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Necrotizing enterocolitis (NEC) is a common and devastating
gastrointestinal disease of premature infants. Because the proin-
flammatory cytokines IL-18, IL-12, and interferon (IFN)-� have
been implicated in other diseases of the small intestine, we
hypothesized that these cytokines would play an important role
in NEC pathogenesis. NEC was induced in newborn rats via
enteral feeding with rat milk substitute and asphyxia and cold
stress (RMS). Dam-fed, asphyxia- and cold-stressed littermates
were used as controls (DF). After 96 h, the distal ileum was
removed from all animals and processed to determine expression
and localization of IL-18, IL-12, and IFN-� using real-time
reverse transcriptase PCR and immunohistology. IL-18 and
IL-12 mRNA from the RMS group were increased (p � 0.05)
compared with DF controls, and there was a correlation between
increasing IL-18 and IL-12 mRNA levels and progression of
tissue damage (r � 0.629 and 0.588, respectively; p � 0.05).
Immunohistology revealed IL-18 in the cytoplasm of villi and
crypt enterocytes and IL-12–positive monocytes/macrophages

were increased with disease progression (r � 0.503, p � 0.05).
No differences in the number of IFN-�–positive cells were
observed between groups. These data demonstrate up-regulation
of IL-18 and IL-12 in experimental NEC and a correlation
between production of these proinflammatory cytokines and
progression of tissue damage. (Pediatr Res 51: 733–739, 2002)

Abbreviations
DF, dam fed
IEC, intestinal epithelial cells
IFN-�, interferon-�
LP, lamina propria
LPMC, lamina propria monocytes/macrophages
MC, monocytes/macrophages
NEC, necrotizing enterocolitis
NLPMC, non-lamina propria monocytes/macrophages
RT-PCR, reverse transcriptase PCR
RMS, rat milk substitute

NEC is the most common gastrointestinal disease of prema-
ture infants (1). Its etiology, however, remains elusive (2). It
has been suggested that the major risk factors for NEC—
prematurity, formula feeding, intestinal ischemia/hypoxia, and
bacterial colonization—promote an inflammatory cascade that
results in the pathology associated with this disease (3, 4). The
development of animal models has been vital to the under-
standing of NEC (5). The neonatal rat model, where NEC is
induced in newborn rats by enteral feeding of artificial formula

coupled with asphyxia and cold stress, is an established model
for study of this disease (6–11).

The intestinal environment is capable of producing an array
of cytokines important in the development and control of
inflammatory responses (12, 13). Among these, proinflamma-
tory IL-18 (14–17), IL-12 (18–20), and IFN-� (21, 22) have
been implicated in inflammatory diseases of the small intestine.
Individually, IL-18 and IL-12 can induce small amounts of
IFN-� from T, natural killer (NK), and B cells. Together, IL-18
and IL-12 can work synergistically to induce greater quantities
of IFN-� from these immunocompetent cells, and IL-18 and
IL-12 can induce intestinal inflammation in the presence of
IFN-� in mice (23). Both IL-18 and IL-12 are produced by
MC, however, IL-18 is produced by IEC as well (12, 24–26).

Cytokine profiles in NEC are poorly defined and sometimes
contradictory. IFN-� mRNA showed a slight trend toward
up-regulation in rats with experimental NEC (10) and was
increased in infants with NEC (27, 28). IL-12 mRNA was

Received October 2, 2001; accepted January 21, 2002.
Correspondence: Melissa Halpern, PhD, Department of Pediatrics, University of Ari-

zona, 1501 N. Campbell Ave, P.O. Box 245073, Tucson, AZ 85724-5073, U.S.A.; e-mail:
mhalpern@peds.arizona.edu. Reprints: Bohuslav Dvorak, PhD, Department of Pediatrics,
University of Arizona, 1501 N. Campbell Ave, P.O. Box 245073, Tucson, AZ 85724-
5073, U.S.A.; e-mail: dvorakb@peds.arizona.edu

Supported by grants HD26013 and HD39657 (to B.D.) from the National Institute of
Child Health and Human Development.

