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Abstract
Background—Parenteral nutrition (PN), with the lack of enteral feeding, compromises mucosal
immune function and increases the risk of infections. We developed an ex vivo intestinal segment
culture (EVISC) model to study the ex vivo effects of PN on susceptibility of the ileum to invasion
by extraintestinal pathogenic Escherichia coli (ExPEC) and on ileal secretion of antimicrobial
secretory phospholipase A2 (sPLA2) in response to the pathogen.

Materials and Methods—Study1: Using mouse (n=7) ileal tissue, we examined the effects of
ileal region (proximal vs. distal) and varying ExPEC inoculum concentrations on ex vivo
susceptibility to ExPEC invasion and sPLA2 secretion. Study2: Ten mice were randomized to oral
chow or intravenous PN-feeding for 5 days (n=5/group). Using the EVISC model, we compared
the susceptibility of ileal tissue to invasion by ExPEC and sPLA2 secretion in response to the
pathogen.

Results—Study1: The proximal ileum was more susceptible to invasion (P<0.0001) and secreted
lower amounts of sPLA2 (P=0.0002) than the distal ileum. Study2: Ileal tissue from PN-fed
animals was more susceptible (approximately 4-fold, P=0.018) to invasion than those from chow-
fed animals. Ileal tissue from PN-fed animals secreted less sPLA2 (P<0.02) than those from chow-
fed animals.

Conclusions—The data illustrate EVISC as a reproducible model for studying host-pathogen
interactions and the effects of diet on susceptibility to infections. Specifically, the findings support
our hypothesis that PN with the lack of enteral feeding decreases mucosal responsiveness to
pathogen exposure and provides a plausible mechanism by which PN is associated with increased
risk of infectious complication.
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INTRODUCTION
The use of parenteral nutrition (PN), without enteral feeding, is associated with an increased
incidence of respiratory and intra-abdominal infections in critically injured patients (1, 2).
Evidence suggests that impairment of mucosal and innate immunity following PN, without
enteral nutrition compromises the mucosal barrier, resulting in abnormal bacterial-host
interactions (3, 4). This impairment of the mucosa is multi-factorial; it includes altered tight
junction proteins, reduced release of antimicrobial peptides by Paneth cells, lowered
secretion of mucus by goblet cells, lower levels of luminal secretory IgA (sIgA) and
increased virulence of luminal bacteria (5-8). Slowed intestinal motility (ileus) with PN also
allows bacteria to migrate into the proximal intestine (9), a region that is typically sparsely
colonized (<104 CFU/mL intestinal content). The treatment of these infections is often
further complicated by the involvement of pathogens resistant to antibiotics (10, 11).

While clinical advances in diagnosis and therapy can identify and treat infections with
certain degree of success, an understanding of host-associated vulnerabilities at the mucosal
level is necessary for the development of preventive strategies. Studies utilizing cell
monolayers provide mechanistic insights into how bacteria invade the tissues, but no insight
into the complex in vivo host-pathogen interactions that occur at the mucosal interface
composed of multiple cell types (12, 13). Understanding these processes in a closely
modeled system would allow for insights into the susceptibility of patients on PN feeding
alone to infections and for the development of more effective prophylactic treatments.

More complex models such as conventional and polarized in vitro organ cultures (IVOC or
pIVOC) (14) using human tissue from biopsies have investigated the interactions between
intestinal mucosal and enteric pathogens. Specifically, pIVOC of human pediatric specimens
have been utilized to qualitatively study attaching-effacing bacteria that damage mucosal
surfaces; however, the methodology did not provide quantitative assessment of the
pathogen-host interactions. pIVOC in Ussing chambers, on the other hand, have been use to
quantitatively investigate bacterial translocation across the mucosa (3, 15). Based on the
underpinnings of the pIVOC model, we developed an ex vivo intestinal segment culture
(EVISC) model that uniquely allows reproducible and high-throughput quantitative studies
of bacterial invasion of the mucosal epithelium, a key step that facilitates the survival and
persistence of many intestinal and extraintestinal pathogens, and their subsequent systemic
translocation (16). Additionally, the EVISC model allows for the measurement of innate
intestinal response to bacteria in context of the secretion of antimicrobial protein such as
secretory phospholipase A2 (sPLA2).

