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Abstract

Background and Aims: The clinical onset and severity of intestinal disorders in humans and animals can be profoundly
impacted by early life stress. Here we investigated the impact of early weaning stress in pigs on intestinal physiology, clinical
disease, and immune response to subsequent challenge with enterotoxigenic F18 E. coli (ETEC).

Methodology: Pigs weaned from their dam at 16 d, 18 d, and 20 d of age were given a direct oral challenge of F18 ETEC at
26 d of age. Pigs were monitored from days 0 to 4 post-infection for clinical signs of disease. On Day 4 post-ETEC challenge,
ileal barrier function, histopathologic and inflammatory cytokine analysis were performed on ileal mucosa.

Results: Early weaned pigs (16 d and 18 d weaning age) exhibited a more rapid onset and severity of diarrhea and
reductions in weight gain in response to ETEC challenge compared with late weaned pigs (20 d weaning age). ETEC
challenge induced intestinal barrier injury in early weaned pigs, indicated by reductions in ileal transepithelial electrical
resistance (TER) and elevated FD4 flux rates, in early weaned pig ileum but not in late weaned pigs. ETEC-induced marked
elevations in IL-6 and IL-8, neutrophil recruitment, and mast cell activation in late-weaned pigs; these responses were
attenuated in early weaned pigs. TNF levels elevated in ETEC challenged ileal mucosa from early weaned pigs but not in
other weaning age groups.

Conclusions: These data demonstrate the early weaning stress can profoundly alter subsequent immune and physiology
responses and clinical outcomes to subsequent infectious pathogen challenge. Given the link between early life stress and
gastrointestinal diseases of animals and humans, a more fundamental understanding of the mechanisms by which early life
stress impacts subsequent pathophysiologic intestinal responses has implications for the prevention and management of
important GI disorders in humans and animals.
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Introduction

Enteric infections resulting in diarrhea are a major cause of

morbidity and mortality among both humans and agriculturally

relevant animal populations worldwide. Enterotoxigenic E. coli

(ETEC) are a major cause of these infections and are responsible

for an estimated 300,000-5000 deaths in children under the age of

5[1]. These ETEC are also the leading agent associated with

traveler’s diarrhea[2]and one of the leading causes of diarrhea in

agricultural animals[3]. Knowledge regarding the molecular basis

of intestinal infections has increased substantially over the past

decade. It is known that ETEC colonizes the intestine and

produces heat labile (LT), heat-stable (STa and STb), and

enteroaggregative E. coli heat-stable enterotoxin-1 (EAST1)

enterotoxins that trigger intracellular signaling pathways inducing

massive fluid secretion that contribute to diarrhea. The LT toxin

of ETEC binds to GM1(monosialotetrahexosylganglioside) gan-

glioside receptors on the enterocyte brush border leading to

translocation, activation of adenylate cylase, and increases in

cAMP-PKA pathways that induce phosphorylation-dependent

increases in apical CFTR channel activity, resulting in Cl-, HC03-

and fluid movement into the intestinal lumen[4,5]. STa and

EAST-1 enterotoxins induce fluid secretion via similar mecha-

nisms although epithelial secretion pathways are mediated via

cGMP [6].

It has become increasingly clear that environmental factors,

including stress and diet, play a major role in gastrointestinal

health and defense against important intestinal diseases in both

humans and animals. Multiple lines of evidence derived from

epidemiological and basic animal research studies show the
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important role of stress in the development and clinical onset of

variety of debilitating gastrointestinal disorders including irritable

bowel syndrome (IBS), the inflammatory bowel diseases (IBDs),

and chronic intestinal infections[7,8,9,10]. The mechanisms by

which early life environmental stressors influence subsequent

disease susceptibility and severity remain poorly understood. Our

previous studies utilizing a porcine model of early weaning stress

showed that early weaning (weaning ,20 d of age) resulted in

long-term deleterious changes in gastrointestinal barrier properties

including impaired intestinal epithelial barrier function and

increased inflammation [11]. To date, mechanistic studies in this

porcine model and rodent models of early life stress have shown a

central role for corticotropin releasing factor (CRF) receptor

signaling pathways [11,12,13] and mast cell activation [14,15] for

immediate and long-term disturbances in intestinal epithelial

barrier function. It is apparent that early life stress can have long-

lasting effects on the immune system and intestinal barrier

properties; however, the impact of early life stress on the intestinal

response to subsequent infectious challenge has not been

investigated previously. The objective of this study was to

determine if early weaning stress in the pig alters subsequent

intestinal injury and immune responses and clinical manifestations

in response to an ETEC challenge.

