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Abstract

Interleukin I (IL-1) may be a key mediator of inflammation
and tissue damage in inflammatory bowel disease (IBD). In
rabbits with immune complex-induced colitis, IL-la and (3

mRNA levels were detectable at 4 h, peaked at 12 but were
absent at 96 h after the induction of colitis. Colonic IL-1 tissue
levels were measured by specific radioimmunoassays. IL-la
was significantly elevated at 4 h (9.4±1.5 ng/g colon), progres-
sively increased at 48 h (31±5.8 ng/g) and then decreased by
96 h (11.5±3.4 ng/g). IL-lft levels were 2.0±0.5 ng/g colon at
4 h, 5.0±1.6 ng/g at 48 h and undetectable by 96 h. By compar-
ison, colonic levels of PGE2 and LTB4 were unchanged during
the first 12 h and did not become elevated until 24 h. IL-la
levels were highly correlated with inflammation (r = 0.885, P
< 0.0001), edema (r = 0.789, P < 0.0001) and necrosis (r
= 0.752, P < 0.0005). Treatment with a specific IL-1 receptor
antagonist (IL-Ira) before and during the first 33 h after the
administration of immune complexes markedly reduced in-
flammatory cell infiltration index (from 3.2±0.4 to 1.4±0.3, P
< 0.02), edema (from 2.2±0.4 to 0.6±0.3, P < 0.01) and ne-
crosis (from 43±10% to 6.6±3.2%, P < 0.03) compared to
vehicle-matched colitis animals. These studies demonstrate
that (a) IIL- gene expression and synthesis occur early in the
course of immune complex-induced colitis; (b) are significantly
elevated for 12 h before the appearance of PGE2 and LTB4; (c)

tissue levels of IL-1 correlate with the degree of tissue inflam-
mation and; (d) specific blockade of IL-1 receptors reduces the
inflammatory responses associated with experimental colitis.

(J. Clin. Invest. 1990. 86:972-980.) Key words: interleukin 1.
interleukin 1 receptor antagonist * colitis

Introduction

Interleukin- 1 (IL- 1) is a polypeptide cytokine produced during
inflammation and injury, that possesses a wide spectrum of
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immunologic and nonimmunologic activities (1). Two distinct
gene products of IL-I have been identified: IL-lI3, which is
secreted by cells, and IL-la, which is primarily a cell-asso-
ciated protein (2-4). Both forms share the same spectrum of
biological activities and recognize the same cell surface recep-
tors (reviewed in 1). Interest has focused on the role of IL- 1 as

an inflammatory mediator in chronic and acute diseases (5, 6).
Elevated IL-I levels have been reported in synovial fluid and
plasma from patients with various arthritides (7-9). In addi-
tion, patients with acute meningitis, septic shock, or burn inju-
ries often show increased circulating levels of IL-I (10, 11).
Increased IL-I production by blood mononuclear cells has

been described in several pathologic conditions including
rheumatoid arthritis and Crohn's disease (12-14).

Several of the biological properties of IL- I are relevant to

inflammatory bowel disease. When injected in rabbits, IL-I
induces fever, neutrophilia, decreased plasma iron, zinc and
albumin levels, and synthesis of acute-phase proteins (1). IL-I
attracts leukocytes into inflamed tissues (15) and stimulates
prostaglandin synthesis by its ability to induce cyclooxygenase
gene expression (16). Thus, systemic and local IL-I production
may initiate or contribute to the inflammatory response in
colitis and could play a role in the pathogenesis of this disease.
Our recent studies are consistent with this hypothesis, as IL-I

perfused in or incubated with rabbit colons induced prosta-
glandin and thromboxane production (17).

