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Two-day-old (P2), but not 9-day-old (P9), rat pups are susceptible to systemic infection following gastrointestinal colonization
by Escherichia coli K1. Age dependency reflects the capacity of colonizing K1 to translocate from gastrointestinal (GI) tract to
blood. A complex GI microbiota developed by P2, showed little variation over P2 to P9, and did not prevent stable K1 coloniza-
tion. Substantial developmental expression was observed over P2 to P9, including upregulation of genes encoding components
of the small intestinal (�-defensins Defa24 and Defa-rs1) and colonic (trefoil factor Tff2) mucus barrier. K1 colonization modu-
lated expression of these peptides: developmental expression of Tff2 was dysregulated in P2 tissues and was accompanied by a
decrease in mucin Muc2. Conversely, �-defensin genes were upregulated in P9 tissues. We propose that incomplete development
of the mucus barrier during early neonatal life and the capacity of colonizing K1 to interfere with mucus barrier maturation pro-
vide opportunities for neuropathogen translocation into the bloodstream.

The newborn infant is particularly vulnerable to systemic bac-
terial infection during the first 4 weeks of life, and mortality

and morbidity associated with neonatal bacterial meningitis
(NBM) and accompanying sepsis remain significant despite ad-
vances in antibacterial chemotherapy and supportive care (1, 2).
In the developed world, Escherichia coli and group B streptococci
are responsible for the majority of cases of NBM, and bacteria
isolated from the cerebrospinal fluid of infected neonates invari-
ably elaborate a protective polysaccharide capsule. Of neuroinva-
sive E. coli isolates, 80 to 85% express the K1 capsule (3, 4), a
homopolymer of �-2,8-linked polysialic acid (polySia) that mim-
ics the molecular structure of the polySia modulator of neuronal
plasticity in mammalian hosts (5) and enables these strains to
evade detection by a neonatal innate immune system undergoing
a process of age-dependent maturation (6).

Risk factors for NBM include obstetric and perinatal compli-
cations, premature birth, and low birth weight, particularly in low
socioeconomic groups (7), but predisposition to infection is crit-
ically dependent on vertical transmission of the causative agent
from mother to infant at or soon after birth (8). Although many
aspects of the pathogenesis of E. coli K1 in NBM are unclear, ma-
ternally derived E. coli K1 bacteria are known to colonize the neo-
natal gastrointestinal (GI) tract (8, 9, 10), which is sterile at birth
but rapidly acquires a complex microbiota that eventually con-
verges toward a profile characteristic of the adult GI tract (11). E.
coli K1 bacteria then translocate from the lumen of the small in-
testine or colon into the systemic circulation before entering the
central nervous system (CNS) across the blood-brain barrier at
the cerebral microvascular endothelium of the arachnoid mem-
brane (12) or the blood-cerebrospinal fluid (CSF) barrier at the
choroid plexus epithelium (13).

Many of the temporal and spatial aspects of NBM can be re-
produced in a rodent model of E. coli K1 infection initially devel-
oped by Glode et al. (14) and subsequently refined by others (15,
16). Thus, oral (15, 16, 17) or intragastric (14, 18) administration
of E. coli K1 results in stable and persistent GI colonization of
adults and neonates. E. coli K1-colonized neonatal rat pups, but

not adult animals, subsequently develop lethal systemic infection,
with E. coli K1 present in the blood circulation and brain tissue
(15, 19, 20). Persistence of bacteria in the blood is dependent on
the continued expression of the polySia capsule, as evidenced by
the inability of capsule-defective mutants to cause systemic infec-
tion (21) and by the capacity of intraperitoneally delivered cap-
sule-selective depolymerase to abrogate infection (16). Bacteria
enter the CSF compartment of infected rat pups predominantly at
the choroid plexus and penetrate superficial brain tissue (19),
where they induce inflammation via proinflammatory cytokine-
induced pathways involving interleukin-1� (IL-1�), IL-6, and tu-
mor necrosis factor � (TNF-�) (20).

The experimental rodent model of infection has yielded fresh
insights into the transit of the E. coli K1 neuropathogen from the
blood circulation into the CNS; in particular, the age dependency
of experimental NBM in rodents is striking, with clear evidence of
systemic infection at 2 days of age. We now employ this model to
shed light on the mechanism of bacterial translocation from the
GI tract to the blood compartment. As it is unlikely that conven-
tional prophylactic measures such as vaccination can be readily
implemented to prevent infection in the at-risk neonatal cohort—
the poor immunogenicity of polySia, the relative unresponsive-
ness of the neonatal immune system, lack of IgA-mediated pro-
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tection of mucosal surfaces, and the age profile of the target
patient population mitigate against the successful development of
vaccination as a preventative strategy for the control of E. coli
NBM (22, 23)—a more detailed understanding of the early stages
of NBM will underpin alternative approaches to the prevention of
E. coli K1 systemic neonatal infection, such as bacteriophage-me-
diated selective elimination of the E. coli K1 bacterial cohort from
maternal or neonatal reservoirs, and forms the basis of the study
reported here.

The preterm rodent GI tract is sterile but becomes colonized
immediately after birth (24). Little is known of the dynamics of
colonization of the rat GI tract by maternally derived microbes,
but any lag in the development of a mature microbiota may allow
colonizing E. coli K1 to achieve sufficient density in the colon or
small intestine to permit entry into the blood circulation during
the first few days of life. K1 bacteria transit to the blood from the
GI tract via the mesenteric lymph nodes, and there is compelling
evidence that they do so with a very low frequency (15). In the
study reported here, we found no evidence that the development
of a mature microbiota in neonatal rat pups influenced the size or
location within the GI tract of the colonizing E. coli K1 population,
and it is unlikely to be responsible for the strong age dependency
of experimental NBM in rodents. There were, however, differ-
ences in the appearance of the GI tract between susceptible and
nonsusceptible animals; tissues of younger, susceptible pups con-
tained fewer goblet cells, and the intestinal mucus layer was less
developed in comparison to those of older, resistant animals. We
also identified major differences in the capacity of susceptible and
nonsusceptible neonatal pups to respond to GI tract colonization
by E. coli K1, potentially enabling a closer association of E. coli K1
with the epithelial surface in susceptible compared to nonsuscep-
tible pups. Furthermore, susceptible rat pups, in contrast to non-
susceptible animals, were unable to respond to E. coli K1 coloni-
zation by increasing the concentrations of the defensin peptides
Defa-rs1 and Defa24 in the lumen of the small intestine. These
changes were not evident following GI tract colonization by non-
pathogenic E. coli K-12. We propose a model based on these
observations to account for the strong age dependency of E. coli
K1 NBM.

