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Objective
To determine the etiology of the loss of epithelial barrier func-
tion observed with the administration of total parenteral nutri-
tion (TPN) in a mouse model.

Summary Background Data
Removal of enteral nutrition with the administration of TPN is
associated with a loss of intestinal epithelial barrier function.
The etiology of this barrier loss is not clear. Because intraepi-
thelial lymphocytes (IELs) produce a number of cytokines that
may alter epithelial permeability, the authors investigated IEL
cytokine expression in a mouse model of TPN.

Methods
Adult C57BL/6 mice received TPN or enteral diet for 7 days.
IELs were subsequently harvested and the mRNA expression
of cytokines was measured. Epithelial barrier function was
assessed in vitro with 51Cr-EDTA in Ussing chambers and
was expressed as the permeability coefficient (Papp).

Results
IEL mRNA expression of interferon-gamma (IFN-�) rose from
0.14 � 0.07 in the control (enterally fed) group to 0.44 � 0.11
attomoles/�L in the TPN group (P � .05). Transforming
growth factor-�1 declined slightly but not significantly, from
0.75 � 0.35 to 0.55 � 0.18 attomoles/�L in the control and
TPN groups, respectively. Epithelial barrier function declined
significantly with TPN compared to controls. To assess the
relevance of IFN-� changes, permeability in IFN-� knockout
mice was studied. Barrier function was significantly higher in
IFN-� knockout mice on TPN compared to C57BL/6 mice
that received TPN.

Conclusions
IEL cytokine expression changes significantly with TPN ad-
ministration. The partial correction with IFN-� knockout mice
suggests that an upregulation of IFN-� expression is one
mechanism responsible for the loss of the epithelial barrier
associated with TPN.

Epithelial barrier function is essential for the intestine to
maintain an effective defense from intraluminal toxins and
bacteria, as well as to allow the epithelium to effectively
absorb nutrients.1,2 A common clinical correlate in which a

loss of epithelial integrity has been well demonstrated is the
administration of total parenteral nutrition (TPN), with the
absence of all enteral nutrition.3–5 The underlying mecha-
nism for this TPN-associated loss of barrier function is
unknown. This loss of barrier integrity with the use of TPN,
however, has been associated with a high rate of bacterial
sepsis. This is thought to be associated with the penetration
of endotoxins into the intestinal wall.6–8 Although some
have speculated that this loss of epithelial barrier function is
due to a lack of adequate nutritional delivery to intestinal
epithelial cells, recent insights with in vitro epithelial cell
cultures have shown that cytokines can mediate many epi-
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thelial activities. Such actions include the modulation of
epithelial cell growth, epithelial cytokine formation, and
tight junction integrity.9,10 One well-characterized cytokine
is that of interferon-gamma (IFN-�). IFN-� given in vitro to
a T84 epithelial monolayer can lead to a loss of tight
junction integrity.1 An even more intriguing fact is that the
pretreatment of this cell line with transforming growth
factor-�1 (TGF-�1) is able to prevent the IFN-�-mediated
action.11 Intraepithelial lymphocytes (IELs) are the popula-
tion of immunocytes within the epithelial layer and are a
rich source of such cytokines.12–14 Based on this, we pre-
viously investigated the expression of these cytokines in a
mouse model of TPN.15 This study showed an increased
expression of IFN-� mRNA with TPN administration. The
study, however, did not examine the cell populations re-
sponsible for this change, nor did we examine the physio-
logic significance of this IFN-� expression. The current
study hypothesizes that changes in the IELs, during the
administration of TPN, would be responsible for the ob-
served loss of epithelial barrier function. The aim of this
study was to determine the effect of TPN administration on
the expression of cytokines in the IELs, and to determine its
relevance in the alteration of epithelial barrier function.