Materials and Methods

Animals
All studies were approved by the North Carolina State

University Institutional Animal Care and Use Committee. A total

of 48 Large White 6 Landrace barrows, obtained from a

commercial swine farm in North Carolina, were used in this

study. Piglets selected for this study were genotyped at 1 week of

age to confirm genetic susceptibility to F18 E coli based on the

restriction fragment length polymorphism test described by

Frydendahl et al.[16]Susceptible piglets were randomly assigned

to 1 of 3 experimental groups based on the age at which they were

weaned from the sow. The weaning age groups in this study

included: 1) 16 d weaning age, 2) 18 d weaning age, and 3) 20 d

weaning age. Each group contained n = 16 piglets. The weaning

age groups were based on our previous studies demonstrated that

early weaning (,20 days of age) resulting in long-lasting

disturbances in intestinal barrier function, secretory activity, and

immune cell activation compared with late weaned pigs ($20 days

of age) [11]. To reduce the potential confounding effects of parity

and maternal immunity in this study, all piglets were obtained

from the same farrowing group and piglets were selected such that

sow parity was equally distributed among weaning age groups. All

piglets were weaned from the sow, ear tagged, and transported to a

North Carolina State University swine research facility for

experimental studies. Weaned pigs were housed individually in

climate controlled rooms. Pigs were offered ad libitum access to

water and standard nursery diet that met or exceeded NRC

recommendations (Swine NRC, 1998).

Enterotoxigenic E. coli Challenge Experiments
Separate rooms were used to house control (non-infected) and

infected pigs for the duration of the study. Pigs were challenged

when they reached 26 days of age to ensure that all pigs were

expressing F18 E coli receptor protein in the intestine[17]. Pigs

received a direct oral challenge of 2610‘9 CFU comprised of two

strains of F18 ETEC as previously described [18].

Our rationale for studying F18 ETEC in this model is

because of (1) our previous experience with this infection

model[18] and (2) F18 ETEC induces comparable clinical

disease, via common pathophysiologic mechanisms, in both

animals and humans.

Clinical Assessment
All pigs were weighed prior to E. coli. Challenge (Day 0) and at

the end of the study (Day 4 post-challenge). Fecal scores were

recorded daily throughout the experiment and were conducted by

trained personnel that were blinded to experimental groups. Fecal

scores were based on a standard scoring system (0, dry, hard, well-

formed feces; 1, soft but formed feces; 2, pasty feces green or

brown in color; 3, viscous feces in light color, episodic; 4, fluid

feces in light color; 5, watery feces, continuous). Fecal scoring

began on the day of arrival (Day -5 pre challenge) and continued

for the duration of the study (Day 4). Body weights were recorded

on Day 0 and Day 4 of the experiment to calculate the % body

weight change over the 4 day experimental period.

Necropsy and Gross Pathology
On Day 4 post infection (peak clinical disease), all pigs were

euthanized by penetrating captive bolt, exsanguinated and a

complete necropsy was performed to assess gross pathology

including presence of fluid-filled intestines, edema, and hyperemia

of abdominal organs.

Ussing Chamber Studies
Distal small intestine (ileum) was harvested from each pig

immediately after euthanasia and opened along the anti-mesen-

teric border. The intestinal mucosa was stripped from the

seromuscular layer in oxygenated (95% O2- 5% CO2) Ringer

solution (in mmol/l: 154 Na+, 6.3 K+, 137CL2, 0.3H2PO4, 1.2

Ca2+, 0.7 Mg2+, 24 HCO32; pH 7.4) and mounted in

1.13 cm2aperture Ussing chambers (World Precision Instruments,

Inc Sarasota, FL). Ileal mucosa was bathed on the serosal and

mucosal sides with 10 ml Ringer solution. The serosal bathing

solution contained 10 mM glucose, which was osmotically

balanced on the mucosal side with 10 mMmannitol. Bathing

solutions were oxygenated (95% O2- 5% CO2) and circulated in

water-jacketed reservoirs maintained at 37uC. The spontaneous

potential difference (PD) was measured using Ringer-agar bridges

connected to calomel electrodes, and the PD was short-circuited

through Ag-AgCl electrodes using a voltage clamp that corrected

for fluid resistance. Tissues were maintained in the short-circuited

state, except for brief intervals to record the open-circuit PD.