In this work, we assessed the effect of PN without enteral feeding upon the susceptibility of
murine intestinal tissues to enteroinvasion by extraintestinal pathogenic Escherichia coli
(ExPEC) and the secretion of mucosal sPLA2 in response to ExPEC exposure. Since PN
without enteral feeding is associated with a greater risk of infection and impaired gut-
derived immune responses, we hypothesized that PN would result in greater enteroinvasion
by ExPEC and reduced sPLA2 secretion by the small intestinal tissue.
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MATERIALS AND METHODS
Animals

All protocols were approved by the Animal Care and Use Committee of the University of
Wisconsin-Madison, and the William S. Middleton Memorial Veterans Hospital. Male
Institute of Cancer Research (ICR) mice were purchased from Harlan (Indianapolis, IN) and
housed 5 per microisolater-top cage in a temperature and humidity controlled environment
with a 12h/12h light/dark cycle at an Association for Assessment and Accreditation of
Laboratory Animal Care-accredited conventional facility. Animals were fed a standard
pelleted mouse chow (Rodent Diet 5001; LabDiet, PMI Nutrition International, St. Louis,
MO) and given ad libitum Chow and water for 1 week prior to initiation of the study
protocol.

Study 1: Effect of ileal region and ExPEC inoculum concentration on
susceptibility of ileal tissue to invasion by ExPEC and sPLA2 secretion by the
tissue in response to pathogen exposure—Seven male ICR mice (7–8 weeks old)
were anesthetized with intraperitoneal administration of ketamine (100 mg/kg) and
acepromazine (10 mg/kg), and then euthanized by exsanguinated via left axillary artery
transection. The small intestine from each mouse was removed and cleaned of mesenteric fat
and vascular tissue. The lumen was rinsed with 60 mL HBSS and then with 60 mL RPMI
media. Ileum segments (1.5 cm) devoid of Peyer’s patches were isolated, placed in RPMI
solution until use in the experiment, within 30 minutes. For regionalization studies,
segments from the distal ileum (adjacent to the ileal-cecal junction) and proximal ileum (15
cm proximal to “distal ileum”) were exposed to varying ExPEC inoculum concentrations;
enteroinvasion by ExPEC and secretion of sPLA2 in response to ExPEC exposure were
measured as described in detail in later sections.

Study 2: Effects of PN-feeding on susceptibility of ileal tissue to invasion by
ExPEC and sPLA2 secretion by the tissue in response to pathogen exposure
—Ten male ICR mice (7–8 weeks old) were anesthetized as in Study 1, weighed and
catheterized by the placement of a silicon rubber catheter (0.012-inch I.D./0.025-inch O.D.;
Helix Medical, Inc., Carpinteria, CA) in the vena cava via the right external jugular vein.
The catheter was tunneled subcutaneously from the neck site, over the back, finally exiting
mid-tail. The mice were partially restrained by the tail for the remainder of the study to
protect the catheter during infusions; this partial restraint technique does not induce
significant stress in the mice (17). The mice were also housed individually in metal wire-
bottomed cages to prevent coprophagia and ingestion of bedding.

The catheterized mice were connected to infusion pumps and allowed to recover for 48 h
while receiving 4 mL/d of saline (0.9%) via the catheter. The mice also received ad libitum
chow and water. This period allows for surgical recovery as previously determined by
normalization of serum cytokines and food intake. Following the recovery period, the mice
were randomized (n = 5 / group) to receive oral chow or intravenous PN. The chow-fed mice
were given ad libitum chow and water, and continued to receive 0.9% saline at 4 mL/d via
the intravenous catheter. The PN mice received PN solution at 4 mL/d (day 1), 7 mL/d (day
2) and 10 mL/d (days 3-5) as well as ad libitum water throughout the study. We previously
demonstrated that a graded infusion period was necessary for the mice to adapt to the
glucose and fluid loads. The PN solution [Table 1] includes 6.0% amino acids, 35.6%
dextrose, electrolytes, and multivitamins, with a non-protein calorie to nitrogen ratio of
128:1 (1440 kcal/L). These values meet the calculated nutrient requirements of mice
weighing 25 to 30 g (18). After 5 days of chow or PN feeding, the mice were anesthetized,
euthanized and the intestinal segments were collected as described in Study 1. The segments

Pierre et al. Page 3

J Surg Res. Author manuscript; available in PMC 2014 August 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



of the distal ileum from chow and PN animals were exposed to an optimal ExPEC inoculum
concentration (determined in Study 1); enteroinvasion by ExPEC and secretion of sPLA2 in
response to ExPEC exposure were measured as described in detail in later sections.