We have previously used the rabbit model of formalin-im-
mune complex colitis to investigate the role of arachidonic
acid-derived inflammatory mediators and to evaluate thera-

peutic strategies in colitis ( 18-20). The availability of specific
cDNA probes and radioimmunoassays for rabbit IL-i a and
IL-1(3 (21, 22), as well as a specific IL-I receptor antagonist
(IL-Ira) (23, 24) offers an opportunity to study the role of IL-I
in this model. Therefore, the aims of the present study were to

examine the time course of IL- I gene expression and synthesis
in the colon of rabbits after induction of formalin-immune
complex colitis and to determine whether selective blockade of
IL- I receptors would reduce the subsequent colonic inflamma-

tory response. Here we report that IL- I is produced just before
the sequence of histological events and eicosanoid synthesis
characteristic of this colitis model and that specific inhibition
of IL-I activity significantly reduces inflammation and ne-

crosis, suggesting that IL- I plays a major role in the pathogene-
sis of colonic inflammation.

Methods

Rabbit colitis model. Inflammation was induced in the distal colon of

male New Zealand rabbits (2.2-2.5 kg) using a modification of the
immune complex method of colitis (25, 26). 4 ml of 0.45% (vol/vol)
unbuffered formaldehyde (Electron Microscopy Sciences, Fort Wash-
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ington, PA) was administered by a catheter inserted 10 cm into the

distal colon of anesthetized rabbits (xylazine and ketamine). 2 h later,
animals received 0.85 ml of immune complexes in antigen excess

through an ear vein. The complexes were prepared by incubating
human serum albumin (500 gg/ml) with rabbit antihuman antisera
(ICN Immunobiologicals, Costa Mesa, CA), decanting the superna-

tant, and redissolving the precipitated immune complexes with an
albumin solution (6 mg/ml) as described previously (18).

Time course study. Animals were killed with 40 mg/kg ofnembutal
(Abbot Laboratories, North Chicago, IL) 0, 4, 12, 24, 48, and 96 h after

induction of colitis and the distal colon removed. Longitudinal sec-
tions from the last 10 cm of the distal colon were obtained and pro-

cessed for histologic assessment of inflammation, IL- I mRNA analysis
and IL- 1 protein measurements. Noninvolved small intestine was also
removed for study. Rectal dialysis was performed for 2 h immediately
before each time point for measurement of PGE2 and leukotriene B4
(LTB4)' as previously described (18).

Treatment with recombinant human IL-Ira. Recombinant inter-
leukin-1 receptor antagonist, rIL-1ra, was prepared from lysates of

Escherichia coli transformed with a plasmid containing a modified
IL-1ra cDNA under control of the tac promoter (23). Expression of
IL-lra was induced by the addition of isopropylthio-fl-D-galactoside
for several hours, and the cells were collected by centrifugation and
lysed in a pressure cell. The recombinant protein was purified by
successive cation and anion exchange chromatography and was > 95%

pure by SDS-PAGE and by reverse-phase HPLC. It contained < 0.2

endotoxin U/mg of protein. The homogenous protein (18 kD) was

suspended in 0.5 ml PBS (0.1 M phosphate, 0.15 M NaCl, pH 7.4). The
rIL- lra inhibits IL- 1 activity in vitro by binding to cell surface recep-
tors and competitively inhibiting IL-l binding. This effect has been
demonstrated in the murine thymoma cell line EL4-6.1 (24). The
ability of rIL- Ira to block the biological actions of IL- I has been dem-
onstrated in human foreskin fibroblasts (23), in human rheumatoid
synovial fibroblasts and chondrocytes (27), and in human endothelial
cells (28). Tests with the natural IL- 1ra have shown that it does not

block the action of TNF on dermal fibroblasts (29). When adminis-
tered intravenously at 100 times the dose of IL- 1 it blocks the drop in

blood pressure and the drop in circulating white blood cells in the

rabbit (30). Animals were treated intravenously with IL-lra (5 mg/kg;
n = 8) or the vehicle (n = 1O) at six time points: 2 h before and 1, 9, 17,
25, and 33 h after the administration of the immunocomplexes. The

rabbits were killed 48 h after the induction of colitis and colon tissue

analyzed for inflammation.
Histologic quantitation ofinflammation. Histologic evaluation was