Transepithelial electrical resistance (V?cm2) was calculated from

the spontaneous PD and short-circuit current (Isc), as previously

described[19]. After a 30-minute equilibration period on Ussing

chambers, TER and Iscwas recorded at 15-minute intervals over a

1-hour period and then averaged to derive the basal TER and Isc

values for a given animal.

Paracellular Permeability to 4 kDaFITC Dextran (FD4)
After a 30-min equilibration period on Ussing chambers, FITC-

albumin (Sigma, 100 mg/mL) was added to the mucosal bathing

reservoir of Ussing chambers. After a 15 minute equilibration

period, standards were taken from the serosal side of each

chamberand a 60 minute flux period was established by taking

0.5 ml samples from the mucosal compartment. The quantity of

FITC-albumin was established by measuring the fluorescence in

mucosal reservoir fluid samples in a fluorescence plate reader at

540 nm. Data was presented as the rate of FD4 flux in mg FD4

flux.min.

Early Weaning Alters Enteric Disease Responses
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Histologic Analyses of Intestinal Tissues
Ileum was fixed in 10% neutral buffered formalin and processed

for paraffin-embedding. Paraffin blocks were sectioned (5 mm

thick) and stained with hematoxylin and eosin for histological

analysis. Photomicrographs were acquired with 206, 406 and

1006 magnifications at a resolution using imaging software

(Infinity Analyze Software (Lumenera, Ottawa, Ontario, Canada)

running a high resolution digital camera (Lumenera, Ottawa,

Ontario, Canada) equipped to a clinical light microscope (Meiji

Microscope Solutions, Model OMFL400). Measurements for crypt

depth and villous height were taken utilizing the calibrated

measurement caliper option in the Villus measurements were

taken from three well-oriented villi.Villi chosen for measurement

were based on the criteria that 1) the entire crypt and villi were

captured in cross section and 2) the central lacteal was present.

Villi overlying gut associated lymphoid tissue was excluded from

measurement.

The number of neutrophils was counted in histologic sections

based on nuclear and cytoplasmic morphology. Neutrophil counts

were performed at 406magnification and counts were expressed

as number of neutrophils/hpf.

Mast Cell Counts and Activation
The number of mast cells and their activation status was

performed as described previously [11] in porcine ileal tissues that

were embedded and frozen in optimal cutting temperature

medium (OCT, Tissue Tek). Frozen tissues were cut in 5 mm-

thick sections and mounted on glass slides. Frozen sections of

ileum (10 mm thick) were prepared and then fixed for 1 h in

Carnoy’s fixative (60% ethanol-30% chloroform-10% glacial

acetic acid). Sections were then stained for 45 min at room

temperature with 0.5% toluidine blue in 0.5 N HCl in PBS.

Sections were then viewed at 620 objective, and mast cells were

evaluated as either stableor degranulated. The critieria for stable

mast cells included mast cells in which none to ,10% of the mast

cell granules were shown to be actively released around the cell

whereas degranulated mast cells were assessed as mast cells which

have released .50% of intracellular granules. Counts were

conducted on five different fields per slide and 2 slides per

treatment group. Data is presented as percentage of mast cells

displaying each of the activity categories described above. All cell

counts were performed a blinded reviewer who was blinded to

experimental treatments.

Ileal Cytokine Analysis
Ileal mucosa was homogenized in PBS containing protease

inhibitors and the supernatant was collected and analyzed for

protein content us a BCA assay[20]. Samples were then diluted

1;10 in PBS and assayed for TNFa, IL-8, and IL6 using a

commercial porcine ELISA assays (R&D Systems, Minneapolis,

MN). Concentrations of each cytokine were expressed on a per mg

protein basis.

Statistical Analyses
Data were reported as means6SE based on the experimental

number (n). Time course data (fecal scores) were analyzed using a

2-way ANOVA on repeated measures with time and experimental

group as the main factors. The remaining data were analyzed by

using a standard one-way ANOVA (Sigmastat, Jandel Scientific,

San Rafael, CA). A post hoc Tukey’s test was used to determine

differences between treatments following ANOVA. Statistical

significance was set at a level of p,0.05.