ExPEC Preparation
The ExPEC strain (ExPEC Strain-5011) used in our studies was isolated from a clinical
fecal sample and characterized to be genotypically representative of ExPECs. The strain
expresses both P- and type-1 fimbriae. To aid in the selection of the strain (over other strains
that may be present in the mouse tissue), the microbe was transformed to constitutively
express luciferase (Lux) using highly stable, custom low-copy plasmid, pGEN-Lux with
resistance to ampicillin. The ampicillin resistant ExPEC were cultured under static
conditions in 40 mL tryptose broth (100 μg/mL ampicillin) for 48 hours at 37°C. An aliquot
(1 mL) was taken from the surface of the culture and used to inoculate a new culture grown
under static conditions for 24 hours at 37°C. This culturing procedure optimizes the
expression of virulence factors. On the day of the EVISC experiment, the culture was
centrifuged at 1780 × g for 11 minutes to obtain a bacterial pellet. The pellet was washed
twice in 40 mL DPBS, and then re-suspended in 1 mL DPBS to obtain the bacterial stock
solution used in the experiments. The colony forming units (CFU) of the stock solution was
determined by obtaining the optical density on a spectrophotometer (DU640B, Beckman,
Brea, CA) at 450 nm wavelength and plotting it on previously established growth curves.

Ex Vivo Intestinal Segment Culture (EVISC)
The intestinal segments were placed on a sterile surface, carefully opened apical side up, and
kept moist with RPMI during all procedures. Tissue glue (Dermabond, Ethicon, Cornelia,
GA) was applied lightly on one side of a polystyrene spacer (9 mm outer diameter and a 6
mm internal aperture) that was fabricated in the laboratory. The spacer was then placed onto
the apical side of the intestinal segment with gentle pressure. Once the tissue glue set
(approximately 10 seconds), the bonded tissue-spacer was turned over. A second spacer was
lightly coated with tissue glue and placed on the serosal side of the intestinal segment. Then
a light layer of tissue glue was applied to the bottom of the serosal spacer and the intestinal
segment with the attached spacers was lowered into a cell culture insert (Cat 353292, 3.0
μM pore, 12-well format, BD Bioscience, NJ). Gentle pressure was applied to ensure
adherence of the bottom spacer to the cell culture insert. A schematic of spacer, intestinal
segment, and cell culture insert is shown in Figure 1. The entire insert containing the
sandwiched tissue segment was placed into a well of a 12-well plate prefilled with 1 mL
RPMI containing ampicillin (100 μg/mL).

The ExPEC inoculum were delivered in 400 μL of RPMI containing ampicillin (100 μg/mL)
to obtain final concentrations of 0 (Control), 0.4, 2, 4, 20, and 40 ×107 CFU/well in Study 1
and 4×107 CFU/well in Study 2. Once the inoculums were added, the plate was incubated
for 1 hour at 37°C. At the end of the incubation period, the media in each well was collected
and centrifuged at 14,000 × g for 2 minutes to obtain supernatant devoid of bacteria; the
supernatant was stored at −80°C for analysis of mucosal secretions (sPLA2). Then, each
well was washed three times with 500 μL of DPBS. Then 700 μL of RPMI containing
gentamicin (100 μg/mL) was added to each well and incubated for 1 hour at 37°C to kill
bacteria remaining in the well or adhered to the mucosal surface; at the concentration and
incubation time utilized, the gentamicin cannot enter the cells of the tissue. The RPMI +
gentamicin was removed and the tissue was washed three times with 500 μL of DPBS. The
cells of the tissue segments in the wells were lysed to release the invaded ExPEC by adding
400 μL/well of 0.1% Triton-X in DPBS and agitating the plate on an orbital shaker (175
rpm; New Brunswick Scientific Classic Series C1 Shaker) for 30 minutes at room
temperature; at this concentration, Triton-X has no effect on the viability of the ExPEC.
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Serial dilutions (101-107) of the cell lysate were made in DPBS and plated on Luria broth
(LB) agar plates containing ampicillin (100 μg/mL), and then incubated for 18 hours at
37°C. Enteroinvasion was assessed by enumerating CFUs of ExPEC grown on the plates.
Bacterial invasivity was calculated by dividing the total invaded CFUs by the total inoculum
CFUs.

