mouse fecal bacteria
Fecal bacteria collected from mice at indicated ages with Live-LGG and Fix-LGG treatment 

from postnatal day 1 to 5 were cultured in MRS broth. DNA was isolated from cultured 

bacteria for PCR analysis to amplify L. rhamnosus specific 16s rRNA gene. PCR products 

were separated on DGGE to determine DNA migration profiles (A). Feces of Live-LGG and 

Fix-LGG treatment were prepared from the same mouse at indicated ages. First lane 

contains the ladder composed of the PCR product from LGG. LGG colonization was defined 

as detection of LGG in fecal bacteria. The colonization rate of individual litter was 

determined by the percentage of mice with LGG colonization in the total number of mice 

from the same litter. The colonization rate of individual litter detected in 3-week old mice 

treated with Live-LGG and Fix-LGG starting at indicated age (postnatal day) for 5 days is 

shown (B).
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Figure 2. Colonization of conventionally raised mice with LGG accelerates growth and 
development of intestinal microbiota before weaning
Mice were treated with live LGG from postnatal day 1 to day 5 and colonization was 

confirmed by detecting LGG in fecal bacteria, as described in Figure 1. Fixed LGG was used 

to treat mice as non-colonization control. Bodyweight was recorded. Bodyweight at birth 

was set as 1 (A). *p<0.05 compared to the control group at the same age. Indicated intestinal 

tissues from 2-week old mice were prepared for H&E staining (B) and the length of villus 

and depth of crypt were measured in at least 50 villi and crypts/mouse (C). In A–C, Non-

colonization: n=17, LGG-colonization: n=15.
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Figure 3. LGG colonization enhances proliferation, differentiation, and tight junction formation 
in 2-week old mice
Mice were treated as described in Figure 2. Proliferation (Ki67, A) in the small intestine and 

differentiation (MUC2, B) in the colon were assessed using immunostaining. The numbers 

of positively stained cells were shown. Real-time PCR analysis of Muc2 expression in 

colonic epithelial cells was shown (C). Barrier formation was detected using the in vivo 
FITC-dextran assay. The FITC-dextran level in serum is shown (D). Real-time PCR analysis 

was performed to detect CLND-3 expression in the small intestinal epithelial cells (E). 

Paraffin-embedded small intestinal tissues were used to determine ZO-1 distribution by 

immunohistochemistry using an anti–ZO-1 antibody and FITC-labeled secondary antibody 

and visualized using fluorescence microcopy (red staining). Nuclei were stained with DAPI 

Yan et al. Page 18

Mucosal Immunol. Author manuscript; available in PMC 2016 October 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(blue staining) (F). In C and E, the average of mRNA expression levels in the non-colonized 

mice was set as 100%, and the mRNA expression level of each mouse was compared to this 

average. In A–C and E, n-7 in each group. Images in F represent 5 mice in each group.
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Figure 4. LGG colonization increases production of IgA in the intestine
Mice were treated as described in Figure 2 and feces were collected at the indicated ages. 

Fecal sIgA levels were determined using ELISA assay. N=10 in non-colonization group, 

N=14 in LGG-colonized group (A). The small intestinal tissues from 3-week old pups were 

prepared for IgA immunostaining (B). Red arrows indicate IgA positively stained lamina 

propria cells. Images in B represent 5 mice in each group. Feces were collected from mice 

with indicated ages and cultured on MRS agar to determine the number of Lactobacillus 

colonies. The number of fecal Lactobacillus colonies was plotted against the fecal sIgA level 

for each mouse. The lines illustrate the best-fit linear regressions with the correlation 

coefficient and significance as indicated (C).
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Figure 5. LGG colonization modulates LGG colonization benefits maturation of the intestinal 
microbiota in 3-week old mice
Mice were treated as described in Figure 2. Genomic DNA was extracted from colonic 

tissues of 3-week old pups to assess the community composition of the mucosally-adherent 

microbiota using 454-based 16S rRNA amplicon library sequencing. Shannon diversity (A) 

and Chao1 richness (B), and detailed relative abundance of bacterial taxa at the genus level 

(C) are shown. n=5 in each group.
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Figure 6. Colonization with LGG prevents colitis in adult conventionally raised mice
Mice were treated as described in Figure 2. 8-week old mice were treated with 3% DSS in 

drinking water for 4 days. Paraffin-embedded colon sections were stained with H&E for 

light microscopic assessment of epithelial damage and inflammation (A). The inflammation/

injury scores are shown (B). The length of colon was measured (C). mRNA was isolated 

from the colonic tissues for real-time PCR analysis of indicated cytokine mRNA expression 

levels. The average of cytokine mRNA expression levels in the water group of non-colonized 

mice was set as 100%, and the mRNA expression level of each mouse was compared to this 

average (D). Intestinal permeability was determined using an in vivo permeability assay on 

the fourth day of DSS treatment. FITC-dextran level in sera is shown (E). *p<0.01 compared 
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to the water-treated mice in the non-colonization group. # p<0.05 compared to the non-

colonized mice with DSS treatment. Feces were collected from LGG-colonized mice before 

DSS treatment and cultured on MRS agar to determine the number of Lactobacillus 

colonies. The number of fecal Lactobacillus colony was plotted against the inflammation 

and injury score for each mouse. The lines illustrate the best-fit linear regressions with the 

correlation coefficient and significance as indicated (E).
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