Results

Clinical Disease: Fecal Scores and Growth Rate
Prior to ETEC challenge, there was no indication of diarrhea

among any of the pigs in this study (Figure 1). Compared with

controls, the ETEC challenge caused diarrhea (measured as

increased fecal scores) in all weaning age groups (P,0.001);

however, differences in the severity and time-of-onset were

observed between weaning age groups. Diarrhea was first

observed in the early weaning stress pig groups (16 d and 18 d

weaning age groups) at 1-d post-ETEC challenge whereas pigs in

the 20 d wean age group began to exhibit clinical diarrhea at 3 d

post-challenge. Overall, diarrhea was more severe in pigs in the 16

d and 18 d weaning age groups indicated by higher (P,0.05) fecal

scores compared with pigs in the 20 d weaning age group. ETEC

challenge reduced growth rates in pigs weaned at 16 d (P = 0.06)

and 18 d (P,0.05) over the 4-d challenge period; however, growth

rate was not significantly affected in pigs weaned at 20 d of age

(Figure 2).

Ileal Barrier Function: Transpithelial Electrical Resistance
(TER) and FD4 flux

In control (non-challenged) pigs, ileal mucosal FD4 flux rates,

an index of intestinal paracellular permeability, were elevated in

the 16d and 18d weaning age pigs compared with pigs in the 20 d

Figure 1. Effects of weaning age and ETEC challenge on fecal
scores. Weaned pigs were challenged with ETEC (d 0) and fecal scores
were recorded daily over a 4-d experimental period. Data represent
means 6SE for n = 628 pigs/treatment group. Data were analyzed
using a 2 way ANOVA on repeated measures with experimental group
and time point post-challenge as the main variables. ETEC challenge
increased fecal scores in all weaning age group. In ETEC challenged
pigs, fecal scores were higher (P,0.05) in the 16 d weaning age group
compared with 20 day weaning age group. Compared with controls,
pigs in the 16 d and 18 d weaning age groups exhibited increased
(P,0.001) fecal scores at earlier time points (on days 1 and 2 post-
challenge) compared with 20 d weaning age group.
doi:10.1371/journal.pone.0059838.g001
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weaning age group(p,0.05; Figure 3B). ETEC challenge induced

increases in intestinal permeability in early weaning stress pigs,

indicated by reduced (P,0.05) TER (Figure 3A) and elevated

(P,0.05) FD4 flux rates (Figure 3A). In contrast, there were no

significant differences in ileal TER or FD4 flux rates between

control and ETEC-challenged pigs weaned at 20 d of age.

Ileal Short Circuit Current (Isc)
Control (non-challenged) pigs weaned at 16 d of age exhibited

greater baseline Isc, an index of electrogenic ion transport,

compared with pigs weaned at 18 d or 20 d of age (Figure 4). In

response to ETEC challenge, the greatest elevations in Isc were

observed in the ileum from pigs weaned at 20 d of age compared

with ileum from other weaning age groups (Figure 4A). Given the

different baseline Isc values between weaning age groups, the

magnitude of ETEC-induced Isc was also expressed as an absolute

change in Isc (delta Isc) relative to group-matched, unchallenged

controls (Figure 4B) and demonstrated an ETEC-induced increase

in ileal Isc by 19, 36, and 70 uA/cm2 in 16 d, 18 d, and 20 d

weaning age groups, respectively.

Ileal Morphological Analysis
In response to ETEC challenge, pigs in the 16 d and 18 d

weaning age groups exhibited marked villus atrophy as indicated

by reductions in villus height and morphological appearance of

villi whereas no measureable changes in villus morphology were

observed in ileum from challenged 20 d weaned pigs (Figure 5).

There were no significant effects of ETEC challenge on crypt

depth, an indirect marker of crypt cell proliferation, in pigs

weaned at 16 or 18 d of age; however, a significant increase in

crypt depth were observed in the 20 d weaning age group

(Figure 5B).

Mast Cell and Neutrophil Numbers in Ileal Mucosa
Increased numbers of mast cells were observed in the lamina

propria of pigs challenged with ETEC however; this response was

significant greater in pigs weaned at 20 d of age (Figure 6A).