Scanning electron microcopy
Segments of distal ileal tissue were sandwiched between spacers, attached to cell culture
inserts and placed into wells of a culture plate prefilled with 1 mL RPMI containing
ampicillin (100 μg/mL) as described in previous sections. The wells were inoculated with
ExPEC (4×107 CFU/well) for 1 hour at 37°C. Then, each well was washed three times with
500 μL of DPBS. The tissues in the wells were fixed overnight at 4°C using 2%
gluteraldehyde in 0.1M phosphate buffer. Cells were then washed twice for 10 minutes in
0.1M phosphate buffer. The tissues sandwiched between spacers were removed from the
apparatus; the spacers were left intact to ensure that the tissues maintained their flat
orientation. Tissues were incubated in step-wise increasing concentrations of ethanol
(30-100%) for specific durations of time and then placed in the critical point dryer chamber
with molecular sieve-dried ethanol. The dryer was cooled and maintained at 10°C using
CO2. The tissues were purged of ethanol for 2 minutes and incubated with CO2 for 10
minutes; the process was repeated twice. After another 2-minute purge, the dryer chamber
was heated to 35°C, increasing the pressure on the samples to approximately 1250 psi. The
pressure was slowly decreased (~100psi/min) until 0 psi was reached. The tissues were
removed from the dryer and placed in a desiccator. After desiccation, the tissues specimens
were platinum coated with IBS/TM200S ion-beam sputter coater (VCR Group, San
Francisco, CA) to a thickness of 2.5 nm. The tissue samples were viewed and imaged on a
Field-Emission Scanning Electron Microscope Hitach S-900 (Hitachi Instruments, Santa
Clara, CA) at 8keV.

Determination of sPLA2 activity
sPLA2 activity was performed as described previously by Tsao et al (19), with some
modification to the substrate preparation (20). This assay uses a quenched fluorophore, bis-
BODIPY®-FL C11-PC (1,2-bis-(4,4-difluoro-5,7-dimethyl-4-bora-3a,4a-diaza-s-indacene-3-
undecanoyl)-sn-glycero-3-phosphocholine (Molecular Probes, Eugene, OR), which becomes
unquenched (fluoresces) when the sn-2 ester bond of is cleaved by sPLA2. This method was
developed as a high-throughput assay to rapidly analyze sPLA2 activity. Briefly, the
substrate was prepared by mixing 10 μL of bis-BODIPY-FL C11-PC with 1 mL aliquot of
phosphatidylglycerol (2 mg/mL; Sigma, St. Louis, MO) dissolved in chloroform. The
choloroform was evaporated under nitrogen, and the remaining mixture of bis-BODIPY-FL
C11-PC and phosphatidylglycerol were re-dissolved in 100% ethanol, and used as substrate.
The assay reaction mixture was prepared in a glass tube on ice by mixing 10 μL of substrate
solution (20 μg of phospholipids) and 10 μL of sample, and then bringing up the reaction
volume to 1 mL with 0.01 M Tris-HCl (pH 7.4) buffer containing 10 mM Ca2. An aliquot
(0.3 mL) of the reaction mixture was promptly transferred in triplicate to the wells of a white
polystyrene microplate (Porvair PS White, PerkinElmer Instruments, Norwalk, CT). The
microplate was placed in a temperature-controlled (30°C) microplate reader attached to a
PerkinElmer Luminescence Spectrometer LS50B. The fluorescence intensity (FI) in each
well was recorded every 10 sec for 70 cycles at 488 nm excitation (excitation slit: 2.5 nm)
and 530 nm emission (emission slit: 5.0 nm). After the enzymatic reactions reached
equilibrium temperature, the reaction curve was fit to a second-order polynomial equation
and the first-degree coefficient was taken as the initial rate of reaction (expressed as change
in FI/min/μL sample). This initial rate is taken to be the activity of sPLA2 in the sample.
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Blank wells containing only substrate and buffer were used to determined non-enzymatic
background activity.