performed on a minimum of two longitudinal sections from each

colon as previously described (18). All colon samples were examined in

a blind fashion by a single pathologist (C. C. Nast). The mucosa and

submucosa were separately evaluated for infiltration of acute inflam-

matory cells (neutrophils and eosinophils). A semiquantitative score of

leukocytes (L) per high power field (HPF) was determined for each

area examined using the following quantitations: 0 = 0 or 1; 0.5 = 2-9;
1 = 10-20; 1.5 = 21-30; 2 = 31-40; 2.5 = 41-50; 3 = 51-65; 3.5
= 66-80; 4 = .81 L/HPF. At a minimum, eight HPFs of mucosa and

submucosa from each specimen were separately evaluated in each

section. The inflammatory index was calculated by adding the aver-

aged score for the mucosal and submucosal evaluations. Edema was

semiquantitatively assessed on a scale of0 to 4. Necrosis was expressed
as the percentage of mucosa involved.

IL-Ia and IL-I 3 radioimmunoassays. IL-i a and IL-iI3 were mea-

sured using specific, non-cross-reacting radioimmunoassays (22).
These assays were also validated for IL-1 levels after tissue extraction
(22). Longitudinal sections were immediately frozen in liquid nitrogen
until assay. At that time, 1 g frozen tissue was thawed and lysed in 10

1. Abbreviations used in this paper: LTB4, leukotriene B4; TNF, tumor

necrosis factor.

ml PBS containing a cocktail of protease inhibitors (antipain, apro-
tinin, leupeptin, pepstatin A, all at 1 Ag/ml and PMSF, 1 mM) (Sigma
Chemical Co., St. Louis, MO). Tissue was homogenized with an elec-

tric homogenizer for 30 s. The homogenate was then centrifuged for 60
min at 100,000 g at 15'C. The supernatant was decanted and assayed

directly for IL- la and IL-13 levels. In brief, 100 gl of goat anti-rabbit
IL-l, appropriately diluted in assay buffer (0.25% BSA, 0.05% azide,

0.01 M PBS, pH 7.4; anti-IL-la at 1:200,000 and anti-IL-l/3 at
1:6,400) were added to 100 Ml of colon tissue sample, followed by 300

Ml of assay buffer. The tubes were vortexed and incubated overnight at
room temperature. '251-IL-lIa or '25I-IL-l 3 (10-12,000 cpm) was then

added, the tubes vortexed again and incubated for an additional 24 h at
room temperature. 500 Ml of 6% polyethylene glycol (8,000 mol wt),

and 2% donkey anti-goat IgG serum (Cambridge Medical Diagnostic,
Billerica, MA) diluted in assay buffer were added to precipitate the
bound immune complexes from the free '251-IL-1. The samples were
vortexed, incubated for 1 h, centrifuged at 2,000 g for 20 min at 4°C,
and the supernatants were decanted; the precipitates were counted in a
gamma-counter. All samples were tested in duplicate; standard curves
were prepared with rabbit recombinant IL-la and IL-1I3. The RIAs
have a detection limit of 40 pg/ml and 60 pg/ml for IL- I a and IL- 1fl,
respectively, at the 95% confidence level (22).

mRNA analysis. Longitudinal sections of distal colon were imme-
diately frozen in liquid nitrogen after dissection. Approximately 0.25 g
frozen tissue was lysed in 10 ml of guanidium isothiocyanate solution

using an electric homogenizer for 30 s. Total RNA was extracted by

centrifugation through 5.7 M CsCl (prepared by dissolving CsCl in 0.1
M EDTA). The RNA pellet was resuspended in 0.25 ml resuspension
buffer (5 mM EDTA, 0.5% sarkosyl, and 5% fl-mercaptoethanol) and
the concentration determined by ultraviolet at 260/280 nm ratio spec-
trophotometry. For Northern blot analysis 30 ,ug of total RNA was
loaded per lane on a 1.2% agarose gel containing 1.6% formaldehyde.
After electrophoresis, the gel was soaked in water for 30 min to remove
the formaldehyde and the RNA was transferred to nylon membranes
(Hybond-N; Amersham Corp., Arlington Heights, IL) by capillary ac-