Histological analysis of mast cells also revealed a marked increase

in the percentage of degranulated mast cells in ETEC-challenged

pigs weaned at 20 d of age compared with other weaning age

groups (Figure 6B and C). Ileal mucosal neutrophil numbers were

similar between control and ETEC challenged pigs weaned at 16 d

of age and were slightly elevated (p,0.05)in pigs 18 d of age. In

contrast, ileum from pigs weaned at 20 d of age exhibited an

increase in neutrophil numbers in ETEC challenged (6.7-fold

increase). (Figure 7).

Ileal Cytokine Levels
The concentration of inflammatory cytokines IL-6, IL-8, and

TNF-a were determined in ileal mucosal samples (Figure 8). Ileal

TNF-a levels were elevated (by 1.8-fold) in ETEC-challenged pigs

that were weaned at 16 d of age, but no increases in TNF-a were

observed in pigs weaned at 18 and 20d of age. A 3-fold increase in

IL-6 was observed in ETEC-challenged pigs in the 20 d weaning

age group; however, no increases were observed in other

challenged weaning age groups. IL-8 was elevated in all weaning

age groups challenged with ETEC; however, the greatest IL-8

concentrations were observed in pigs weaned at 20 d of age.

Figure 2. Influence of weaning age and ETEC challenge on growth rate in pigs. Data represent means 6SE for n = 628 pigs/treatment
group. Data were analyzed using a T-test to compare differences between control and ETEC challenged pigs within earch weaning age group.
Compared with controls, ETEC challenge reduced growth rate of pigs in the 16 d weaning age group (trend P = 0.06) and 18 d weaning age groups
(P,0.05). ETEC challenge did not reduce growth rate in pigs weaned at 20 d of age.
doi:10.1371/journal.pone.0059838.g002
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Discussion

Emerging evidence indicates that the the clinical onset and

severity of a number of acute and chronic intestinal diseases, is

profoundly and negatively influenced by early life stress

[21,22,23]. Our previous studies have demonstrated that early

weaning stress in the pig induces immediate and long-term

deleterious effects on intestinal defense mechanisms including

lasting disturbances in intestinal barrier function (increased

Figure 3. Influence of weaning age and ETEC challenge on ileal transepithelial electrical resistance (TER) and FITC dextran 4 kDa
(FD4) flux. Data represent means 6SE for n = 8 pigs/treatment group. Data were analyzed using a 1-Way ANOVA, a Tukey’s test was performed to
compare differences among treatment groups. Pigs weaned at 16d or 18 d of age and challenged with ETEC exhibited reduced Ileal TER (Panel A) and
elevated FD4 flux (Panel B) compared with controls.
doi:10.1371/journal.pone.0059838.g003
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intestinal permeability), increased electrogenic ion transport, and

dysregulated intestinal immune activation.[11,14] The mecha-

nisms by which early life stress induces long-lasting disturbances in

gut function are not fully understood; however, it has been

demonstrated in rodent and porcine models that key signaling

pathways by which early life stress alters intestinal function involve

interplay between corticotropin releasing factor (CRF) system,

mast cells, and enteric nerves.[11,12,15,24]. While it is evident

Figure 4. Influence of weaning age and ETEC challenge on ilealtransepithelial electrical resistance (TER) and FITC dextran 4 kDa
(FD4) flux. Data represent means 6SE for n = 8 pigs/treatment group. Data were analyzed using a 1-Way ANOVA, a Tukey’s test was performed to
compare differences among treatment groups. Ileum from all ETEC-challenged pigs exhibited greater Isc compared with controls (Panel A). Ileum
from pigs weaned at 20 d of age exhibited the greatest baseline Isc values (Panel A) and absolute change in Isc over controls (Panel B) compared with
all other experimental groups.
doi:10.1371/journal.pone.0059838.g004