Statistical analysis
A fixed effects ANOVA model was fit for each measured parameter (total invasion,
invasivity and sPLA2 secretion) using the PROC MIXED function (SAS Software (Version
8), SAS Institute Inc, Cary, NC) to test for significant effects of bacterial inoculum
concentration, ileal regionality, and/or diet. Second-order interactions between these factors
were also included in the model whenever appropriate. The correlations between
observations taken between factors were modeled using a diagonal covariance structure. For
each measured parameter, the model was fit using the untransformed data, and the residuals
were evaluated to ensure that standard ANOVA assumptions of constant variance and
normality were reasonably met. Transformations of the data were performed if required to
improve adherence to these assumptions. Type III tests were then performed to evaluate the
significance of the effects of interest for each measured parameter, and least-square means
were calculated. The data are reported as least-square mean ± standard error of mean (SEM).
Statistical significance was accepted at P < 0.05.

RESULTS
Study 1: Effects of ileal region (proximal vs. distal ileal segments) and ExPEC inoculum
concentration on susceptibility of ileal tissue to invasion by ExPEC

Overall Analysis—There were significant differences (P<0.0001) between the
susceptibilities of the two ileal regions to enteroinvasion by ExPEC (as determined by total
invasion and invasivity); The proximal ileum was more susceptible to invasion than the
distal ileum (Figures 2A and 2B). The concentration of the ExPEC inoculums also had a
significant effect on enteroinvasion (P<0.0001 and P=0.0001 for total invasion and
invasivity, respectively; Figures 2A and 2B). However, there were no significant
interactions between the two factors, ileal regionality and inoculum concentration. That is,
the relationship between increasing inoculum concentration and total invasion (or invasivity)
in the proximal region was not significantly different from the relationship between
increasing inoculum concentrations and total invasion (or invasivity) in the distal region.

Total invasion—The two highest concentrations of ExPEC inoculums, 20 and 40 ×107

CFU/well induced degradation of tissue and thus were excluded from further studies (data
not shown in figure due to tissue degradation). In the distal ileal segments: The total
invasion produced by the ExPEC inoculum concentration of 2×107 CFU/well (7,848 ±
46,031 CFU of ExPEC within cells) was significantly greater than that produced by 0.4×107

CFU/well inoculum (2,708 ± 33,996 CFU; P < 0.05; Figure 2A). The total invasion
produced by 4×107 CFU/well inoculum (61,125 ± 33,996 CFU within cells) was
significantly greater than those produced by either 0.4×107 (2,708 ± 33,996 CFU; P <
0.0001) or 2×107 (7,848 ± 46,031 CFU, P < 0.01) CFU/well inoculums. In the proximal ileal
segments: The total invasion produced by the ExPEC inoculum concentration of 2×107

CFU/well (50,422 ± 46,031 CFU of ExPEC within cells) was significantly greater than that
produced by the 0.4×107 CFU/well inoculum (5,675 ± 46,031 CFU; P < 0.005). The total
invasion produced by 4×107 CFU/well inoculum (381,933 ± 46,031 CFU) was significantly
greater than those produced by either 0.4×107 (5,675 ± 46,031 CFU; P < 0.0001) or 2×107

(50,422 ± 46,031 CFU; P < 0.01) CFU/well inoculums. When comparing the two ileal
regions: total invasion of the proximal region was significantly greater than that of the distal
region with 2×107 (P < 0.01) and 4×107 (P < 0.005) CFU/well inoculums.
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Invasivity—In the distal ileal segments: The invasivity of the ExPEC was significantly
greater at an inoculum concentration of 4×107 CFU/well (0.15 ± 0.09 %) than at 0.4×107

(0.07 ± 0.09 %; P < 0.05) or 2×107 (0.04 ± 0.12 %; P < 0.05; Figure 2B) CFU/well. In the
proximal ileal segments: The invasivity of the ExPEC at an inoculum concentration of
4×107 CFU/well (0.95 ± 0.12 %) was significantly greater than that at 0.4×107 (0.14 ± 0.12
%; P < 0.01) or 2×107 (0.25 ± 0.12 %; P = 0.09) CFU/well. When comparing the two ileal
regions: The invasivity of the ExPEC was significantly greater in the proximal region than
in the distal region with 2×107 (P < 0.01) and 4×107 (P < 0.0005) CFU/well inoculums.

Scanning electron microscopy—The examination of ExPEC interaction with the ileal
tissue by scanning electron microscopy revealed ExPECs attaching to the apical surface of
the ileal tissue via fimbriae and then initiating entry into the epithelial cells (Figure 3).