tion and fixed by ultraviolet radiation as described by the manufac-
turer. The blots were prehybridized for 3-12 h with prehybridization
buffer followed by hybridization with the cDNA probes (31, 32). The
rabbit IL-la DNA probe used in these experiments is a 830 bp Eco
RI-Bgl II fragment from the IL-la cDNA in pUCl9 (21). The rabbit
IL-I/3 probe is a 830 bp Eco RI-Eco RI fragment of the full length

cDNA (21). Probes were labeled with [32P]dCTP (DuPont NEN, Wil-

mington, DE) by use of a random primer DNA labeling kit

(Boehringer Mannheim Biochemicals, Indianapolis, IN) to specific ac-

tivity of 108_-10 cpm/,ug).
Eicosanoid radioimmunoassay. PGE2 and LTB4 were measured in

rectal dialysates by validated radioimmunoassays after lipid extraction
and purification by Sephadex LH-20 and high pressure chromatogra-
phy (33, 34).

Data analysis. Results are expressed as mean±SEM. Statistical
analysis was performed using a statistical software (BMDP Inc., Los

Angeles, CA). Statistical significance between groups of parametric
data was evaluated using Student's t test for unpaired data. Compari-
son between group of nonparametric data were made with the Mann-

Whitney two-sample test. Correlations were made using the Pearson's r

test. The differences were considered significant when the P value was

< 0.05.

Results

Development ofcolonic inflammation. The time course of the
inflammatory response in the rabbit model is shown in Table

I. After the administration of formalin, followed by immune
complexes, the distal colon develops acute inflammation. This
is characterized by infiltration of neutrophils primarily into
the mucosa and submucosa, mucus depletion, crypt abscesses,
edema, and scattered areas of mucosal necrosis. Inflammatory
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Table L Time Course ofthe Inflammatory Response
in Rabbit Formalin-immune Complex Colitis

Time Inflammatory index Edema % Necrosis

h

0 0.3±0.1 0±0 0±0
4 1.6±0.2* 1.6±0.5* 0±0

12 2.8±0.3* 1.9±0.4* 12±6*
24 3.5±0.5* 2.7±0.5* 45±22*

48 4.5±0.7* 3.6±0.3* 89±3*

96 1.3±0.7*$ 1.2±0.5*t 11±10*t

Colitis was induced at time 0; colon tissue was obtained at each time
point indicated above and processed for light microscopy. Inflamma-
tory cell infiltration index, edema and percent of mucosal necrosis
were measured and scored (see Methods). The data are the
mean±SEM of five rabbits at each time point.
* P < 0.001 vs. 0 h, tP < 0.01 vs. 48 h.

cell infiltration index, edema, and percentage of mucosal ne-
crosis, progressively increased from 0.3±0.1 (0 h) to 4.5±0.7
(48 h) (P < 0.001), from 0.3±0.1 to 3.6±0.3 (P < 0.001) and
from 0% to 89% (P < 0.001), respectively. A subsequent de-
crease in these parameters was observed 96 h after the induc-
tion of colitis (P < 0.01 vs. 48 h).

Synthesis ofIL-Ia and IL-I/. IL- l a and IL- 13 levels were
undetectable (< 40 pg/100 mg of tissue for IL- 1 a and < 60
pg/100 mg of tissue for IL-1,8) in colon specimens obtained
from healthy rabbits before the induction of colitis (0 h). A
significant increase in colon tissue levels of IL- 1 a and IL- 113
was observed at 4 h (P < 0.01) with a maximum at 48 h after
the induction of colitis. In contrast, IL- 1 a and IL- 113 concen-
trations were markedly diminished at 96 h in parallel to the
decrease in inflammation and tissue damage (Fig. 1). IL- 1 a
tissue concentrations were approximately five times greater
than IL- 113 levels. Inflammatory index, edema, and percentage
of mucosal necrosis correlated with IL- 1 a and IL- 113 levels.
The correlations were r = 0.885 (P < 0.0001), r = 0.789 (P
< 0.0001) and r = 0.752 (P < 0.0005) for IL- la (Fig.2 A) and r
= 0.706 (P < 0.001), r = 0.792 (P < 0.0001) and r = 0.604 (P
< 0.005) for IL-1I (Fig. 2 B), respectively. Both IL- la and
IL- 113 were absent in noninflamed small intestinal tissues ob-
tained from the same animals.