MATERIALS AND METHODS
Bacterial strains and bacterial colonization of neonatal rat pups. E. coli
O18:K1 strain A192PP was derived from E. coli A192, an isolate from a
patient with septicemia (25), by serial passage through neonatal rat pups
as described previously (16, 19); the passaged strain was significantly more
virulent for rat pups than E. coli A192 (17). E. coli K-12 was obtained from
the Coli Genetic Stock Center, Yale University as CGSC5073 (K-12 wild
type). Wistar rat litters (9 to 14 individuals), obtained from Harlan UK,
were retained in a single cage with their natural mothers after birth. For GI
tract colonization, all members of a litter were fed 20 �l of mid-exponen-
tial-phase Mueller-Hinton (MH) broth culture of E. coli K1 (2 � 106 to
6 � 106 CFU, warmed to 37°C) from an Eppendorf micropipette. Colo-
nization was determined by MacConkey agar culture of perianal swabs as
described earlier (16). Bacteremia was detected by culture on MacConkey
agar of daily blood samples taken from superficial veins in the footpad.
Animal experiments were approved by the Ethical Committee of the UCL
School of Pharmacy and the UK Home Office (HO) and were conducted
under HO Project license PPL 80/2243.

Processing of animal material. Stools were collected from adult ani-
mals, and neonates were killed by decapitation; postmortem, the neonatal
GI tract, from stomach to colon, was excised aseptically. For E. coli K1
enumeration and DNA extraction, samples were transferred to 2 ml ice-

cold phosphate-buffered saline (PBS) and homogenized. For enumera-
tion, the homogenate was serially diluted in PBS and plated onto
MacConkey agar. Coliform colonies were restreaked and assayed for sen-
sitivity to the K1-specific lytic phage K1E (26). DNA was extracted from
homogenates using the QIAamp stool DNA minikit (Qiagen). For RNA
extraction, tissues were transferred to RNAlater (Ambion) and stored
overnight at 4°C. RNA was then extracted using the RNeasy Midi kit
(Qiagen). Nucleic acid extractions were quantified and assessed for purity
using a NanoDrop 1000 spectrophotometer (Thermo Scientific) and na-
tive DNA/RNA agarose gel electrophoresis. For protein extraction, tissues
were homogenized in 2 ml tissue lysis buffer containing 1% (vol/vol)
NP-40, 1% (vol/vol) Tween 20, and Tris-EDTA (10 mM Tris-HCl, 1 mM
EDTA [pH 7.4]) in PBS supplemented with 1� Complete mini-EDTA-
free protease inhibitor cocktail (Roche). Protein extracts were quantified
using Bio-Rad protein assay reagent in a cuvette format. All homogeniza-
tions were performed on ice using an Ultra-Turrax T-10 homogenizer
(IKA Werke); extracts were stored at �80°C prior to analysis.

GI microbiota profiles. Analysis of the composition of complex mi-
crobial communities has been facilitated by an expanding database of
small subunit (SSU) rRNA gene sequences. Palmer et al. (11, 27) designed
a microarray-based platform incorporating probes which target the more
variable SSU rRNA gene regions; the customized microarray (Agilent
Technologies) used in the present study consisted of 10,266 unique oligo-
nucleotide sequences covering 1,590 bacterial and 39 archeal species as
well as 649 higher-order taxonomic groups, which together ensure broad
coverage of known SSU rRNA gene sequences within the Prokaryotic
Multiple Sequence (prokMSA) database (http://greengenes.lbl.gov/cgi
-bin/nph-index.cgi). The platform can be used to quantify different SSU
rRNA gene populations from mixed samples using standard microarray
technology. DNA was extracted from three stool samples for each adult
and three GI tissue samples per litter for each neonatal age group exam-
ined using the QIAamp stool DNA minikit. The SSU rRNA gene was
amplified from 1 �g extracted DNA using the GoTaq Green PCR kit
(Promega) and the broad-range bacterium-specific primers Bact-8F and
T7-1391R described by Palmer et al. (11). Amplified DNA was quantified
using a NanoDrop 1000 spectrophotometer, and the products were con-
firmed by agarose gel electrophoresis. A reference pool was constructed
from an equimolar mixture of all samples for use as a template for in vitro
transcription. Reference pool amplicons were labeled with Cy3, and test
samples comprising amplified DNA from animals in individual age
groups were labeled with Cy5 using the genomic DNA (gDNA) labeling
kit Plus (Agilent Technologies); combined Cy3/5-labeled samples were
purified using MinElute columns (Qiagen). For hybridization, 4.5 �l
blocking agent and 22.5 �l hybridization buffer from the Hyb kit (Agilent
Technologies) were added to 18 �l of eluted DNA. After 3 min at 95°C and
30 min at 37°C, the 45-�l sample was loaded into a hybridization chamber
(Agilent Technologies), and the arrays were hybridized at 65°C in a rotat-
ing oven for 24 h. Slides were washed in Oligo aCGH wash buffers (Agilent
Technologies) according to the manufacturer’s instructions. Microarrays
were scanned using an Agilent high-resolution C scanner at a 5-�m res-
olution with the extended dynamic range settings at 100 and 10. Microar-
ray images were processed using feature extraction software v9.5.1.1 (Agi-
lent Technologies) utilizing linear normalization and rank-consistent
probe dye normalization methods. Data were processed using Gene-
Spring GX v7.3.1 (Agilent Technologies) to combine data from replicate
spots and multiple node/species reporters. Test samples were normalized
to adult control samples to give an estimate of relative abundance.

Histology and immunohistochemistry. Segments of proximal, mid-,
and distal small intestine were removed from P2 and P9 pups without
washing; segments of whole colon were removed from P2 animals, and the
colons from P9 pups were divided into proximal and distal portions, again
without washing. Tissues were placed in methanol-Carnoy’s fixative and
maintained at room temperature for at least 3 h. Paraffin-embedded sec-
tions were dewaxed and hydrated; mucin was visualized using anti-
MUC2C3 antiserum with Alexa 546-conjugated rabbit immunoglobulins
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(Life Technologies). Immunostained sections were mounted in ProLong
antifade (Life Technologies). Images were obtained at room temperature
using a Nikon Eclipse E1000 fluorescence microscope with a Plan-Fluor
20�/0.50 differential interference contrast (DIC) M or 10�/0.30 DIC L
objective (Nikon). Images were acquired with a Nikon digital sight DS5M
camera and the Nikon Eclipse E1000 control software. Further processing
was performed with Adobe Photoshop software. All image adjustments
were performed equally for all comparably stained images.