Study 1: Effects of ileal region (proximal vs. distal ileal segments) and ExPEC inoculum
concentration on sPLA2 secretion by mucosal tissue in response to pathogen exposure

Overall Analysis—There were significant differences (P=0.0002) between the secretion
of sPLA2 by the two ileal regions in response to ExPEC exposure; The proximal ileum
produced significantly lower sPLA2 than the distal ileum in response to the pathogen
(Figure 4). The concentration of the ExPEC inoculums also had a significant effect on the
secretion of sPLA2 (P<0.0001). However, there were no significant interactions between the
two factors, ileal regionality and inoculum concentration. That is, the relationship between
increasing inoculum concentration and secretion of sPLA2 in the proximal region was not
significantly different from the relationship between increasing inoculum concentrations and
secretion of sPLA2 in the distal region.

A baseline level of sPLA2 secretion by ileal tissue was detected regardless of the presence or
absence of bacteria or bacterial inoculum (Figure 4). In the distal ileal segments: The sPLA2
secretion induced by the ExPEC inoculum concentrations of 2×107 CFU/well (3019 ± 355
ΔFI/min; P<0.05) and 4×107 CFU/well (2,961 ± 262 ΔFI/min; P<0.05) were significantly
greater than the baseline level (892 ± 329 ΔFI/min) secreted by the tissue. In the proximal
ileal segments: Only the sPLA2 secretion induced by the inoculum concentrations of 4×107

CFU/well (1,407 ± 355 ΔFI/min; P<0.05) was significantly greater than the baseline level
(689 ± 615 ΔFI/min) secreted by the tissue. When comparing the two ileal regions: The
baseline sPLA2 secretion by the two ileal segments did not significantly differ. However, the
sPLA2 secretion induced by the distal ileal segments were significantly higher than those
secreted by the proximal ileal segments in response to 0.4, 2, and 4 ×107 CFU/well
(P<0.0005, P=0.001, and P<0.005, respectively).

Study 2: Effects of PN-feeding on susceptibility of ileal tissue to invasion by ExPEC and
sPLA2 secretion by the tissue in response to pathogen exposure

Overall Analysis—Since the distal bowel was more resistant to bacterial enteroinvasion,
we decided to focus on the distal ileal segments when examining the effects of chow and PN
feeding. This was done to test the hypothesis that PN feeding (or the lack of enteral feeding)
would impair the ileal region that is more resistant to bacterial challenge under chow
feeding. We observed that the ileal tissue from PN-fed animals was significantly more
susceptible (approximately 4-fold) to enteroinvasion than those from chow-fed animals
(total invasion: 84,584 ± 18,047 vs. 20,455 ± 18,784 CFU of ExPEC within cells, P=0018;
invasivity: 0.21 ± 0.05 % vs. 0.05 ± 0.05 %, P=0018; Figures 5A and 5B). Ileal tissue from
PN-fed animals secreted significantly lower levels of sPLA2 than those from chow-fed
animals (1,959 ± 552 vs. 4,161 ± 552 ΔFI/min, P < 0.02; Figure 6).
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DISCUSSION
PN is a necessity for the prevention of malnutrition in patients who are unable to be fed
enterally. However, its use is associated with increased risk of infection when compared to
enteral feeding. PN without enteral stimulation alters host immune defenses in part by
changes to the gutassociated lymphoid tissue and the mucosal barrier (3, 4, 8, 21, 22). It also
affects bacterial virulence within the gut lumen due to decreased nutrient availability (6, 7),
decreased pH (5), and reduced bacterial diversity (23). Current evidence suggests that under
such conditions, the bacterial invasion of the mucosal epithelium may to be an initial step in
inducing a systemic inflammatory response that originates from the gastrointestinal system
(16, 24, 25).

In patients hospitalized for 5 days or longer, the causative organisms of hospital acquired
infections include facultative anaerobes, such as Escherichia coli (E. coli), Klebsiella,
Streptococcus, and Enterobacter species, as well as anaerobes, such as Bacteroides,
Peptostreptococcus, and Clostridium species (26). The preservation of mucosal barrier
integrity is paramount in host defense against these microbial pathogens (3), especially in
the face of increasing antibiotic resistance (10).