DOI: 10.1023/01.PDR.0000017480.64723.56

0031-3998/02/5106-0733
PEDIATRIC RESEARCH Vol. 51, No. 6, 2002
Copyright © 2002 International Pediatric Research Foundation, Inc. Printed in U.S.A.

ABSTRACT

733



decreased in experimental NEC (10). Although IL-18 has not
previously been studied in NEC, its constitutive production by
murine fetal and adult IEC (25) and increased production in
human epithelial cell lines subjected to hyperosmotic stress
(29) suggest its potential as a mediator of tissue damage in
NEC.

The goals of this study were to evaluate histologic localiza-
tion and expression of IL-18, IL-12, and IFN-� in experimental
NEC and determine the changes in cytokine production during
the development of this disease. To achieve this aim, IL-18,
IL-12, and IFN-� were evaluated in distal ileum of neonatal
rats enterally fed artificial formula to induce experimental NEC
using real-time RT-PCR and immunohistology.

METHODS

Animal model and diets. This protocol was approved by the
Animal Care and Use Committee of the University of Arizona
(A-324801–95081). Neonatal Sprague-Dawley rats (Charles
River Laboratories, Wilmington, MA, U.S.A.) originating
from 12 separate litters were used in four different experiments.
Newborn rats were collected immediately after birth to prevent
suckling of maternal milk. Animals were assigned to one of
two experimental groups based on randomized weight: artifi-
cially fed with RMS (30), or DF. Pups from both experimental
groups were stressed twice daily with asphyxia (breathing
100% nitrogen gas for 60 s) followed by cold (4°C for 10 min)
to induce experimental NEC (7, 31). RMS pups were hand fed
with 0.1 mL formula every 3–4 h during the first 48 h (32),
then this method was replaced with mechanized artificial feed-
ing for an additional 48 h (30). Animals that developed signs of
imminent death before 96 h were killed and tissues from these
animals were included in this study. After 96 h, all surviving
animals were terminated via decapitation.

NEC evaluation. After termination, the gastrointestinal tract
was carefully removed and the small intestine was visually
evaluated for typical signs of NEC (intestinal discoloration,
intestinal hemorrhage, ileal distention, and/or ileal stenosis). A
2-cm section of distal ileum proximal to the ileocecal valve
from each animal was fixed overnight in 70% ethanol, paraffin-
embedded, sectioned at 4–6 �m, and stained with hematoxylin
and eosin for histologic evaluation of NEC. Histologic changes
in the ileum were scored by a blinded evaluator and graded as
follows: 0 � normal, no damage; 1 � slight submucosal and/or
lamina propria separation; 2 � moderate separation of submu-
cosa and/or lamina propria, and/or edema in submucosal and
muscular layers; 3 � severe separation of submucosa and/or
lamina propria, and/or severe edema in submucosa and mus-
cular layers, region villous sloughing; 4 � loss of villi with
necrosis (Fig. 1).

RNA preparation. Total RNA was isolated from ileal tissue
using the RNeasy Mini Kit (QIAGEN, Valencia, CA, U.S.A.)
as described in the manufacturer’s protocol. All samples were
incubated with RNase-free DNase (20 U per reaction) for 10
min at 37°C to eliminate DNA contamination. RNA concen-
tration was quantified by UV spectrophotometry at 260 nm and
the purity was determined by the A260/A280 ratio (SPECTRA-
max PLUS, Molecular Devices, Sunnyvale, CA, U.S.A.). The

integrity of RNA was verified by electrophoresis on a 1.2%
agarose gel containing formaldehyde (2.2 M) and ethidium
bromide in 1 � MOPS buffer [40 mM MOPS (pH 7.0), 10 mM
sodium acetate, and 1 mM EDTA (pH 8.0)].