IL-ia and IL-i1 gene expression. The transcriptional acti-
vation of rabbit IL- 1 a and IL-113 mRNA production in the
colon during the induction of colitis was examined by North-
ern blot analysis. The membrane was first hybridized with the
probe for rabbit IL-11, stripped, and rehybridized with the
rabbit IL- 1 a probe. In three separate experiments, we did not
observe evidence of IL- 1 a or IL- 11 mRNA before the onset of
colitis (0 h). IL- 113 mRNA was clearly observed as early as 4 h
after the injection of immune-complexes, whereas IL- 1 a
mRNA in the same tissue sample was weakly visible. Peak
mRNA was present for both IL- la and IL-1I3 at 12 h. At 96 h
there was no evidence of continued presence of IL-1 mRNA.
Fig. 3 illustrates the Northern blot of one of the three experi-
ments. IL- 1a and IL-113 mRNA was not observed in nonin-
flamed control samples obtained from the small intestine of
the same animals.

Production ofcolonic PGE2 and LTB4. The time course of
PGE2 and LTB4 production during the induction of colitis is

shown in Fig. 4. No changes in these eicosanoids were ob-
served at 4 and 12 h. A significant increase in colonic PGE2
and LTB4 levels was observed only at 48 and 24 h, respectively.
At 96 h, colonic PGE2 and LTB4 production diminished to
levels similar to those observed in control rabbits (0 h).

Effects oftreatment with IL-i ra. Treatment of rabbits with
human recombinant IL- 1 ra significantly reduced inflamma-
tory index from 3.2±0.4 to 1.4±0.3 (P < 0.02), edema from
2.2±0.4 to 0.6±0.3 (P < 0.01) and necrosis from 43±10% to
6.6±3.2% (P < 0.03) compared to vehicle-treated colitis ani-
mals (Fig. 5). Representative macroscopic appearance and his-
tologic sections of distal colons obtained from the two experi-
mental groups are shown in Fig. 6.

Discussion

There is increasing evidence that IL- 1 is one of the key media-
tors of the inflammatory response after microbial invasion,
immunological reactions, and tissue injury. In this report we
show that IL- 1 a and IL- 113 synthesis occurs early in the rabbit
model of formalin-immune complex colitis. The rapid tran-

50
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40.

o09;rn~rmvrrwT1rq r~zrwTr1-rT
04 12 24 48 96

TIME (hour.)

10
B

* p (0.01 vs 0-hr.
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Figure 1. Time course of IL-1 production in colonic tissue after ad-
ministration of intravenous immunocomplexes. IL-i a (A) and IL- 1,BI
(B) were measured by specific radioimmunoassays after tissue extrac-
tion (see text for details). Colonic tissue IL- 1 levels were below the
detection limit (dashed line) at time 0 and increased up to 48 h (P
<0.01). A significant decrease in IL-la1 and IL-1 production was
observed at 96 h after colitis induction (P < 0.01). Each point repre-
sents the mean±SEM of five rabbits.
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Figure 2. Relationship of colonic tissue IL- I levels to inflammation and tissue injury. Inflammatory index, edema and mucosal necrosis were

microscopically assessed on coded samples. Correlations coefficients were determined from all data points of IL- I and histologic scores. (A)

Correlation with IL-la. (B) Correlation with IL-1If.