PN without enteral nutrients not only compromises the integrity of the physical mucosal
barrier, but also alters the innate molecular defense capabilities of the barrier by reducing the
secretion of mucin, antimicrobial peptides and sIgA. We recently reported that PN feeding
alone reduces levels of the Paneth cell protein, sPLA2, in the small intestinal lumen (20).
sPLA2 plays an important role in antimicrobial defense, in addition to the wide array of
other antimicrobial peptides and proteins, such as lysozymes, defensins and RegIIIγ,
produced by the Paneth cells (27, 28). We and others have demonstrated the antimicrobial
action of sPLA2 (29-34). Due to the cationic charge on sPLA2, negatively charged bacterial
cell membranes attract the protein which cleaves fatty acids from the sn-2 position of
phospholipid glycerol backbones on the bacterial cell wall (35, 36). This process induces
membrane permeability and subsequent lysis of the microbe.

Existing cell culture models are of limited use for investigating the complex bacterial-host
interactions that occur at gut mucosa, especially for elucidating the mechanisms that affect
host vulnerability to infections. While these models allow the investigator to focus on
specific virulent mechanisms employed by bacteria to invade the host, they exclude the
complex immune responses generated by an intact host mucosal barrier in response to
pathogenic bacteria (12, 13). Perhaps, more importantly, these models do not allow for the
study of the effects of types and route of diet, such as PN alone, on mucosal immunity as it
relates to susceptibility to infections.

In this work, based on the pIVOC model (14) used by Schuller et al., we developed the
EVISC model for studying the effects of PN without enteral feeding on bacterial invasion of
the epithelium and the secretory response of the mucosa to pathogen exposure. Since E. coli
are the most commonly cultured genera of bacteria in intra-abdominal abscess and since
extraintestinal pathogenic E. coli (ExPEC), common to gastrointestinal tract, are often a
significant threat of infection when displaced from the tract, we utilized a strain of ExPEC
isolated from clinical fecal samples. The ExPEC strain was transformed to express luciferase
and ampicillin resistance, allowing us to recover and enumerate the specific strain in our
studies with intestinal segments that may contain other bacterial strains.

Our studies, in general, indicated that increasing concentrations of ExPEC inoculum, up to
4×107 CFU/well, produced increasing enteroinvasion and stimulation of sPLA2 secretion by
the tissue. The two highest inoculum concentrations, 2×108 and 4×108 CFU/well, induced
observable sloughing of tissue segments and thus the data were excluded from figures. The
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scanning electron microscopy of ExPEC interaction with the ileal tissue revealed ExPEC
attaching to the apical surface of the ileal tissue via fimbriae and then initiating entry into
the epithelial cells. This mechanism of invasion is commonly utilized by microbial
pathogens to gain entry into non-phagocytic host cells (37, 38). The observations were also
identical to what we have previously observed in our studies exploring the invasion of
enterocytes (Caco-2 cells) in culture by ExPEC (data not shown). The studies of the effects
of ileal regionality on bacterial invasion showed that the proximal ileum was significantly
more susceptible to enteroinvasion than the distal ileum. Additionally, the proximal region
secreted less sPLA2 in response to pathogen exposure compared to the distal region,
suggesting the differences in susceptibility of the regions to enteroinvasion may be due to a
decreased immune response, such as the decreased secretion of sPLA2 and possibly other
antimicrobial proteins. This finding supports the view that the distal ileum is more resistant
to pathogens and is consistent with the higher in vivo bacterial concentrations commonly
reported in the distal intestine (39). While the current study suggests an inverse relationship
between the secretion of sPLA2 and the susceptibility to enteroinvasion, additional studies
are needed to elucidate the mechanistic link between the two parameters. The EVISC model,
which revealed the regional differences in mucosal immunity that exist in vivo and the
potential role of sPLA2 secretion in this context, is also a suitable tool for further studies to
elucidate mechanisms responsible for the observations.

Our studies with ileal tissue from PN- and chow-fed animals showed that PN without enteral
nutrition increases the susceptibility of the distal ileum to enteroinvasion by ExPEC;
bacterial invasion of the tissue from PN-fed animals was approximately four times higher
than in that from chow-fed animals. The distal ileum, as opposed to the proximal region,
was chosen to study the effects of PN without enteral feeding since the distal bowel was
more resistant to bacterial enteroinvasion in our previous experiments, and we were
particularly interested in what effects PN would have on this resistance. Increased
susceptibility to enteroinvasion in the distal region following PN with the lack of enteral
feeding suggests impaired mucosal defense in what is normally the more protected region of
intestine. The increased susceptibility may, in part, be due to the decreased secretion of
sPLA2 in response to the pathogen that was observed in tissue from PN-fed animals. These
observations not only suggest why PN without enteral feeding is associated with increased
risk of infection in patients, but also illustrate the value of the EVISC model for
understanding the impact of diet on susceptibility to infections and for elucidating the
mechanisms by which diets alter mucosal immunity in this context.