METHODS

Animals

The studies conformed to the guidelines for the care and
use of laboratory animals established by the University
Committee on the Use and Care of Animals at the Univer-
sity of Michigan, and the protocols were approved by that
committee. Male, specific pathogen-free, adult C57BL/6J
mice (Jackson Laboratories, Bar Harbor, ME) were main-
tained in temperature-, humidity-, and light-controlled con-
ditions. In some experiments, IFN-� knockout (KO) mice
(C57BL/6-Ifngtm1Ts, Jackson Laboratories) were used. Dur-
ing administration of intravenous solutions, the mice were
housed in metabolic cages.

Operative Procedures

Administration of TPN was performed as previously de-
scribed.15 Mice were infused with a crystalloid solution
(dextrose 5% in 0.45 NS with 20 mEq KCl/L) at 4 mL/d.
After 24 hours, mice were randomized into two groups. The
control group received the same intravenous solution at 7
mL/24 hours, in addition to standard laboratory mouse
chow and water ad libitum. The TPN group received a
standard TPN solution intravenously at 7 mL/24 hours with
no oral intake. The TPN solution contained a balanced
mixture of amino acids, lipids, and dextrose in addition to
electrolytes and vitamins.15 Caloric delivery was based on
estimates of caloric intake by the control group and from
previous investigators, so that caloric delivery was essen-

tially the same in both groups. All animals were sacrificed
at 7 days using CO2.

IEL Isolation

IELs were isolated as previously described.15 Briefly, the
small bowel was placed in tissue culture media (RPMI 1640
[Gibco BRL, Gaithersburg, MD], with 10% fetal calf se-
rum). Mesenteric fat and Peyer’s patches were removed.
The intestine was then opened longitudinally and agitated to
remove mucus and fecal material. The intestine was cut into
5-mm pieces, washed three times in an IEL extraction buffer
(l mmol/L EDTA, l mmol/L dithiothreitol in phosphate-
buffered saline), and incubated in the same buffer with
continuous brisk stirring at 37°C for 30 minutes. The su-
pernatant was then filtered rapidly through a glass-wool
column. After centrifugation, the pellets were purified in
40% isotonic Percoll (Pharmacia, Piscataway, NJ) and re-
constituted in tissue culture medium. Viability exceeded
95% using trypan blue exclusion staining. After isolation,
the cell suspension contained an enriched lymphocyte pop-
ulation, but approximately one third to one half of the cells
were epithelial cells.

Biomagnetic Separation of IEL
Subpopulations

Positive and negative separation of cells was performed
with biomagnetic beads as previously described.16 The pu-
rity of the samples was confirmed using flow cytometry and
compared to nonseparated IEL samples. Two extraction
processes were performed and the purity of the samples
ranged from 98% to 99%. Antibodies were obtained from
Pharmingen (San Diego, CA) and consisted of (clone):
CD8�(53-6.7), CD8�(53-5.8), and CD45 (30-F11). Iso-
type-matched, irrelevant antibodies were used as negative
controls. The CD45� population was used to define the
lymphoid population of the epithelial layer and differentiate
this from the epithelial cell population (CD45-). CD8���
and CD8��� populations were used to determine the rel-
ative contribution of the thymic-independent and thymic-
dependent subpopulations of the IELs, respectively.17

Ussing Chamber Experiments

Full-thickness small bowel segments were mounted in
modified Ussing chambers (Physiologic Instruments, Inc.
Design, San Diego, CA) as flat sheets on a segment holder.
The exposed tissue surface area was 0.3 cm2, and each
half-cell was filled with 5 mL of preheated 37°C Krebs
buffer, bathing the mucosa specimen on both the mucosa
and serosal side. The Krebs buffer contained NaCl 110.0
mmol/L, CaCl2 3.0 mmol/L, KCl 5.5 mmol/L, KH2PO4 1.4
mmol/L, and NaHCO3 29 mmol/L. The buffer was pH-
adjusted to 7.4. The Krebs buffer was continuously oxygen-
ated with O2/CO2 (95%/5%) and stirred by gas flow in the
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chambers. After a 30-minute equilibration period, to achieve
steady-state conditions regarding transepithelial potential
difference (PD), the Krebs buffer in the serosal compart-
ment was replaced, and marker solution containing 51Cr-
EDTA (NEN Life Science Products Inc., Boston, MA) was
added in the mucosal compartments. One-milliliter samples
were taken every 10 minutes from the serosal compartment
for subsequent analysis of 51Cr-EDTA and replaced by fresh
Krebs buffer. A 90-minute incubation followed the equili-
bration. A gamma counter determined the amount of radio-
activity. The apparent permeability coefficient (Papp) was
calculated according to the following equation:18