qPCR. Quantitative PCR (qPCR) was used to amplify and quantify
DNA from the bacterial components of the GI tract microbiota; a qPCR
assay was developed to enumerate E. coli K1 in the GI tract. The bacterial
load was quantified by amplification of 16S rRNA genes essentially ac-
cording to Palmer et al. (11). Briefly, universal forward primer 8FM (0.9
�M) and Bifidobacterium longum forward primer 8FB (0.09 �M) were
used in conjunction with universal reverse primer Bact515R (0.9 �M).
The thermal cycling program comprised 95°C for 3 min followed by 40
cycles of 95°C for 20 s, 55°C for 20 s, 60°C for 35 s, 65°C for 15 s, and 72°C
for 15 s. E. coli K1 was quantified using a method validated in this study
(see the supplemental material), by amplification of the K1-specific gene
neuS (28). Forward primer neuSF3 (0.625 �M) was used in conjunction
with reverse primer neuSR3 (0.625 �M). The E. coli K1 thermal cycling
program comprised 95°C for 3 min followed by 40 cycles of 95°C for 20 s
and 61°C for 20 s. In both assays, each 20-�l reaction mixture comprised
1� Brilliant III SYBR green Ultra-Fast qPCR master mix (Agilent), the
assay-specific primers, ROX reference dye (30 nM), and 5 �l extracted
DNA. Reactions were performed using an Mx3000P instrument (Strat-
agene), and fluorescence data for SYBR1 and ROX were acquired at the
annealing step of each cycle. Tenfold serial dilutions of triplicate genomic
DNA extractions from known quantities of E. coli strains A192PP (for the
E. coli K1 assay) and CGSC5073 (for assay of total bacteria) were used to
generate standard curves for each qPCR plate. The abundance of neuS or
16S rRNA genes was calculated based on these standard curves using
Mx3000P v2.0 software (Stratagene) to normalize SYBR1 to ROX fluores-
cence and to determine cycle threshold values using adaptive baseline and
amplification-based threshold algorithm enhancements. qPCR plates
were run in duplicate and contained duplicate standard, sample, and no-
template control reaction mixtures.

Semiquantitative RT-PCR. cDNA was amplified from RNA extracts
by one-step reverse transcriptase (RT)-PCR and amplicons resolved by
agarose gel electrophoresis. RT-PCRs were prepared in a class II biological
safety cabinet to reduce the risk of contamination. RNA (50 ng) was mixed
with Brilliant II RT-PCR master mix (Agilent), gene-specific forward and
reverse primer pairs (0.5 �M each), and AffinityScript RT-RNase block
enzyme mixture (Agilent) to a final reaction volume of 25 �l. Control
reaction mixtures without RNA template or RT-RNase block enzyme
were also prepared. RT-PCR was performed using a thermocycling pro-
gram of 30 min at 50°C and 10 min at 95°C followed by 35 cycles of 30s at
95°C, 1 min at 60°C, and 30 s at 72°C. Reaction mixtures were mixed with
5 �l of 6� gel loading buffer (0.05% [wt/vol] bromophenol blue, 40%,
[wt/vol] sucrose, 0.1 M [pH 8] EDTA, 0.5% [wt/vol] SDS) and resolved by
agarose gel electrophoresis. Gels were visualized using a Molecular Imager
FX system (Bio-Rad) set to detect UV fluorescence.

Gene expression analysis. RNA was extracted from GI tissues using
the Qiagen RNeasy animal tissue Midi kit (Qiagen). RNA integrity and
concentration were determined with a NanoDrop 1000 spectrophotom-
eter (Thermo Scientific). Labeled cDNA was hybridized to Affymetrix
GeneChip rat genome 230 2.0 arrays. The arrays comprised over 31,000
probe sets representing variants from greater than 28,000 rat genes; there
are 11 probe sets represented for each coding sequence. GeneChip expres-
sion analysis was performed using samples extracted from uninfected rat
pups of age comparable to that of the reference control. Labeled cDNA
synthesis, fragmentation, hybridization, washing, and scanning of rat ge-
nome arrays were performed according to the Affymetrix GeneChip ex-
pression analysis technical manual (702232; revision 2). Hybridizations
were incubated for 16 h at 45°C. GeneChips were scanned using Af-

fymetrix Gene Array Scanner 3000. Hybridization data were analyzed on
GeneChip Operating Software (GCOS v1.4). DAT, CEL, and CHP files
were removed using the Data Transfer Tool (v1.1.1); CEL files were im-
ported into the third-party data analysis software GeneSpring v7.3 (Agi-
lent Technologies). GC robust multiarray averaging (GC-RMA) normal-
ization was performed on all data generated using a chip from a
comparable uninfected rat pup as the reference.

Competitive ELISA for Tff2. For the enzyme-linked immunosorbent
assay (ELISA) for Tff2, goat polyclonal anti-Tff2 primary antibody (sc-
23558; Santa Cruz Biotechnology) was biotinylated, diluted 1:1,000 in
blocking buffer (1%, [wt/vol] casein in Tris-buffered saline), and dis-
pensed in 100-�l aliquots, and 10 �g of tissue protein extract was added.
Serial 2-fold dilutions of a 15-ng/ml PBS solution of recombinant human
Tff2 (rhTff2; Sigma-Aldrich) were prepared, and 100 �l of each dilution
was added to individual tubes to give a standard range of 1,500 to 23.4 pg
rhTff2. Control tubes containing only anti-Tff2 antibody were also pre-
pared. Standard-antibody, sample-antibody, and control tubes were in-
cubated with rotation for 6 h at 20°C. Separately, aliquots (0.1 �g in 100 �l
bicarbonate-carbonate buffer [pH 9.6]) of rhTff2 were transferred to each
well of 96-well Maxisorp Immunoplates (Nunc) and incubated with ro-
tation at 20°C for 2 h, the buffer was aspirated, and the wells were washed
twice with 0.05% (vol/vol) Tween 20 in PBS. Wells were blocked with 350
�l of blocking buffer and incubated for 2 h, the buffer was aspirated, and
the wells were washed twice.

Standard-antibody, sample-antibody, and control solutions were ap-
plied to individual wells, and the plates were incubated for 16 h at 20°C.
Antibody solutions were aspirated, and the wells were washed four times.
Horseradish peroxidase (HRP)-streptavidin conjugate (0.5 �g in 100 �l
PBS; Vector Laboratories) was applied to each well, the plates were incu-
bated for 1 h, supernatants were removed, and the wells were washed four
times. The plates were developed by addition of 100 �l of 3,3=,5,5=-tetram-
ethylbenzidine liquid substrate and incubated in the dark for 15 to 30 min.
Color development was terminated by the addition of 100 �l 0.4 M sul-
furic acid. The optical density at 450 nm (OD450) was measured using a
SPECTROstar Omega plate reader (BMG Labtech), and Tff2 was quanti-
fied by comparison to standard curves obtained by plotting the OD450

values against the amount of rhTff2 incubated with anti-Tff2 IgG. All
standard, sample, and control wells were run in triplicate on each plate,
and each plate was duplicated.

Serum cytokine assays. Serum was obtained by centrifugation
(1,500 � g, 10 min) of blood collected from culled neonatal rats. Levels of
IL-1� and IL-6 were determined by sandwich ELISAs, utilizing, respec-
tively, rabbit or goat polyclonal cytokine-specific capture and biotinylated
detection antibodies and recombinant rat cytokine standards from an
appropriate ELISA development kit (Peprotech). Reactions were devel-
oped by incubation with streptavidin-HRP conjugate (Vector Laborato-
ries) for 30 min followed by incubation with 3,3=,5,5=-tetramethylbenzi-
dine. Reactions were terminated after 15 min by addition of 0.5 M H2SO4,
and A450 was measured using a SPECTROstar plate reader (BMG
Labtech). All assays were performed in triplicate in 96-well MaxiSorp
immunoplates (Nunc).