In summary, our studies illustrate the usefulness of EVISC as a reproducible model of the
heterogeneity of mucosal tissue and some of the complexity of host-pathogen interactions
for studying the effect of type and route of diet in context of infections. More specifically,
the data supports our hypothesis that reduced enteral stimulation decreases the effective
responsiveness of mucosal immunity to a pathogen exposure, and provide a potential
mechanism by which PN without enteral feeding is associated with an increased risk of
infectious complications in patients. We have further studies in this model underway to
examine how stimulation of individual components of the host defense, such as Paneth cell
production of sPLA2, lysozymes, and defensins, lamina propria production of IgA, and
goblet cell production and release of mucins, influence response to a pathogen.
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Abbreviations used

PN parenteral nutrition

CFUs colony forming units

EVISC ex vivo intestinal segment culture

sPLA2 secretory phospholipase A2

pIVOC polarized in vitro organ culture
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Figure 1. A graphical representation of the EVISC model setup
Figure shows the assembly of the spacer and the intestinal segment into each cell culture
insert that is then placed into a well of a 12-well cell culture plate.
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Figure 2. Effects of ileal region (proximal vs. distal ileal segments) and ExPEC inoculum
concentration on susceptibility of ileal tissue to invasion by ExPEC
Figures show (A) total invasion and (B) invasivity (Invaded CFU/Inoculum CFU). Means
without a common letter differ, P < 0.05.
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Figure 3. Representative scanning electron photomicrographs of the invasion of ileal epithelial
cells by ExPEC
(A) Shows the adhesion of ExPEC to apical surface of cells via surface virulence factor
(fimbriae; example indicated by white arrow), (B) Shows ExPEC invasion of the epithelium
cells by initiating uptake, a mechanism commonly utilized by microbial pathogens to gain
entry into non-phagocytic host cells (37, 38). The observed photomicrographs are identical
to what we have previously observed in our studies exploring the invasion of enterocytes
(Caco-2 cells) in culture by ExPEC (data not shown).
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Figure 4. Effects of ileal region (proximal vs. distal ileal segments) and ExPEC inoculum
concentration on sPLA2 secretion by mucosal tissue in response to pathogen exposure
sPLA2 activity in the culture media is taken to be a measure of sPLA2 secretion. Means
without a common letter differ, P < 0.05.
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Figure 5. Effect of chow- and PN- feeding on susceptibility of ileal tissue to invasion by ExPEC
Figures show (A) total invasion and (B) invasivity (Invaded CFU/Inoculum CFU). *
Denotes statistical difference (P=0.0018) between mucosal tissues from PN- and chow-fed
mice.
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Figure 6. Effect of chow- and PN- feeding on sPLA2 secretion by mucosal tissue in response to
pathogen exposure
sPLA2 activity in the culture media is taken to be a measure of sPLA2 secretion. * Denotes
statistical difference (P=0.01) between secretions by mucosal tissues from PN- and chow-
fed mice.
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Table 1

Formulation of Parenteral Nutrition (PN) Solution

Component Amount (per 1 L)

Dextrose 356.0 g

Amino acids (Clinisol) 60.0 g

Sodium chloride 32.0 mEq

Sodium phosphate 36 mmol

Potassium chloride 16 mEq

Calcium gluconate 37.5 mEq

Potassium acetate 44.0 mEq

Magnesium sulfate 8.0 mEq

Manganese 0.8 mg

Copper 0.5 μg

Zinc 2.0 mg

Vitamin C 200 mg

Vitamin A 3300 IU

Vitamin D3 200 IU

Thiamine 6 mg

Riboflavan 3.6 mg

Pyridoxine HCl 6 mg

Niacinamide 40 mg

Folic Acid 600 mcg

Biotin 60 mcg

Cyanocobalamin 5 mcg

Vitamin E 10 IU

(dl-α-tocopheryl Acetate)

Vitamin K1 150 mcg

Dexpanthenol 15 mg

IU, international units.
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