Real time RT-PCR. Real-time RT-PCR assays were per-
formed to specifically quantify rat IL-18, IL-12, and IFN-�
steady-state mRNA levels. Single-stranded cDNA was reverse
transcribed from 1 �g of total RNA in a 10-�L reaction
mixture, as previously described in detail (33). The amounts of
total RNA used in the reverse transcription reactions were
calculated from the absorbency at 260 nm, and verified by
densitometry of the 28S ribosomal RNA band separated on
denaturing agarose gels (by Gel Doc 1000 Documentation
System with Molecular Analyst/PC software, Bio-Rad, Her-
cules, CA, U.S.A.). Real-time PCR amplification (34, 35) was
performed using rat IL-18, IL-12, and IFN-� TaqMan Pre-
Developed Assay Reagents (Applied Biosystems, Foster City,
CA, U.S.A.), as described in the manufacturer’s protocol.
Samples were subjected to 40 cycles of amplification at 95° for
15 s followed by 1 min at 60° using a GeneAmp 5700
Sequence Detection System (Applied Biosystems), according
to the manufacturer’s instructions. Water controls were in-
cluded to ensure specificity. Relative quantification was used to
determine the changes in steady-state mRNA levels between
samples. Recently, Bustin (36) has clearly shown significant
limitations and inaccuracies in using housekeeping genes such
as �-actin or glyceraldehyde-3-phosphate dehydrogenase to
normalize mRNA values. Therefore, we used relative quanti-
fication of steady-state mRNA levels between experimental
groups and all mRNA measurements were calculated on the
basis of total RNA concentration (36). Separate standard
curves for IL-18, IL-12, and IFN-� were generated from serial
dilutions of nonexperimental intestinal total RNA (from 1 to
1000 ng per reverse transcription reaction). Real-time moni-
toring of fluorescent emission from cleavage of sequence-
specific probes by the nuclease activity of Taq polymerase
allowed definition of the threshold cycle during the exponential
phase of amplification. Data were expressed as the fold induc-
tion of gene expression in the RMS group compared with that
in the DF group.

Immunohistology. Using the same tissue processed as de-
scribed for staining with hematoxylin and eosin, serial sections
were deparaffinized in three changes of xylene and rehydrated
in a graded series of ethanol dilutions. Antigen unmasking was
performed using 0.05% saponin (Sigma Chemical, St. Louis,
MO, U.S.A.) for 30 min, followed by blocking of endogenous
peroxidase using 0.1% hydrogen peroxide for an additional 30
min. Sections were blocked with 1.5% rabbit serum (Vector
Laboratories, Burlingame, CA, U.S.A.) for 30 min, then incu-
bated with the following polyclonal goat anti-rat antibodies
(Santa Cruz Biotechnology, Santa Cruz, CA, U.S.A.): 5 �g/mL
IFN-�, 5 �g/mL IL-12, or 2 �g/mL IL-18 for an additional 30
min. After three PBS washes, biotinylated rabbit anti-goat
secondary antibody (Vector Laboratories) was applied for 30
min, followed by three PBS washes, then Vectastain Elite ABC
reagent (Vector Laboratories) for 30 min. Diaminobenzidine
was used as the substrate and sections were counterstained with
hematoxylin, dehydrated, and cover-slipped using Cytoseal
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XYL (Stephens Scientific, Kalamazoo, MI, U.S.A.) (37). Con-
trol sections were treated with the same procedure, except they
were incubated with 5 �g/mL goat Ig (Sigma Chemical)
instead of the specific cytokine antibodies. No signal was
observed in the controls. Sections from the DF and RMS
groups were simultaneously stained for a specific cytokine so
that comparisons of staining intensities between groups could
be assessed. Stained slides were evaluated by a blinded ob-
server. Sections from animals with a NEC score of 4 were not
included in analyses because of the lack of intact tissue to
evaluate.