Extraction of tissue cell nuclear proteins. Prior to extraction of nu-
clear proteins, single-cell suspensions were obtained from whole tissue
samples. Tissues were washed in 2 ml ice-cold PBS and then transferred to
4.7 ml HEPES buffer (10 mM HEPES, 150 mM NaCl, 5 mM KCl, 1 mM
MgCl2, 1 mM CaCl2) supplemented with collagenase (2 mg/ml) and
DNase I (80 U/ml). Samples were homogenized for 10 s on ice, incubated
at 37°C for 30 min, and homogenized for 10 s. Homogenates were filtered
(100-�m cell strainer; BD Falcon), and tissue cells were recovered by
centrifugation (500 � g, 10 min). Cell pellets were suspended in 5 ml
nuclear extraction buffer (0.32 M sucrose, 10 mM Tris-HCl, 3 mM CaCl2,
2 mM MgOAc, 0.1 mM EDTA, 1 mM dithiothreitol [DTT]) supple-
mented with 0.5% (vol/vol) NP-40 to lyse the plasma membrane, fol-
lowed by centrifugation (500 � g, 5 min) to obtain nuclei. After aspiration
of the cytoplasmic protein fraction, nuclei were washed twice in nuclear
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extraction buffer and recovered by centrifugation (500 � g, 5 min). Nuclei
were suspended in 1.5 ml low-salt buffer (20 mM HEPES, 1.5 mM MgCl2,
20 mM KCl, 0.2 mM EDTA, 25% [vol/vol] glycerol, 0.5 mM DTT) and
lysed by the gradual addition of an equal volume of high-salt buffer (20
mM HEPES, 1.5 mM MgCl2, 800 mM KCl, 0.2 mM EDTA, 25% [vol/vol]
glycerol, 0.5 mM DTT, 1% [vol/vol] NP-40). Samples were incubated for
45 min at 4°C on a rotator and then centrifuged (14,000 � g, 15 min). The
nuclear protein fraction was aspirated and stored at �80°C prior to anal-
ysis. All nuclear protein extraction buffers were supplemented with 1�
Complete mini-EDTA-free protease inhibitor cocktail (Roche).

NF-�B electrophoretic mobility shift assay. A fluorophore-labeled
double-stranded oligonucleotide probe containing the NF-�B consensus
binding site was prepared by annealing equimolar volumes of 5=-Cy5-
conjugated sense and antisense single-stranded oligonucleotides at room
temperature for 10 min. Binding reaction mixtures were prepared from 1
�l poly(dIdC) (1 mg/ml), 3 �l 5� binding buffer (50 mM Tris-HCl, 750
mM KCl, 2.5 mM EDTA, 0.5% [vol/vol] Triton X-100, 62.5% [vol/vol]
glycerol, 1 mM DTT), 5 �g nuclear protein extract, 1 �l labeled probe (10
ng/�l), and double-distilled water (ddH2O) in a total volume of 15 �l.
Reaction mixtures were incubated at room temperature for 30 min prior
to electrophoresis on 5% (vol/vol) polyacrylamide gels. Cy5 fluorescence
was detected using a Molecular Imager FX scanner (Bio-Rad).

RESULTS
Translocation of E. coli K1 to the blood compartment and ca-
pacity to cause lethal infection are dependent on the age of the
colonized host. The septicemia isolate E. coli A192 efficiently col-
onized the GI tract of neonatal rat pups (frequency of 100%), but
only 23% (17) to 35% (15) of colonized pups progressed to the
bacteremic state. We therefore enhanced the capacity of the A192
strain to translocate to the blood compartment by two rounds of
serial passage in neonatal rats. Bacteria recovered from the blood

following passage produced bacteremia at higher frequency
(100% of colonized pups); one colony from the blood culture was
propagated for further experimentation and designated strain
A192PP. Feeding of E. coli A192PP to 2-day-old (P2) pups resulted
in 100% colonization of the GI tract within 24 to 48 h; 48 h after
dosing, E. coli K1 began to appear in the bloodstream, and by day
7 all animals had succumbed to a lethal bacteremia (Fig. 1A). P5
pups were less susceptible to infection, with, typically, around
50% of animals displaying bacteremia following GI tract coloni-
zation rates of 100%. P9 animals were efficiently colonized by
A192PP but were refractory to bacteremia and lethal infection
(Fig. 1A). Patterns of colonization and infection were highly re-
producible in Wistar rat pup litters. For practical reasons, fecal
material could only be sampled from the perianal area, and the
colonization lag displayed in Fig. 1A is likely to be due to increas-
ing contamination of this anatomical region (engendering an in-
creasingly large coliform population) over the first week of life.
There was an age-dependent decrease in susceptibility to lethal
infection over the period from P2 to P9 (Fig. 1B); pups began to
acquire resistance from day 3 and were completely resistant by day
9. Reductions in susceptibility to infection following colonization
will be accompanied by structural, physiological, and microbio-
logical changes of GI tract tissues (29, 30), and we therefore un-
dertook parallel histological and immunohistochemical investiga-
tions of GI tissue in order to ensure that processes that affect
susceptibility to infection can be correlated with the dynamic pro-
cess of postnatal development of the rat intestine. Over the P2-
to-P9 period, the length of the digestive system (stomach to colon)
increased in an incremental fashion from a mean of 25.6 cm at P2
to 47.6 cm at P9 and was characterized by rapid postnatal physi-

FIG 1 Age-dependent susceptibility of the neonatal rat to systemic E. coli K1 infection. (A) GI tract colonization, bacteremia, and accumulated deaths of neonatal
rat pups fed E. coli A192PP two (P2), five (P5), and nine (P9) days after birth. All pups in a litter received the oral dose on day 0. Colonies expressing the K1 capsule
were detected using K1-specific bacteriophage from perianal swab cultures and from blood samples. The data shown are from representative experiments
involving single litters of 9 to 14 pups. (B) Survival of P2-to-P9 rat pups fed E. coli A192PP. Two litters (12 pups per litter) of 2- to 9-day-old pups were used for
each time point, and the animals were monitored for a period of 1 week following oral dosing of bacterial cultures; n � 24. Values are means � standard
deviations (SD). (C) Gross morphological appearance of GI tract tissue (stomach to colon) from P2-to-P9 rat pups.
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ological and anatomical development due to expansion of the
small intestine and increased differentiation of the cecum (Fig.
1C). As is evident from Alcian blue–periodic acid-Schiff stain
(PAS)-stained sections of intestinal tissue from pups over the P2-
to-P9 period (Fig. 2), organ maturation was accompanied by in-
creases in the thickness of the submucosal layer and the number of
mucin-containing cells. In accord with others (31), we found no
histological evidence for any lack of structural integrity during the
early phases of neonatal development. No discernible histological
changes occurred 24 h and 48 h after colonization of P2 and P9
pups with A192PP.