Early Weaning Alters Enteric Disease Responses
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that early weaning and/or early life stress has significant and long-

lasting impacts on intestinal function, its impact on the

pathophysiologic response to subsequent intestinal infections have

not been studied. The objective of the present study was to

determine the impact of early weaning stress in pigs on the

pathophysiologic and clinical responses to later intestinal infectious

challenges. Results from this study demonstrated that pigs

subjected to early weaning stress exhibited a more rapid onset

and severe diarrhea and more rpfound reductions in growth rate,

compared with late-weaned pigs. Furthermore, exacerbated

ETEC-mediated clinical disease in early weaning stress pigs

coincided with more pronounced histopathological intestinal

Figure 5. Influence of weaning age and ETEC challenge on villus height and crypt depth. Data represent means 6SE for n = 8 pigs/
treatment group. Data were analyzed using a 1-Way ANOVA, a Tukey’s test was performed to compare differences among treatment groups.
doi:10.1371/journal.pone.0059838.g005
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injury and disturbances in intestinal barrier function (increased

permeability) and electrogenic ion transport.

In response to an infectious challenge, the primary goal of the

innate immune response is to rapidly clear or contain offending

pathogens to prevent prolonged inflammation and sepsis [25]. The

innate immune response is initiated by the recognition of bacterial

ligands and activation of epithelial and resident sub-epithelial

immune cells, such as mast cells[26,27], macrophages[28] and

dendritic cells[29], resulting in a rapid burst of pro-inflammatory

cytokines (e.g. IL-6, IL-8, and TNF-a) and lipid-derived mediators

(e.g. prostaglandins, leukotrienes) into the surrounding tissue and

circulation. Released pro-inflammatory mediators recruit effector

cells such as neutrophils to the site of infection where, via multiple

mechanisms, they aid in containing and eventually clearing the

pathogen. The critical importance of this response has been

demonstrated in infection and sepsis models in which animals

lacking key innate immune functions exhibit decreased bacterial

clearance and increased clinical disease and mortality [30,31,32].

The importance of innate immune responses in the pig to ETEC

infection has been demonstrated by Loos et al (2012) who,

utilizing a small intestinal perfusion technique, showed that several

innate immune genes were up-regulated by ETEC infection

including IL1B IL17A,MMP3, PAP, IL8, and MMP1 [33]. In the

present study, we hypothesized that an impaired innate immune

response in early weaning stress pigs contributed to the

exacerbated disease in response to ETEC challenge. In line with

this hypothesis, our data demonstrate that ETEC challenge

induced a robust innate immune response in late weaned pigs

indicated by marked elevations in IL-6 and IL-8 and recruitment

of neutrophils to the intestine; however, this response was

markedly attenuated in early weaning stress pigs. In contrast, at

4 d post ETEC challenge, elevated TNF level were only detected

in ETEC-challenged, early weaning stress pigs. The precise

functional relationship between the differential cytokine responses

in early weaned pigs and exacerbated clinical disease in this study

is presently unclear; however, the role of these cytokines in

Figure 6. Influence of weaning age and ETEC challenge on mucosal mast cell numbers and activation. Values represent means 6SE for
n = 8 ileal tissue sections/treatment group. Data were analyzed using a 1-Way ANOVA, a Tukey’s test was performed to compare differences among
treatment groups. Increases in mucosal mast cell numbers (A) and activation (B) were observed in all weaning age groups; however pigs weaned at
20 d of age exhibited the greatest mast cell infiltration and activation compared with other weaning age groups. Images of ileal intestinal mucosa of
ETEC-challenged early weaned pigs (16 d weaning age; Panel C) and late-weaned (20 d weaning age; Panel D). Mast cells in early weaned intestine are
fully granulated and stain metachromatically (purple), whereas mast cells in late weaning intestine are degranulated indicated by loss of granularity
and free purple granules in the surrounding tissue.
doi:10.1371/journal.pone.0059838.g006
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bacterial defense and clearance and host survival has been

investigated previously. It is known that IL-6, is a pleiotropic

cytokine that is produced by a number of cell types including

macrophages, endothelial cells, B cells and mast cells, plays a

crtical role in the host response to infection and inflamma-

tion[34,35]. The protective role of IL-6 has been demonstrated in

IL62/2 mice which exhibit higher mortality when infected with

various pathogens including E. coli [36], Klebsiella pneumonia [37], or

Streptococcus pneumonia [38]. In contrast, blockade of IL-6 activity

with IL-6 antibodies improves survival in a polymicrobial

peritoneal sepsis model [39]. IL-6 was shown to be protective by

enhancing neutrophil chemotaxis and killing. IL-8, another crtical

Figure 7. Effects of weaning age and ETEC challenge on neutrophil numbers in the porcine ileum. Values represent means 6SE for n = 8
ileal tissue sections/treatment group. Data were analyzed using a 1-Way ANOVA, a Tukey’s test was performed to compare differences among
treatment groups.
doi:10.1371/journal.pone.0059838.g007

Early Weaning Alters Enteric Disease Responses
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mediator in the innate immune response to infection, is produced

by several cell typescells and has been shown to be largely

responsible for neutrophil recruitment to infected sites [40,41].