Papp (cm/sec) � (dC/dt) � V(1/Co � A)

Where dC/dt is the change in concentration on the serosal
side per unit time (mol/L per second), V is the volume of the
chamber (cm3), A is the area of exposed intestine (cm2), and
Co is the initial marker concentration in the mucosal reser-
voir (mol/L).

Reverse Transcriptase and Competitive
Polymerase Chain Reactions

Isolation of Total RNA

Total cellular RNA was isolated by a guanidine isothiocya-
nate/chloroform extraction using TRIzol according to the man-
ufacturer’s instructions (Gibco BRL, Gaithersburg, MD).

Production of cDNA by Reverse Transcriptase

Poly A-tailed mRNA was reverse-transcribed into cDNA
by adding 250 ng of total cellular RNA (see changes for
competitive PCR) to the following reaction mixture: dATP,
dCTP, dTTP, and dGTP nucleotides each at 1 mmol/L
(Boehringer Mannheim, Indianapolis, IN); 8 U/�L MMLV
(Gibco BRL); and 2.5 �mol/L oligo-dT (New England
Biolabs, Beverly, MA); 2 U/�L RNAase (Boehringer
Mannheim) and DEPC-treated H2O were added to adjust
the volume. Samples (10-�L volume) were incubated at
39°C for 1 hour, and the reaction was terminated by heating
to 95°C for 3 minutes.

Competitive PCR

A series of PCRs were performed with oligomers de-
signed for a number of potentially relevant cytokines. Oli-
gomers were designed using an optimization program
(OLIGO 4.1, National Biosciences, Plymouth, MN). For
IFN-� (Genebank accession number K00083), the forward
primer was 5'-aataagagcaaggcagtgga-3' and the reverse
primer was 5'-gggatgacagta ggggaacc-3'. For TGF-�1-�
(Genebank accession number M57902), the forward primer
was 5'-gcc ctggataccaactat tgc-3' and the reverse primer was
5'-gcaggagcgcacaatcat gtt-3'. A quantitative PCR assay was
established by creating a DNA fragment (Mimic, Clontech
Laboratories, Inc., Palo Alto, CA) that competes directly

with the cytokine gene transcripts during PCR amplifica-
tion. The DNA fragment (MIMIC) was comprised of an
irrelevant intervening DNA sequence, flanked on each side
by the cytokine-specific primer binding sequences, and gave
rise to a PCR product approximately 100 bp longer or
shorter than the previously studied cytokine product.19 Ac-
curate quantification of the target PCR product was deter-
mined by equating a known concentration of the competing
cDNA generated MIMIC product with the generated cyto-
kine cDNA product. Samples were run in duplicate and the
mean concentration was determined and expressed as the
number of attomoles/�L of mRNA, where each microliter
represented 100 �g of total mRNA. PCR was performed
using the following reagents (final concentration): 5 �L of
RT product added to 5 mmol/L 3' and 5' of the cytokine-
specific oligomers; 1� AmpliTaq PCR buffer containing 10
mmol/L Tris and 50 mmol/L KCl and 2.5 mmol/L MgCl2
(Perkin-Elmer, Foster City, CA), 0.4 U AmpliTaq polymer-
ase (Perkin-Elmer), and DEPC-treated H2O. The following
thermal cycler (PTC-100, MJ Research, Inc., Watertown,
MA) settings were used in order: 94°C for 2 minutes; 30
cycles of 94°C for 15 seconds, 55°C for 15 seconds, and
72°C for 30 seconds; 5 minutes final extension time at 72°C;
and held at 4°C until assayed. PCR products were electro-
phoresed on 2% agarose gel containing ethidium bromide
for 1 hour at 170 V and then visualized under ultraviolet
light. Quantification of cDNA product used image quanti-
fication software (ImageQuant, Molecular Dynamics,
Sunnyvale, CA).