Systemic infection is unrelated to either the size of the colo-
nizing E. coli K1 cohort or the composition of the GI tract mi-
crobiota. Translocation of E. coli K1 from the neonatal rat GI tract
to the blood occurs via the mesenteric lymph nodes, and each
bacterial cell has a low probability of overcoming the mechanical
and immunological barriers to gain access to the blood compart-
ment (15), even though neonatal intestinal mucosal barriers may
be incompletely developed at birth (32). As selective elimination
of the resident GI tract microbiota may facilitate the translocation
of bacteria to systemic organs and tissues (33) and as E. coli K1
replicates in the neonatal rat intestine concomitant with translo-
cation to the blood (15), we hypothesized that K1 intestinal colo-
nization prior to the acquisition of a fully developed microbiota
would permit sufficient replication of the neuropathogen to en-
able translocation to take place. We therefore determined the
qualitative and quantitative bacterial composition of GI tract tis-
sues from P2, P5, and P9 animals using qPCR of conserved 16S
small subunit (SSU) rRNA genes and a customized SSU rRNA
gene microarray designed to detect most currently recognized
species and taxonomic groups of bacteria; we also quantified E.
coli K1 from GI tract whole-tissue homogenates using qPCR of the
K1-specific neuS gene.

There was a high degree of similarity, both quantitatively and
qualitatively, between the GI tract microbiota of rat litters (Fig. 3;
see Fig. S1 in the supplemental material); by P2, uninfected pups
had acquired large numbers of resident bacteria and the numbers,
expressed as CFU/g tissue, did not increase significantly over the
period from P2 to P9 (Fig. 3A). Even at P2, the range of phyla
representative of mammalian GI tract bacterial populations (34,
35) was generally present with an abundance comparable to that

found in adult feces, although Bacteriodetes comprised a smaller
proportion of the GI tract microbiota in P2-to-P9 rats compared
to adult feces (Fig. 3B). The Firmicutes/Actinobacteria and Proteo-
bacteria dominated bacterial populations over the period from P2
to P9, and there were no significant (P � 0.57) differences in the
abundance of these phyla in samples from these pups. In accord
with observations in human infants (11), Bacteriodetes comprised
a smaller proportion of the GI tract microbiota in P2-to-P9 rats
compared to adult feces (Fig. 3B) as a result of underrepresenta-
tion of Bacteroides (see Fig. S1C). There were no significant differ-
ences between P2, P5, and P9 pups with regard to the three dom-
inant phyla (see Fig. S1A to C). At the species level within these
phyla, there were significant differences between pups of the three
age groups for only eight species, and these are described in Fig.
S1D. Less abundant phyla included Acidobacteria, Nitrospina, and
Fusobacteria. It is noteworthy that members of the Acidobacteria, a
recently established (36) phylum of metabolically versatile bacte-
ria associated in the main with diverse environmental habitats that
encompass soil, freshwater habitats, and metal-contaminated
subsurface sediments (37, 38) and are occasionally found in gas-
trointestinal material (39, 40), were present in all GI tract samples
we examined. Similarly, the chemolithoautotrophic bacteria of
the phylum Nitrospina (Nitrospora) are generally associated with
aquatic environments (41) but were encountered in all groups of
neonatal rats. Thus, we found a high degree of comparability in
the composition of the neonatal rat gut microbiota over the period
from P2 to P9 and also good qualitative and quantitative accord
between neonatal and adult GI tract bacterial populations.

No significant differences were found in the capacity of E. coli
A192PP to colonize and persist in the P2, P5, and P9 GI tract for at
least 5 days following oral administration of a bacterial suspension
(Fig. 3C). Immediately after feeding the E. coli K1 strain to both P2
and P9 animals, a major portion of the inoculum distributed to
the lower intestine and cecum/colon over the following 48-h pe-
riod (Fig. 3D). Within 24 h, the largest E. coli K1 population was
found in cecum/colon tissue samples. Significantly larger num-
bers of E. coli K1 cells were detected in the upper GI tissues of
P2-inoculated compared to P9-inoculated neonates at all time
points sampled, but the numbers were comparable in cecum/co-
lon tissues (Fig. 3D). There was clear evidence of extensive E. coli
K1 replication in the GI tract after introduction of strain A192PP
(see Fig. S2 in the supplemental material).

GI tissue responses to E. coli A192PP colonization are nota-
bly different in P2 and P9 rat pups. In the first hours and days
following birth, there is a distinct expression pattern of innate
immune molecules by mucosal epithelia aimed at preventing in-
fection while avoiding excessive inflammatory responses to bac-
teria and their products (6). During early postnatal development,
this bias against TH1 cell-polarizing cytokine-mediated effects al-
ters following exposure to microbes, diminishing TH2 cell polar-
ization and enhancing TH1 cell polarization, and these effects are
likely to be pronounced in gut tissue due to the rapid accumula-
tion of a complex microbiota. We therefore examined the re-
sponse of P2 pups to colonization by E. coli K1 to determine if any
differences in response compared to P9 animals could shed light
on the basis of the age dependency of systemic infection. P2 and P9
pups were fed strain A192PP, GI tract tissues were removed after
12 h, and duodenum to colon samples were prepared for microar-
ray analysis. Arrays were performed by pooling equimolar
amounts of RNA extracted from three infected rat pups. Re-

FIG 2 Rapid development of GI tract tissue morphology during the early
postnatal period. Small intestinal (SI) and colonic tissues from P2 and P9
animals were fixed, sectioned, and stained with Alcian blue-PAS. The scale bar
is 100 �m.
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sponses were standardized against tissues removed at the same
time from noncolonized animals of identical age and processed in
an identical fashion.

Major differences were found in the responses of P2 and P9
pups to colonization (Fig. 4; see Tables S1 to S5 in the supplemen-
tal material); A total of 241 genes were upregulated 2-fold or more
in the P2 GI tract compared to 354 in P9 animals, but only 22
genes were common to both data sets. More genes (n � 240) were
downregulated at least 2-fold in P9 samples than in P2 samples
(n � 36), with eight genes common to both (Fig. 4A; see Table S6
in the supplemental material). With both pooled P2 and P9 tissue
arrays, up- and downregulated genes belonged to a wide range of
functional categories, with genes involved in growth, differentia-
tion, and development and cell metabolism and transcriptional
regulation strongly represented (see Table S1). In both P2 and P9
tissues, genes encoding major histocompatibility complex (MHC)
class I and class II proteins were differentially expressed. For ex-
ample, RT1-Aw2, encoding RT1 class Ib, was the most strongly
upregulated (17.7-fold) gene in P2-colonized GI tissues (see Table
S2) and RT1-A3 and RT1-Db1, encoding RT1 class I and class II
proteins, respectively, were highly downregulated in P2-colonized
tissues (see Table S3). In pups colonized at P9, the most promi-

nently upregulated (11.8-fold) gene was the MHC class II protein-
encoding RT1-Bb gene, and expression of RT1-Aw2 was also sig-
nificantly increased (see Table S4); RT1-A3 and RT1-Db1 were
also downregulated in P9 pups (see Table S5). These and other
MHC genes feature in the relatively short list of genes whose reg-
ulation was modulated by colonization in both P2 and P9 tissues,
along with genes involved in mRNA splicing, DNA damage repair,
and protein modification (see Table S6). A number of genes in-
volved in initiation of apoptosis, such as pcdc4, stk17b, casp2, and
casp3, were upregulated in P9- but not P2-colonized tissues (see
Table S4), and genes encoding antiapoptotic factors such as Tgfb2
and Hspa5 were concomitantly downregulated (see Table S5) in
P9 only. Also noteworthy was the 2.5-fold upregulation in P9 but
not P2 of DDX3X, encoding a helicase that together with TBK1 is
central to the induction of type 1 interferons in response to patho-
gens (42).