Enumeration of MC and T cells. Sections of distal ileum
were processed as described above with the following changes:
Sections were blocked with 1.5% horse serum for 30 min,
followed by 30 min incubation with either 2.0 �g/mL mono-
clonal mouse anti-rat ED1 (Serotec, Raleigh, NC, U.S.A.) to
stain for MC surface markers or 5.0 �g/mL monoclonal mouse
anti-rat CD3 (BD PharMingen, San Diego, CA, U.S.A.) to
stain for T cells. Isotype-matched mouse IgG1 and IgM anti-
bodies were used as negative controls for ED1 and CD3,
respectively. After three PBS washes, slides were incubated
with biotinylated horse anti-mouse secondary antibody for 30
min. Positively stained MC and T cells were enumerated from
20 intact villi and the adjacent submucosal regions from a

section of tissue most representative of the histologic NEC
score of the tissue sample. Ethanol-fixed sections of rat spleen
were used as a positive control for MC and T cells (results not
shown). No staining was observed in control slides.

Statistics. Statistical analyses between DF and RMS groups
were performed using ANOVA followed by Fisher PLSD.
Correlation analyses related to degree of tissue damage were
performed using Spearman rank correlation. All statistical
analyses were accomplished using the statistical program Stat-
View for Macintosh computers (Abacus Concepts, Berkeley,
CA, U.S.A.). All numerical data are expressed as mean �
SEM.

RESULTS

Incidence and severity of NEC in RMS-fed animals.
Tissues with histologic scores �2 were designated positive for
NEC. In the RMS group (n � 17), 82% showed pathologic
changes in ileal structure characterized as moderate, severe, or
full necrosis versus 0% in the DF group (n � 15). The degree
of ileal damage was also significantly increased in RMS versus
the DF animals, with mean NEC scores of 2.6 � 1.0 and 0.41
� 0.2, respectively (p � 0.05).

Figure 1. Histologic scoring of distal ileum of neonatal rats. Neonatal rat ileum stained with hematoxylin and eosin showing representative sections for each
morphologic grading score. (A) Normal ileum, NEC score 0. Note there is no separation in the submucosa or LP. (B) NEC score 1, slight submucosal and LP
separation. (C) NEC score 2, moderate separation of the submucosa and LP with edema of the submucosa. (D) NEC score 3, severe separation of the submucosa
and LP. (E) NEC score 4, necrosis and loss of villi structure. Magnification �200.
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Ileal cytokine mRNA levels. To evaluate changes in gene
expression for IL-18, IL-12, and IFN-�, steady-state mRNA
levels from ileal tissue were measured using real-time RT-
PCR. Ileal IL-18 and IL-12 mRNA from the RMS group were
statistically significantly increased compared with the DF
group. IFN-� mRNA levels were similar in both DF and RMS
groups (Fig. 2). Correlation analyses showed a positive rela-
tionship between increasing IL-18 and IL-12 mRNA levels and
progression of tissue damage (r � 0.629 and 0.588, respec-
tively; p � 0.05).

Localization of IL-18. Immunohistologic staining revealed
IL-18 was increased with progression of disease. In DF ani-
mals (Fig. 3A), IL-18 was localized predominantly in isolated
IEC, with some staining observed in the LP. In RMS animals
with NEC scores between 1 and 2 (Fig. 3B), the IL-18 staining
pattern had features of the DF group (isolated IEC and LP
staining) coupled with cytoplasmic staining of regional villi
and crypt enterocytes. In RMS animals with NEC scores
between 2 and 3, IL-18 was found throughout the cytoplasm of
villi and crypt enterocytes, often with higher intensity staining
on the apical membranes of the villi enterocytes (Fig. 3C). No
staining was observed in submucosal layers for any treatment
group. Enumeration of individually stained cells between
groups was not performed because of the overall cytoplasmic
staining that predominated in the RMS group.