Enumeration of IFN-�-Producing Cells

Two methods were utilized to determine whether the
observed mRNA expression of IFN-� was associated with
protein expression.

ELISA Analysis

Methods utilized were similar to those previously de-
scribed.20,21 Harvested IELs (0.5 � 106 cells per well) were
cultured (in complete culture medium that contained RPMI
1640, 2 mmol/L glutamine, penicillin, and streptomycin,
2-mercaptoethanol [5 � 10�5 mol/L], and 10% heat-inac-
tivated fetal calf serum [Gibco BRL]) for 48 hours in
96-well U-bottom plates. To maximize IFN-� expression,
each well was coated with 0.3 �g/mL of anti-CD3 (hybrid-
oma 145–2C11) and 1 �g/mL of anti-CD28 (Pharmin-
gen).20 Supernatants were then extracted (pooled from three
wells of IELs [1.5 � 106 cells total] from each mouse) and
measured by ELISA using matched pair antibodies (Pharmin-
gen) according to the supplier’s directions. Cytokine levels
were determined graphically using standard curves generated
with recombinant murine IFN-� (Genzyme, Cambridge, MA).

Intracellular IFN-� Staining Analysis

The cell staining protocol followed that previously de-
scribed.22 The cell preparation was suspended in FACS
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buffer and the cell surface was stained with the appropriate
FITC-conjugated antibody at 4°C for 30 minutes. The cells
were washed twice and resuspended, and Cytofix/Cytoperm
(Pharmingen) was added for 20 minutes at 4°C. The cells
were washed twice and resuspended, and PE-conjugated
antibody to IFN-� (2 �g/1 � 106 cells) was added at 4°C for
30 minutes. Cells were washed twice and resuspended in
staining buffer before flow cytometry.

Data Analysis

Results were analyzed using unpaired t tests, with SPSS
software (SPSS Inc., Chicago, IL). P � 0.05 was considered
significant. Unless indicated, results are expressed as the
mean � SD. Power analyses was performed to ensure that
a lack of difference between groups had statistical rele-
vance. Based on previous results, we found that at least n �
4 was necessary for detecting differences in cytokine ex-
pression.15 To ensure that lack of statistical difference was
meaningful, we typically used n � 6 for most experiments.

RESULTS

General Description

The total amount of intravenous fluid was a mean of
7.3 � 1.4 mL/d for the TPN group and 7.0 � 1.8 mL/d for
the control group (P � .05). The mean caloric intake of the
TPN animals was 9.0 � 1.7 Kcal/d. Body weight was
recorded both before the initiation of the study and after the
mice were euthanized. Body weights at the beginning and
end of the study were 24.8 � 1.4 g and 23.8 � 1.3 g for the
TPN group and 25.0 � 1.7 g and 24.3 � 1.4 g for the
control group (P � .05). For almost all mice, weight loss
occurred in the first 3 days after cannulation and plateaued
after this point.

Isolated Cell Populations

Cells isolated from the intestinal epithelium made up the
IEL population and contained an enriched lymphocyte pop-
ulation as well as epithelial cells. Cell numbers for the
lymphocyte population of the IELs were 10.2 � 6.6 � 106

cells/mL and 8.1 � 5.6 � 106 cells/mL in the TPN and control
groups, respectively (P � .05). Epithelial cell counts were
16.7 � 12.5 � 106 cells/mL and 10.6 � 6.9 � 106 cells/mL
in the TPN and control groups, respectively (P � .05).