Given the protective role of IL-6 and IL-8, results from the present

study suggest that the suppressed IL-6, IL8, and cellular

inflammatory response observed in ETEC-challenged early

weaning stress pigs, may have contributed to increased intestinal

injury and clinical disease. As mentioned above, TNF levels were

elevated in ETEC infected early weaned pigs compared with late-

weaned pigs. In support of these findings, O’Mahony et al (2009)

demonstrated that in vitro stimulation of whole blood with LPS

from rats subjected to maternal separation stress induced an

increase in TNF release compared with control (normal reared

animals)[8]; however, in contrast to the present study, the authors

did not observe differences in LPS-induced IL-6;,this could be due

to species differences or differences between systemic and local

immune responses.

Intestinal mast cells play a central role in innate immune

response to bacterial, parasitic, and viral infections by releasing

pro-inflammatory cytokines (TNF, IL-6, LTB4) that mediate

neutrophil recruitment into infected tissues and bacterial clearance

[42,43]. Specifically, it has been shown that mast cell-derived IL-6

is a major mediator of survival from severe infections by enhancing

intracellular killing of bacteria by neutrophils [44]. There is a

paucity of data regarding influence of weaning age or early life

stress on innate mast cell responses to subsequent infections. Given

that (1) mast cells play a central role in the innate immune

response to enteric infections by releasing mediators that recruit

neutrophils and (2) early weaned pigs exhibited suppressed

cytokine production and neutrophil recruitment in the present

study, we investigated whether early weaning stress impacted

intestinal mast cell activation in ETEC-challenged pigs. Our

studies revealed that while ETEC-induced increases in mast cell

numbers and marked degranulation in late-weaned control pigs,

mast cell degranulation was profoundly attenuated in early

weaned pigs. The precise role of suppressed mast cell activation

in disease exacerbation in ETEC-challenged, early weaned pigs in

this study is not known; however, it is plausible that this could

represent an important mechanism for diminished cytokine

responses and neutrophil infiltration and exacerbated clinical

disease observed in early weaned pigs. With regards to elevated

TNF levels and impaired mast cell degranulation observed in early

weaning stressed pigs, Piliponsky et al., (2012) demonstrated in a

cecal ligation and puncture model of sepsis that TNF levels could

be negatively regulated via degradation by mast cell chymase [45].

Therefore, impaired mast cell degranulation in ETEC-challenged

early weaned pigs could have contributed to elevated TNF as a

result of reduced degradation by mast cell proteases; however, this

will need further investigations to confirm this relationship.

Overall, the present study and our previous studies demonstrate

that mast cells play a key role in stress-induced intestinal

disturbances; however, the mechanisms by which early life stress

impacts mast cell function remains poorly understood. Our

previous investigations demonstrated that early weaning stress in

the pig induces a chronic, low grade mast cell degranulation that is

responsible for persistent epithelial barrier disturbances [11]. In

the present study, we confirmed the increased baseline mast cell

degranulation in early weaned pigs; however, when early weaned

pigs were challenged with ETEC, the mast cell degranulation

response was significantly impaired. These apparent divergent

findings with regards to mast cell activation may suggest that while

early weaning stress leads to chronic low-grade degranulation and

intestinal barrier injury, innate mast cell responses to acute host

infections may be significantly compromised and contribute to

susceptibility and enhanced severity of infectious diarrheal

disease., overall suggesting that specific mast cell signaling

pathways (neuroendocrine stress-induced degranulation vs. path-

ogen-mediated immune functions) are differentially impacted by

early life stress.