A very limited number of genes whose products are likely to be
directly linked to the susceptibility of P2 pups to postcolonization
infection were differently regulated by colonizing E. coli K1 in P2
compared to P9 pups. The genes encoding the �-defensins Defa24
and Defa-rs1 were upregulated 3.1- and 5.4-fold, respectively, in
colonized P9 but not P2 pups (see Table S4 in the supplemental

FIG 3 Comparable rates of GI tract colonization by E. coli A192PP over the P2-to-P9 neonatal period complements rapid development of the GI tract microbiota
in neonatal rats. (A) Bacterial load, determined by qPCR of conserved 16S SSU rRNA genes, of GI tract tissues and fecal content from P2, P5, and P9 rat pups.
At each time point, four animals from each of three litters were sampled. (B) Relative abundance of bacterial phyla of the GI microbiota by SSU rRNA gene
microarray. Data were normalized to adult data, as indicated by the dashed line at x � 1. Four litters were employed. Four animals were removed from each litter
at P2, P5, and P9; bacterial DNA extracted from tissue samples at each time point hybridized with DNA from the appropriate maternal fecal sample. Results from
each of four litters were combined. Probes were ranked according to average Cy5 and Cy3 fluorescence, with the highest shown at the top. (C) Temporal aspects
of E. coli K1 GI tract colonization of P2, P5, and P9 animals. K1 bacteria were quantified by qPCR of the neuS gene. DNA was extracted from GI tissues and their
contents, and a calibration curve was constructed to convert data to CFU. Two litters of neonatal rats were employed. Four animals were removed from each litter
at each time point, the GI tissue was removed and processed, and DNA representing each time point was pooled. LOD, limit of detection. (D) Colonization of
the proximal small intestine, distal small intestine, and cecum/colon over the 48-h period following feeding of E. coli A192PP to P2 and P9 pups. E. coli K1 bacteria
were quantified by qPCR with the neuS probe. Data were normalized to tissue mass following conversion to CFU. Error bars represent the standard errors of the
mean (SEM) from n � 4 animals. Significant differences, as determined by 2-tailed Mann-Whitney test: *, P 	 0.05; **, P 	 0.01; and ***, P 	 0.001.
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material). This class of bactericidal peptides, produced by Paneth
cells in the small intestine (43, 44), regulate the composition of the
intestinal bacterial microbiome (45), control intestinal barrier
penetration by commensal and pathogenic bacteria (46), and are
necessary for antibacterial defense in the neonate (47). The failure
of P2 animals to respond to E. coli K1 colonization in similar
fashion to P9 pups may enhance the capacity of this neuropatho-
gen to reach the small intestinal epithelium, as �-defensins are
thought to limit the bacterial load at the epithelial surface (48). We
therefore investigated temporal aspects of �-defensin gene expres-
sion in relation to colonization by E. coli A192PP. The most highly
downregulated gene (26.4-fold) in P2 animals was tff2, encoding
trefoil factor 2. This small peptide plays a role in GI mucosal pro-
tection, stabilizes the mucus layer, and enhances intestinal epithe-
lial repair (49). As the mucus layer continues to develop postpar-
tum in the rat (50) and the goblet cell complement of the P2 gut
appears to be low in comparison to those in P9 and adult animals
(Fig. 2), we investigated the impact of tff2 downregulation on the
development of the mucus layer between P2 and P9.

Microarray data were validated by qRT-PCR analysis of 11
differentially regulated genes from the P2 (RT1-Aw2, Btg2, Cald1,
tff2, and Ins2) and P9 (defa-rs1, Pdcd4, Clic4, Cav, Afp, and Amy2)
data sets. A highly significant (P 	 0.0001) Pearson correlation
was obtained when microarray and qRT-PCR data were com-
pared.

GI tract colonization by E. coli A192PP modulates defa24
and defa-rs1 expression over the P2-to-P9 period of neonatal
development. No information is available regarding temporal as-
pects of �-defensin gene expression in the rat over the neonatal
period. In order to provide context for the modulation of defa-rs1
and defa24 by colonizing E. coli K1, we determined the expression
of these genes in duodenum to colon GI tract tissues from non-
colonized pups over the P1-to-P11 postpartum period. The level
of expression of both genes progressively increased over this pe-
riod, peaking at P10; over the 11 days, defa-rs1 expression in-
creased 
12-fold and defa24 expression decreased 
4-fold (Fig.
4G). To determine the effects of colonization on these background
levels of gene expression, P2 and P9 pups were fed E. coli A192PP

FIG 4 P2 and P9 host responses to E. coli K1 intestinal colonization. (A) P2 and P9 intestinal tissues show differential transcriptomic responses to E. coli K1
colonization, as demonstrated by comparison of microarray analyses of RNA extracted from colonized and noncolonized P2 and P9 tissues 12 h postinoculation
with E. coli K1 or broth. n � 4. (B) Expression of tff2, defa24, defa-rs1, and the reference gene rps23 was analyzed by semiquantitative RT-PCR followed by
resolution of pooled cDNA amplicons on agarose gels and by qRT-PCR analysis (C, D, and E) of RNA extracted from GI tract tissues from colonized and
noncolonized P2 and P9 animals 6, 12, 24, and 48 h postinoculation with E. coli K1 or broth. Data from colonized animals were normalized to data from an equal
number of noncolonized (broth-fed) animals. Tff2 protein was quantified by competitive ELISA of protein extractions from colonized and noncolonized animals
(F). The normal developmental expression of tff2, defa24, and defa-rs1 over the period from P1 to P11 was examined by normalizing qRT-PCR data from
noncolonized animals to data obtained from RNA extracted from noncolonized P1 neonatal intestinal tissues (G). Error bars for all figures represent the SEM of
results from either n � 12 (C, D, and E) or n � 6 (F) animals. Statistically significant differences, as determined by 2-tailed t test, between colonized and
noncolonized animals are indicated: *, P 	 0.05; **, P 	 0.01; ***, P 	 0.001.

Birchenough et al.

3270 iai.asm.org Infection and Immunity

http://iai.asm.org


and gene expression was compared to that of same-age noncolo-
nized animals 6, 12, 24, and 48 h postcolonization by semiquan-
titative PCR (Fig. 4B). The data suggested that, in P2 animals, the
expression of both genes increased 24 to 48 h after E. coli K1
dosing; in P9 pups, the increases in defa24 expression peaked 24 h
after dosing, whereas defa-rs1 expression continued to increase
over the 48-h period in comparison to the level in animals fed
broth rather than bacteria. As the levels of defa24 and defa-rs1
continue to rise in control pups over this period, providing a
changing background upon which to assess the degree of gene
modulation resulting from colonization, we quantified levels of
gene expression for both genes by qPCR and normalized the data
against the normal developmental levels (Fig. 4G).