Cytokine mRNA Expression of IFN-� and
TGF-�1

Analysis of Cytokine Expression Within the
Mucosa

IFN-� mRNA expression (Fig. 1) was 0.14 � 0.07 atto-
moles/�L and 0.44 � 0.11 attomoles/�L for the control and

TPN groups, respectively (P � .05). TGF-�1 mRNA ex-
pression in the IELs was 0.75 � 0.35 attomoles/�L and
declined to 0.55 � 0.18 attomoles/�L for the control and
TPN groups, respectively (P � .05). The ratio of IFN-� to
TGF-�1 mRNA expression rose with TPN, from 0.19 in the
control group to 0.80 in the TPN group.

Analysis of Cytokine Expression in Mucosal
Subpopulations

As both lymphoid and epithelial cells can express a
number of cytokines, CD45� and CD45- populations were
used to differentiate lymphoid from nonlymphoid cells,
respectively. Figure 2 shows the results of these experi-
ments. In the control group, the CD45� population ac-
counted for the majority of TGF-�1 (72%; i.e., 72% of all
TGF-�1 expression was from CD45� cells) and to a much
greater extent for IFN-� (85%) expression. In the TPN
group, the CD45� population accounted for an increased
expression of TGF-�1 (90%) and IFN-� (98%) mRNA.
Both of these changes in cytokine expression for TPN mice
were statistically significant (P � .05). Thus, although the
relative amount of TGF-�1 declined only slightly, large
changes were noted in the population of cells expressing
this cytokine.

The predominant lymphoid population was CD8� cells.
To better analyze this group of T cells, the subgroups,
CD8��� and CD8���, were isolated to determine the
relative contribution of the thymic-independent and thymic-
dependent subpopulations, respectively (Fig. 3). In the con-
trol group, the CD8��� and CD8��� populations contrib-
uted roughly equal amounts to the expression of both IFN-�
and TGF-�1. In the TPN group, the CD8��� population
accounted for a significantly higher amount of TGF-�1
(72%, P � .01) and IFN-� (82%, P � .05) mRNA expres-

Figure 1. Quantitative expression of interferon gamma (IFN-�) and
transforming growth factor-�1 (TGF-�) mRNA. RNA was isolated from
the intestinal mucosa of control mice and mice on TPN (n � 8 per
group). *P � .05.
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sion. This suggests a greater role for cytokine expression by
the thymic-independent population.

ELISA Analysis

IFN-� was targeted for cytokine protein expression as it
showed a significant (P � .05) change in cytokine mRNA
expression. IEL IFN-� expression rose from 190 � 37
pg/mL in the control animals to 455 � 65 pg/mL in the TPN
group (n � 4 per group).

Intracellular IFN-� Staining Analysis

Because of the unique phenotype of the IELs, we elected
to further analyze the protein expression of IFN-� using

intracellular staining. This methodology allowed a detailed
examination of the specific subpopulations of the IELs that
expressed or did not express IFN-�. Figure 4 shows the
results of intracellular staining. IFN-� expression in the
CD8� subpopulation of the IELs demonstrated a significant
(P � .05) rise in the TPN group. The mean percent of the
CD8� IEL subpopulation staining for IFN-� rose from 11.9
� 1.6 in controls to 25.6 � 8.2 in the TPN group. The
CD4� subpopulation of the IELs also showed an increase
in IFN-� expression (control 0.7 � 0.4 vs. TPN 2.2 � 1.2);
however, the total amount of increase was not significant.
Similar to the mRNA data, separate analysis of CD8 subpopu-
lations (CD8 �� vs. CD8��) showed that IFN-� expression in
TPN mice was predominately confined to the CD8�� popu-
lation (CD8 ��23.8 � 5.8 vs. CD8��3.2 � 1.5).