In the present study, early weaning led to marked differences in

the intestinal pathophysiologic response to ETEC challenge. While

late weaned pigs exhibited no measurable intestinal barrier injury

in response to ETEC challenge (based on TER and FD4 flux

measurements), intestinal barrier function was in challenged, early

weaned pigs was significant. The differential responses to ETEC

challenge were independent of age and feed intake as all piglets

were challenged at 26 d of age and feed intake was similar between

weaning age group during the experiment. The diminished

ETEC-mediated inflammatory response observed in early weaned

pigs does not support a major role for inflammatory signaling

pathways in mediating intestinal barrier injury in this study. It is

well-established that ETEC mediates its pathogenesis via the

binding to receptors expressed on the intestinal epithelium. Once

bound, ETEC elaborates heat stable (STa and STb) and heat

labile enterotoxins (LT) that stimulate epithelial secretory signaling

pathways resulting in massive Cl-, HCO3- secretion and fluid loss

Figure 8. Influence of weaning age and ETEC challenge on ileal mucosal TNFa, IL-6, and IL-8. Values represent means 6 SE, n = 8.Means
without a common letter differ, P,0.05. TNFa levels in ileal mucosa were increased by ETEC challenge in pigs weaned at 16 d of age age but not 18 d
or 20 d of age. IL-6 levels were elevated by ETEC challenge only in pigs weaned at 18 d of age. IL-8 levels were elevated by ETEC challenge in all
weaning age group; however, the highest IL-8 levels were observed in ileum from pigs weaned at 20 d of age.
doi:10.1371/journal.pone.0059838.g008
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that is responsible for the clinical signs of diarrhea [4,5,46].

Although heat stable and heat labile toxins of ETEC are not know

to induce direct epithelial damage, excessive fluid loss can result in

hypovolemia contributing to ischemic conditions in the intestine

that initiate profound defects in barrier function and villus

structure which could contribute significantly to barrier injury

and villus atrophy observed in this study. Furthermore, in severe

ETEC infections, especially in neonates, intestinal barrier and

morphological injury can be compounded by subsequent septice-

mia and multiple organ dysfunction [46].

Compared with late-weaned pigs, early weaned pigs exhibited

diminished Isc responses to ETEC challenge (by 3.7 and 2.1-fold

compared with late-weaned pigs), yet exhibited increased diarrheal

scores. This finding was surprising given that Isc is reflective of net

electrogenic ion transport, associated with Cl- and HCO3
-

secretion, which drives fluid movement into the intestinal lumen

resulting in diarrhea. The enhanced secretory response to ETEC

challenge, along with the robust innate immune response observed

in the late-weaned pig ileum, could represent an enhanced

capacity of the late-weaned pig to rapidly ‘‘flush-out’ and clear the

offending pathogen and thus reduce clinical disease. However, it

remains unclear why enhanced electrogenic Isc responses in the

late weaned ileum, was associated with less severe clinical

diarrhea. One potential explanation could be due to enhanced

colonic reabsorption of ETEC-stimulated ileal fluid in the late-

weaned pig. In previous studies in pigs infected with TGE, it was

shown that survival and reduced clinical diarrhea in older pigs

(compared with neonates) was due to the more developed colonic

microbiota and short chain fatty acid production that was

responsible for compensatory fluid reabsorption in the colon

[47]. In the present study, pigs were challenged with ETEC at the

same age therefore, age related effects did not appear to be

relevant in this study. The influence of early weaning stress on

long-term colonic physiology and microbiota has not been studied

in detail; however, evidence from rodent[8] and primate

studies[48] indicate early life stress can impact development of

the microbiota and potentially influence fluid absorptive capacity

in the colon.

Overall these data demonstrate that early weaning stress in pigs

has a profound impact on subsequent clinical severity and

intestinal injury in response to ETEC challenge. The exacerbated

clinical and pathophysiological consequences of early weaning

stress in pigs coincided with defects in intestinal epithelial barrier

function and suppressed mucosal innate innate immune responses

that were possibly mediated via alterations in mast cell function.

Given the emerging relationship between early life stress and

subsequent gastrointestinal disease susceptibility in humans, and

the central role of impaired intestinal epithelial and innate

immune defense barriers in the onset of such diseases, a more

fundamental understanding of the precise mechanisms by which

early life stress compromises long-term intestinal defense mecha-

nisms could lead to innovative management and therapeutic

strategies for a number of important GI diseases of humans and

animals.
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