Expression of defa24 in P2 gut tissues was similar to back-
ground levels following E. coli K1 colonization. In contrast, defa24
expression in the P9 gut was significantly increased up to 12 h
postcolonization but returned to levels comparable to those found
in the control group within 24 to 48 h (Fig. 4D). Levels of defa-rs1
expression in colonized P2 pups remained comparable to those
found in control animals over the 48-h period, whereas expression
was increased at all time points in colonized P9 pups; differences
in defa-rs1 expression between P2 and P9 animals were significant
at all time points over this period (Fig. 4E). We conclude that P2
pups, in contrast to P9 rats, are unable to respond to E. coli
A192PP colonization by upregulation of expression of �-defensin
peptide genes.

Suppression of Tff2 in the P2 GI tract by E. coli K1 coloniza-
tion. We established that tff2 expression in non-E. coli K1-colo-
nized pups increased incrementally from P1 up to P9 but substan-
tially declined over P9 to P11 (Fig. 4G). Semiquantitative PCR
indicated that tff2 expression was downregulated over the 48-h
postcolonization period in P2 but not P9 pups (Fig. 4B); qPCR
confirmed that whereas GI tissue levels of tff2 in P9-colonized
pups did not differ significantly over this period from the normal
developmental levels shown in Fig. 4G, tff2 levels were markedly
reduced by colonization at P2 (Fig. 4C). Suppression of gene ex-
pression in P2 tissues was evident at 24 to 48 h; the degree of
downregulation compared to expression in P9 pups was highly
significant and was tightly correlated with the reduced levels of
Tff2 protein found in P2 and P9 tissue homogenates (Fig. 4F).

Transcription of tff genes is repressed by IL-1� and IL-6 (51);
cell stimulation by these proinflammatory cytokines leads to re-
lease of NF-�B and C/EBP� from resting-state complexes in the
cytoplasm and their translocation to the nucleus (52), where they
inhibit transcription of trefoil factor genes. We therefore assessed
the systemic levels of these cytokines by cytokine-specific ELISA of
serum samples obtained from P2 and P9 neonates colonized with
E. coli K1 and compared these to the levels in noncolonized ani-
mals. A 2- to 3-fold elevation in systemic IL-1� from levels found
in noncolonized controls was observed 6 to 24 h after feeding E.
coli K1 in P2-colonized but not in P9-colonized neonates (see Fig.
S2A in the supplemental material). No IL-6 was detected in either
colonized or noncolonized P2 neonates; although IL-6 was de-
tected in both colonized and noncolonized P9 cohorts, no signif-
icant differences were observed between the experimental groups
(see Fig. S2B). In order to provide evidence for the role of NF-�B
in tff2 transcriptional repression, we assessed the extent of NF-�B
localization to intestinal cell nuclei by electrophoretic mobility
shift assay using a Cy5-labeled double-stranded DNA (dsDNA)
probe containing the NF-�B consensus binding motif incubated
with nuclear protein extracts obtained from intestinal tissues of
neonates colonized with E. coli K1 and broth-fed, noncolonized
animals (see Fig. S2C). Although a degree of band-shift was ob-
served in all samples, the intensity of the shifted band was greater
in colonized compared to noncolonized P2 animals. A control
assay utilizing nonlabeled wild-type and mutant dsDNA compet-
itors yielded reduced band shift in the wild-type but not the mu-
tant competition reactions, indicating that the band shift was spe-
cific for the NF-�B binding motif sequence. These results suggest
that E. coli K1 intestinal colonization provokes a significant in-
crease in the release of IL-1� in P2-colonized pups, leading to
increased nuclear localization of NF-�B.

The observation that P2 pups possess fewer goblet cells than P9
rats (Fig. 2) is reflected in less small intestine-associated mucin
and a thinner Muc2-immunostaining layer in the colon compared
to the case in infection-resistant P9 neonates (Fig. 5). Less mucin
was evident 48 h after oral feeding of E. coli K1 (Fig. 5C) compared
to the level in broth-fed pups (Fig. 5B), although much of this can
be accounted for by a large decrease in Muc2 stored in colonic
goblet cells, presumably expelled into the gut lumen in response to

FIG 5 E. coli K1 colonization of P2 pups results in depletion of Muc2 mucin from colonic epithelial cells. Anti-Muc2 immunostaining of sections of colonic
tissues from P2 (A to C) and P9 (D to F) neonatal rats. Tissues were obtained at P2 (A) or P9 (D) and at 48 h after feeding neonates a control dose (B and E) or
E. coli A192PP (C and F). The epithelial surface (green dashed lines), lumen (L), and stratified mucus layer (white dashed lines with diamonds) are indicated
where appropriate. The scale bars are 100 �m.
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E. coli K1 colonization. At P4, animals are relatively susceptible to
E. coli K1 infection (Fig. 1B), so the colonic mucin content of
animals sham fed at P2 and culled at P4 (Fig. 5B) may not be
sufficient to afford protection against systemic infection.

DISCUSSION

The data presented here and by other workers (14, 17) provide
compelling evidence that the capacity of E. coli K1 to translocate
from the GI tract to the bloodstream constitutes the basis of sus-
ceptibility to systemic infection in the neonatal rat model. It is
generally accepted that the gut microbiota confers colonization
resistance, prohibiting both potentially harmful (53, 54) and po-
tentially beneficial (55) microbes from establishing a foothold in
the GI tract. This protective role is complemented by the capacity
of members of the microbiota to modulate the virulence of some
opportunistic pathogens (56, 57). We therefore hypothesized that
the gut microbiota of susceptible P2 pups was likely to be less well
developed than that of resistant P9 rats and would permit coloniz-
ing E. coli K1 cells to reach sufficient numbers in the GI tract to
allow transit to the blood; colonial expansion would be denied to
E. coli K1 in the P9 GI tract.

In broad terms, this hypothesis is not supported by our data.
Although the intestinal microbiota of P2, P5, and P9 pups were
quantitatively and qualitatively different from the adult microbi-
ota, they were remarkably similar to each other. Even 2 days post-
partum, a highly complex bacterial consortium had developed in
the GI tract that was barely distinguishable from that found in P9
animals. However, the methods used in this investigation do not
take into account spatial aspects of the distribution of the micro-
bial population. The individual GI compartments have distinct
biochemical and physical properties and represent diverse ecolog-
ical niches. Accordingly, the gastric, small intestinal, and colonic
compartments play host to a partially distinct subset of the GI
microbiota (58, 59, 60), and it is possible that significant changes
to the microbiota of these regions occur over the period from P2 to
P9 in a way that could influence susceptibility to infection.