Figure 2. Quantitative expression of interferon gamma (IFN-�) (A) and transforming growth factor-�1
(TGF-�) (B) mRNA, as isolated from the intestinal mucosa of control mice and mice on TPN (n � 6 per
group). Quantitative analysis was done after the cells in the intestinal mucosa were biomagnetically sepa-
rated into CD45� and CD45- groups as markers of lymphoid (IEL) and nonlymphoid (e.g., epithelial cells)
populations, respectively. *P � .05 and **P � .01, comparing cytokine expression between lymphoid (IEL)
and nonlymphoid (epithelial cell) populations.

Figure 3. Quantitative expression of interferon gamma (IFN-�) (A) and transforming growth factor-�1
(TGF-�) (B) mRNA, as isolated from the intestinal mucosa of control mice and mice on TPN (n � 6 per
group). Quantitative analysis was done after the cells in the intestinal mucosa were biomagnetically sepa-
rated into CD8��� and CD8��� groups. *P � .05 and **P � .01 comparing cytokine expression between
thymic-independent (CD8���) and thymic-dependent (CD8���) populations.
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Ussing Chamber Assays for Epithelial
Barrier Function

To address the physiologic significance of the changes in
the cytokines, we next examined alterations in epithelial
permeability with TPN by quantifying the permeability
coefficient (Papp) for 51[Cr]-EDTA. A significantly higher
Papp for 51[Cr]-EDTA (P � .01) was noted in the TPN
group (14.7 � 4.4 � 10�6 cm per second) compared to the
control group (6.87 � 1.25 � 10�6 cm per second) (Fig. 5).
Because the only significant change in cytokine expression
was a threefold increase in IFN-�, we next examined the
potential physiologic role of IFN-� on epithelial barrier
function. Papp of 51[Cr]-EDTA was studied in IFN-� KO
mice that received either TPN or enteral nutrition. The
IFN-� KO TPN group (9.2 � 2.73 � 10�6 cm per second)
was significantly lower when compared to the wild-type
C57BL/6J mice on TPN (P � .05). Additionally, there was
no significant difference in epithelial permeability between
IFN-� KO mice on enteral nutrition (6.42 � 1.26 � 10�6

cm per second) and enterally fed wild-type C57BL/6J mice
(P � .05). This suggests that there is at least a partial
correction of the loss of epithelial barrier function with the
elimination of IFN-� expression in mice receiving TPN.

DISCUSSION

An intact intestinal epithelium is critical to maintaining a
barrier between the external environment of the bowel lu-
men and the host organism. A loss of this barrier may allow
foreign antigens and endotoxins to enter the bowel wall,
with subsequent injury to the bowel and the organism it-
self.23 Despite TPN being a life-saving measure, several
investigators have documented a loss of the intestinal epi-
thelial barrier in both humans and experimental models of
TPN.24 This was demonstrated by Purandare et al, who
showed an increased permeability using fluorinated dextran
molecules.4 Such an increased permeability has been also
shown by an increase in tissue electrical conductance.25 The
mechanism by which this TPN-associated epithelial leak
occurs has not been determined, but it may be associated
with an impairment in the mucosal immune system.26,27 The
presumed etiology of this barrier loss has been attributed to
the lack of adequate nutritional support of intestinal epithe-
lial cells, as well as to a loss of critical enteral or hormonal
trophic factors causing a loss of epithelial growth.28 Use of
cultured epithelial monolayers has given better insight into
the mechanisms required for the maintenance of epithelial
barrier function.29 Madara and Stafford studied epithelial
integrity using in vitro cultures of human intestinal epithe-

Figure 4. Results of intracellular staining of IFN-�. The gated subpopulations IEL are shown for both
control and TPN groups (n � 6 per group). The percentages of each quadrant are shown, with the right
upper quadrant representing IFN-�-positive cells in the respective cell population. See the “Results” section
for the mean percentage of IFN-� expression in individual cell populations.
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lial cells (T84 cell line).1 They demonstrated a loss of
epithelial tight junction integrity with exogenous applica-
tion of IFN-�. Planchon et al, using a similar model, showed
that pretreatment with TGF-�1 can prevent the effects of
IFN-� on these cells and maintain epithelial integrity,11

suggesting a highly cytokine-dependent system for the
maintenance of epithelial barrier function.