Localization of IL-12 and IFN-�. IL-12 was detected in
individually stained MC in the submucosa and LP in DF and
RMS animals. Enumeration from 20 villi and adjacent submu-
cosal regions revealed a statistically significant increase of
IL-12–positive cells in RMS versus DF animals (Fig. 4). In
addition, statistical analysis showed a correlation between the
number of IL-12–positive cells and tissue damage (r � 0.503,
p � 0.05). IFN-� was observed sporadically in T cells in all
groups (2–4 positive cells/20 villi). There were no statistical
differences in the number of IFN-�–positive cells between DF
and RMS groups.

Enumeration of macrophages and T cells. Because IL-18
can be produced by IEC as well as immune cells, we investi-
gated the infiltration of MC and T cells in DF and RMS
animals (Table 1). All MC were counted and divided into two
groups: LPMC and NLPMC found elsewhere in the villi,
crypts, and/or submucosa. In all experimental groups, MC
were the predominant immunologic cell type. However, the
majority of MC were negative for IL-18, and those LPMC that
were positively stained were restricted to the upper half of the
villi. The number of LPMC in the RMS group was statistically
significantly increased compared with DF animals. There was,
however, no correlation between the number of LPMC and
degree of tissue damage. In addition, there was no difference
between numbers of NLPMC or T cells between groups.

DISCUSSION

The present study demonstrates increased production of
proinflammatory cytokines IL-18 and IL-12 in the small intes-
tine of neonatal rats with NEC. Moreover, increased IL-18 and
IL-12 are correlated with progression of tissue damage. Al-
though previous studies have shown enhanced IL-18 produc-

Figure 2. IL-12 (A) and IL-18 (B) but not IFN-� (C) mRNA levels are
increased in distal ileum of neonatal rats with NEC. RNA was extracted from
ileal tissue from DF (n � 10) and RMS (n � 10) groups, and relative mRNA
levels were compared for each cytokine using real-time RT-PCR. For each
cytokine, the mean steady-state mRNA level for the DF group was assigned a
value of 1.0 and the mean mRNA from the RMS group was determined relative
to this number. *Statistically significant vs DF, p � 0.05.
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tion in Crohn’s disease (16, 17), this study is the first to
describe gene expression and histologic localization of IL-18
and their correlation to tissue damage in NEC.

Previous studies have shown that, in the presence of IL-12,
IL-18 induces IFN-� production from T and NK cells (38–40).
However, the abundant IL-18 levels in animals with NEC did
not correspond to greater IFN-� production. Although IL-18
and IL-12 are normally potent inducers of IFN-�, this cytokine
was detected infrequently in all experimental groups. The
paucity of mature T and NK cells in the 4-d-old neonatal
intestine likely accounts for the low incidence of IFN-�. Chi-
kano et al. (23) reported that administration of exogenous
IL-18 and IL-12 induced intestinal inflammation in adult mice
in an IFN-�–dependent manner. In this study, we show intes-
tinal damage in a setting of increased IL-18 and IL-12 without
increased IFN-�. One explanation for this apparent paradox is

that, although IFN-� levels do not appear to be increased
during NEC development, this cytokine is produced and may
provide the required co-signals to induce tissue destruction.
However, Simpson et al. (41) reported that IL-12–dependent
colitis may not require IFN-�, demonstrating an uncertainty as
to the requirement for IFN-� in intestinal pathology. Addition-
ally, it is well documented that the microenvironment of the
neonatal intestine differs significantly from more mature intes-
tine (42–44). It is likely, therefore, that immunoregulatory
features of the neonatal gastric mucosa differ from that of
adults, and these differences could account for our finding of
tissue damage without increased IFN-� in the small intestine.