The microbiota appeared to exert little influence on the capac-
ity of E. coli A192PP to stably colonize the GI tract of P2-to-P9
pups, notwithstanding that the strain was selected for this study
on the basis of its systemic virulence following GI tract coloniza-
tion. No differences in the E. coli K1 burden after colonization at
P2, P5, or P9 could be demonstrated after 120 h, and the temporal
development of the K1 population was very similar in these age
groups. We did, however, note some significant differences in the
temporal and spatial distributions of E. coli A192PP along the GI
tract that almost certainly relate to differences in innate compe-
tence between P2 and P9 pups, lending support to the contention
that the bacteria are more likely to translocate from the small
intestine than the colon. The stabilization of the E. coli K1 intesti-
nal load 24 h after colonization indicates that there may be an
upper limit to the size or growth capacity of the bacterium in the
neonatal intestine. The population climaxed immediately prior to
the bacterial translocation window, suggesting that a critical E. coli
K1 population density must be reached before translocation to the
blood compartment can occur.

The intestinal tissues are subject to significant postpartum de-
velopment in response to exposure to the extrauterine environ-
ment and the initiation of enteral feeding. Changes include the
proliferation of two secretory epithelial cell lineages which play a
key role in maintaining intestinal barrier function in the small

intestinal and colonic compartments. The colonic goblet cell pop-
ulation continues to expand postpartum and is accompanied by
increased production of Muc2 and trefoil peptides (61, 62). The
small intestinal Paneth cell population also proliferates rapidly in
the postnatal period (63), as does their secretion of antimicrobial
peptides (64). The proteins secreted by these cells are vital for
maintaining the microbiota away from the enteric epithelial sur-
face (65, 66). The fact that they are developmentally regulated
indicates that the intestinal barrier function in younger neonates
is immature and partly informed our view that the development of
the neonatal intestine over the P2-to-P9 period modulates suscep-
tibility to E. coli K1 systemic infection.

The neonatal intestinal tract grew substantially over the P2-
to-P9 period and was accompanied by a significant degree of de-
velopmental gene regulation. Based on our observations and the
current state of knowledge regarding the developmental regula-
tion of Paneth (40) and goblet cells (67), we propose a model to
account for the development of innate defense barriers in the neo-
natal rat intestine over the P2-to-P9 period (Fig. 6). Thus, at P2 the
ileum secretes lower quantities of �-defensins and the colon lower
quantities of Muc2 and trefoil factor than at P9, resulting in an
underdeveloped stratified inner mucus layer in comparison to
that in P9 pups which permits closer association between the in-
testinal microbiota (which inhabit the outer mucus layer) and the
intestinal epithelium. The comparative lack of �-defensin expres-
sion in P2 tissues indicates that the antimicrobial peptide-depen-
dent barrier function of the small intestine is weaker at P2 than at
P9 and is likely to be a factor that determines the differences in E.
coli A192PP numbers along the GI tract. In future work, we will
examine the possibility that defects in �-defensin-mediated bar-
rier function allow K1 colonizers to penetrate enterocytes in P2
pups. The development of the colonic mucus barrier may be re-
lated to the transient increase in Tff2 expression from P2 to P9.
Expression of Tff3 in the rat colon does not start to increase to-
ward adult levels until P12 to P17 (58, 68); given the apparent role
of Tff3 as a structural component of the colonic mucus barrier
(69), this pattern of developmental expression seems unusual.
Tff2 may play a similar role to Tff3 in the early neonatal intestine,
stabilizing the developing colonic mucus barrier prior to the de-
velopmental increase in Tff3 expression, or it may be localized to
the small intestine rather than the colon.

The transcriptional responses of P2 and P9 intestinal tissues to
colonization by E. coli K1 were highly divergent. Several genes
encoding products involved in host defense were differentially
expressed, including developmentally regulated �-defensins and
Tff2. There were comparatively few differentially expressed genes
shared between colonized P2 and P9 neonates, indicating that the
intestinal tissue of the refractive neonate responds very differently
from that of the susceptible neonate and may in part determine
susceptibility to systemic infection. Suppression of Tff2 with con-
comitant loss of Muc2 in P2-colonized tissues may allow E. coli K1
to gain access to the intestinal epithelium. Conversely, the upregu-
lation of �-defensins by P9-colonized tissues may prevent this
interaction. Thus, we propose (Fig. 6) the following. In P2 ani-
mals, the relative deficiency of �-defensins allows the pathogen to
access and invade the tissues of the small intestine (step 1). Bacte-
rial colonization is detected by intestinal leukocytes (step 2). Ac-
tivated leukocytes secrete IL-1�, which activates NF-�B transcrip-
tion factor (step 3). Finally activated NF-�B suppresses trefoil
factor in goblet cells with concomitant breakdown of the inner
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mucus layer structure (step 4), allowing bacteria to access and
invade colonic tissue (step 5). In P9 pups, upregulation of �-de-
fensins denies the bacteria access to tissues of the small intestine
(step 1) and prevents IL-1� secretion by leukocytes (step 2); a
thick and intact inner mucus layer prevents bacterial access to
colonic tissue (step 3). In all likelihood, the mucus layer keeps the
colonizing bacteria away from the gut wall, preventing interac-
tions with the epithelial surface. Evidence that E. coli K1 cells gain
access to the enterocytes in susceptible pups will provide strong
support for this model, and such interactions will be sought using
immunohistochemical procedures. The model would be further
strengthened by demonstration that E. coli K1 colonization of
�-defensin knockout rats at P9 induces the bacteremic state, and
we are actively pursuing this line of investigation.

E. coli K1 colonization of the P2 intestine invariably results in
translocation of the pathogen from the intestine into the systemic
circulation. The site or sites of translocation have yet to be re-
solved, and the proximal small intestine is a likely candidate.
However, developmental deficits appear to be present in the P2
small intestinal and colonic barriers, and consequently, both re-
gions represent a potential route of invasion. Lack of secreted
�-defensins could allow E. coli K1 to access the small intestinal
epithelium. Alternatively, dysregulation of Tff2 expression may
provide access to the colonic epithelium. We have provided some
indication that tff2 transcriptional repression involves IL-1� and
NF-�B. Colonization of the P2 intestine induces the secretion of
IL-1� into the systemic circulation, but this could be due to the
early presence of bacteria in the blood; we therefore plan to exam-
ine cytokine levels in tissues in more detail in order to provide a
mechanistic basis for susceptibility to infection. This is most likely
due to the detection of pathogen-associated molecular patterns
(PAMPs) by the intestinal leukocyte population. Adult intestinal
macrophages lack the CD14 receptor, which systemic macro-
phages use to detect bacterial lipopolysaccharide (70). Lipopoly-

saccharide tolerance prevents intestinal macrophages from induc-
ing potentially damaging inflammatory reactions in response to
the intestinal microbiota; tolerance does not develop until the
perinatal period (71, 72) and may explain why IL-1� secretion is
not induced in P9 neonates. Furthermore, �-defensins represent
another potential inhibitor of IL-1� secretion from macrophages
in the P9 intestine (73).

E. coli K1 colonization at P2 may suppress Muc2 synthesis or
induce goblet cells to expel stored Muc2 into the intestinal lumen
in an attempt to clear the pathogen from the intestine, an effect
that has been observed following colonization by the rodent intes-
tinal pathogen Citrobacter rodentium (74, 75). The loss of stored
Muc2 at such an early stage in the development of the colonic
mucus barrier could compromise developmental processes and
provide a possible route of infection for E. coli K1.
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