IELs represent the layer of the gastrointestinal immune
system closest to the intestinal lumen and are a rich source
of cytokines.13 Previous work by our group and others has
shown that IELs undergo significant phenotypic changes
with the administration of TPN.15,30 These changes include
alterations in the absolute number of lymphocytes as well as
a specific decline in the number of CD4�, CD8-, and

CD44� subsets of IELs. Based on this, we hypothesized
that TPN would result in altered IEL cytokine expression
and that these changes would mediate the observed physi-
ologic changes in the intestinal epithelium. Although some
authors have found a decline in the total number of IELs and
epithelial cells, this was not seen in our study.30 It is
possible that our method of cell isolation was sufficiently
different from these authors that this may account for the
stable numbers of epithelial cells and IELs in our study.
Importantly, however, our method of isolation is well es-
tablished by many investigators.12,31 Based on this, we feel
that the cells isolated should sufficiently represent an accu-
rate phenotype and function of the cells in the mucosal
layer.

IFN-� mRNA expression increased over threefold in the
TPN group. It is also not clear why this alteration in cyto-
kine expression occurs with TPN. Clearly, there is a close
intercommunication between epithelial cells and IELs.10,32

It may well be the case that a loss of enteral nutrition may
result in an alteration of the epithelial production of cyto-
kines or other factors that may influence IEL activity. A
problem with the quantification of mRNA expression using
standard PCR techniques is that it can lack both precision
and reproducibility.19 Because of this, we determined the
mRNA expression for two cytokines (IFN-� and TGF-�1)
using a competitive, quantitative PCR technique. Both of
these cytokines have been well documented to influence
epithelial barrier function, and thus each had the potential to
influence permeability in our TPN model.1,11 A significant
increase in IFN-� mRNA expression (greater than three-
fold) was noted in the IELs of mice receiving TPN. A slight,
but not significant, decline in TGF-�1 mRNA expression
was also noted. By using a series of positive and negative
cell selections, we were able to determine the subpopula-
tions of the IELs responsible for the altered expression of
these cytokines. This was critical in that both intestinal
epithelial cells as well as lymphocytes are known to express
a large number of cytokines.33 When mice are given TPN,
the relative amount of IFN-� and TGF-�1 expression by the
lymphoid population significantly increases relative to that
expressed by the epithelial cells. Additional segmentation of
the IELs between CD8��� and CD8��� was done as the
CD8� population is the major T-cell population within the
IELs.31 The CD8 homodimeric form (CD8��) has been
hypothesized to be a thymic-independent population,
whereas the heterodimeric form (CD8��) is considered the
thymic-dependent portion of the IELs.17 In control mice, we
showed that the CD8��� and CD8��� subpopulations
accounted for approximately equal amounts of IFN-� or
TGF-�1 mRNA expression. However, TPN administration
led to a significant increase in the expression of both IFN-�
and TGF-�1 by the CD8��� subpopulation. This is im-
portant, as the thymic-dependent portion of the IELs has
been shown to be the predominant population responsible
for IEL proliferative activity,34 and may suggest other func-
tional implications of altered cytokine expression.