Published reports from other laboratories indicated that
IFN-� mRNA was increased in both neonatal rats and infants
with NEC (10, 27, 28), and IL-12 mRNA was decreased in
experimental NEC (10). In the present work, we showed
increased IL-12 mRNA with no change for IFN-� mRNA in
animals with NEC. We used real-time RT-PCR as opposed to
the conventional RT-PCR methods used by other laboratories
(10, 27, 28). This innovative method provides a more accurate
and highly reproducible quantification of mRNA compared
with conventional RT-PCR methodologies. As an additional
confirmation, we were able to show that the number of cells
positive for both cytokines at the protein level mimicked our
mRNA data.

Table 1. Enumeration of LPMC, NLPMC, and T cells from distal
ileum of neonatal rats

DF
(n � 10)

RMS
(n � 12)

Total MC 67.2 � 4.0 83.4 � 6.7
LPMC 32.0 � 3.2 58.7 � 4.9*
NLPMC 35.2 � 3.0 24.6 � 2.9
Total CD3 (T) cells 11.4 � 2.3 16.7 � 3.0

MC from 20 villi and adjacent submucosal regions were counted and
divided into two groups: LPMC and NLPMC. Data are expressed as mean �
SE.

* Statistically significant vs DF, p � 0.05.

Figure 3. IL-18 localization in distal ileum of neonatal rats increases with progression of disease. Representative slides for (A) DF group, IL-18 localized
predominately in IEC and LP; (B) RMS group, histologic NEC score of 2, IL-18 localization in IEC and LP staining (arrows) found in DF animals coupled with
cytoplasmic and apical membrane staining (arrowheads); and (C) RMS group, histologic NEC score of 3, IL-18 further increased and found in the cytoplasm
of the villi and crypt enterocytes and on the apical membrane of the villi enterocytes. Magnification �200.

Figure 4. IL-12–positive cells are increased in neonatal rats with NEC.
Positively stained cells from DF (n � 8) and RMS (n � 12) groups were
counted from 20 intact villi and the adjacent submucosal regions. *Statistically
significant vs DF, p � 0.05.
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IL-18 has been implicated in inflammatory disorders includ-
ing inflammatory bowel diseases (45, 46). IL-18 has important
proinflammatory effects on many types of immune cells (47),
and shares functions similar to those reported for IL-12, in-
cluding stimulation of T-cell proliferation, enhancement of the
lytic activity of NK cells, and induction of IFN-� (48). The
mucosal immune system mainly consists of LP lymphocytes,
functionally and phenotypically similar to peripheral lympho-
cytes (49), and intraepithelial lymphocytes, similar to thymo-
cytes (50). However, IEC, in addition to their absorptive,
secretory, and barrier functions, have an immunologic role as
well (43). Because the immune functions of neonatal intestine
are not well developed, the production of IL-18 by both MC
and IEC (25, 45) makes it a prime candidate to mediate tissue
damage in NEC.

Although the number of MC infiltrating into the LP of
animals with NEC was increased compared with DF animals,
there was no correlation between numbers of LPMC and
degree of tissue damage. These data suggest that the increased
IL-18, which can be produced by both MC and IEC, may be
produced predominantly by IEC. These results may also indi-
cate that the increased production of both IL-18 and IL-12 by
MC is not dependent on total numbers of cells, but rather by a
state of increased activation of these cells.

In humans, NEC is a disease primarily of premature, formu-
la-fed infants and occurs with less frequency and severity when
babies are fed human breast milk (3, 51–54). Among the
bioactive components found in breast milk that are lacking in
commercial infant formula, cortisol, lysozyme, and IL-10 have
potential anti-inflammatory effects (55). We speculate that the
ability of neonatal gastric mucosa to produce large quantities of
IL-18 may be down-regulated by the immunomodulatory
agents found in breast milk. In formula-fed infants, the com-
bination of an immature intestine coupled with a lack of the
anti-inflammatory components of milk may allow the produc-
tion of IL-18 to escalate to pathologic proportions.

The results of this study suggest a role for IL-18 and IL-12
in the pathogenesis of NEC. These data have implications for
understanding both the development of and future therapeutic
approaches to this disease.
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