Figure 5. Results of intestinal permeability as measured by the per-
meability coefficient (Papp) from Ussing chamber experiments (n �
8–10 per group). Study of epithelial barrier function in both C57BL/6J
and IFN-� knockout mice after a 7-day period of enteral nutrition or TPN
(P � .05 between groups). Epithelial leak is expressed as the Papp of
51Cr-EDTA. *P � .05 compared with control. The IFN-� knockout TPN
group permeability was also significantly (P � .05) lower than the wild-
type TPN mouse group.
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In order to determine a potential physiologic result for the
increase in IFN-� expression, a determination of epithelial
barrier function was performed. We utilized EDTA as a
marker of epithelial permeability. This is based on previous
validation demonstrating EDTA as a valid marker of intes-
tinal permeability because its uptake reflects that of macro-
molecular protein antigens.35 Our finding of increased per-
meability of the small bowel epithelium to EDTA with
administration of TPN is in close agreement with that of
other investigators.24,27 Likewise, other investigators have
quantified a loss of epithelial barrier function based on an
increase in electrical conductance in rodent models of TPN
administration.25 We used IFN-� KO mice to determine the
relevance of the increase in IFN-� expression in our TPN
group. The absence of IFN-� expression in this group re-
sulted in a marked improvement in epithelial barrier func-
tion compared to wild-type mice that also received TPN.
Importantly, we confirmed that enterally fed IFN-� KO
mice showed no change in epithelial permeability compared
to wild-type C57BL/6J control mice. This suggests that
IFN-� may play a critical role in the mediation of this
TPN-associated epithelial leak.

The fact that epithelial barrier function was not com-
pletely normalized in these KO mice suggests that other
factors may also contribute to a TPN-associated epithelial
leak. Such factors may include endotoxins, oxidative stress,
or other cytokines that may mediate an epithelial leak.36–38

The relevance of these other factors on epithelial barrier
function has yet to be fully determined. Wu et al have
recently shown a decline in IL-4 and IL-10 with TPN, which
correlated with a decline in the production of IgA.39 How-
ever, in their study, whole gut homogenates were analyzed,
which makes extrapolation of these changes to the IELs
difficult. Additional cytokines that have been shown to
modify epithelial barrier function include IL-10 and IL-4.
IL-10 has been shown to dampen the loss of epithelial
barrier in T84 monolayers caused by the addition of IFN-
�.40 IL-4, on the other hand, can attenuate epithelial barrier
function in a similar model of cultured human intestinal
cells.41 Additionally, it has been shown that IL-6 may also
have an important role in the modulation of gut barrier
function in a model of hemorrhagic shock.42 It is quite
possible that such changes may also contribute to the de-
velopment of the TPN-associated epithelial leak. Because
the absence of IFN-� only partially corrected the loss of
epithelial barrier function, additional work needs to be done
to determine the relative impact of other cytokine changes
in our TPN model.

Other investigators have attempted to simulate IEL–epi-
thelial cell interactions using a series of co-culturing exper-
iments. These studies demonstrated that cytokines ex-
pressed by lymphoid cells in such experiments could
modulate an inflammatory response on epithelial cell mono-
layers.43,44 Unfortunately, in vitro models such as these
have several drawbacks that prevent a complete extrapola-
tion to an in vivo setting. An investigation of the IEL–

epithelial cell interactions in an in vivo setting has recently
been demonstrated. Guy-Grand et al45 have shown that
IFN-� can mediate a state of small bowel injury in an in
vivo setting. In their study, increased expression of IFN-�
by the IELs following IL-12 administration can lead to a
state of small bowel enteropathy, with associated cell death
and damage to villus epithelial cells. Our series of experi-
ments allowed us to examine a model of epithelial barrier
loss (TPN) in an in vivo setting, allowing a more detailed
examination of the alteration in the IEL cytokine profile.
Such a model confirms in vitro studies that suggest that
IFN-� has a major role in this mediation. Our results also
suggest that such IEL-epithelial cell–cytokine interactions
have an actual pathophysiologic basis.

In conclusion, administration of TPN in a mouse model
resulted in alterations in the increased expression of IFN-�.
Quantitative PCR techniques and use of transgenic mice
suggest that a rise in IFN-� expression may account for a
major component of the mechanism by which a loss of
epithelial integrity occurs during the administration of TPN.
Potential interventions to reverse these changes may be
efficacious in reducing the association of sepsis during the
administration of TPN.
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