scriptional activation and appearance of IL-I in the colonic
tissue after the initiation ofcolitis were clearly demonstrated in
these studies. Tissue levels of IL-l rapidly increased at 4 h,
reached maximal or near maximal levels at 24-48 h and then
decreased to control values by 96 h after the induction of
colitis. In parallel, IL-la and IL-1I3 mRNA levels, undetect-
able before the induction of colitis, were found at 4 h, peaked
at 12 h, but were undetectable by 96 h. Moreover, the rela-
tionship of IL-1 synthesis to the increase in inflammation and
tissue damage is of particular importance. There were highly
significant correlations between IL-1a tissue levels and the
inflammatory cell infiltration index, edema and necrosis (r
= 0.89, 0.79, and 0.75, respectively). Rachmilevitz et al. have

recently shown increased colonic IL- 1 production in a rat

model of colonic inflammation (35). However, in the latter
study, IL-1 activity was measured by bioassays which are

known to detect IL-2, IL-4, IL-6, and IL-7. In combination
these results suggest that IL-l plays an important role in ini-

tiating colonic inflammation. The marked reduction in in-

flammatory cell infiltration, edema and necrosis seen after the
administration of the IL- lra provides additional strong sup-

port for this hypothesis.
Several of the biological properties of IL- I place this cyto-

kine in a strategic position during the cascade ofinflammatory
responses in this model. IL- 1 triggers gene expression for sev-

eral inflammatory cytokines (1). Of these, the ability of IL- 1 to
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Figure 3. Northern blot analysis of colonic extract usi
rabbit IL-1. Colonic tissue was obtained at the times i
induction of colitis for isolation of total RNA. (A) Hy
with an 830-bp IL-1l probe. (B) Hybridization with a

to the same Northern blot after stripping the probe.

induce neutrophil-activating protein-l (IL-8) (36-38) and
other monocyte-derived chemotactic factors (39) is particu-
larly important since these factors may account for the emigra-
tion of neutrophils and monocytes into the injured colon. In
addition to IL-8, IL- 1 stimulates gene expression of itself,
tumor necrosis factor, colony stimulating proteins and IL-2
through IL-6 (1). Therefore, IL- I may be a primary initiator of
inflammation as well as be involved in the prolongation of the
lesions associated with this model. The ability of the IL- lra to
reduce significantly colonic inflammation speaks for the im-
portance of IL- I in both phases of the colitis, but does not rule
out the participation of other mediators.

Colon IL- a concentrations were five times greater than
IL- I levels. In contrast, IL- I B mRNA levels were greater at 4
h and similar to those of IL- a at 12 and 48 h. These results are

in accord with other studies in human mononuclear cells
where IL-1B mRNA has been found to be predominant (40),
whereas cell-associated IL- a is produced in greater amounts
in response to endotoxin stimulation (4, 41, 42). These obser-
vations suggest differences in the regulation ofIL- 1 a and IL- I
at the transcriptional and translational levels. We have re-

cently shown that IL- a is more potent and more effective
than IL-lI# in inducing eicosanoid production in rabbit colon
( 18). Taken together these data suggest that IL- a may be the
predominant form of IL-I produced by the rabbit colon. Pref-
erential production of IL-la has been noted in other tissues
and cell types; for example human keratinocytes appear to
produce predominantly IL-la (43).

Inflammation and necrosis were decreased by 96 h after the
induction of colitis consistent with the decreases in IL-I

-_-- 18 S mRNA levels and IL-l proteins. We have recently shown that
pretreatment of rabbits with a low-dose of IL-ll 24 h before
the induction of colitis protects against the subsequent devel-
opment of inflammation through a mechanism that requires
enhanced prostaglandin synthesis (44). The increased synthe-
sis of PGE2 is not unexpected as IL-1 is known to stimulate
gene expression for cyclooxygenase (16) as well as phospholi-
pase A2 (45). Thus, the marked increased in PGE2 observed at
48 h may be a modulating factor responsible, in part, for the
decrease in inflammation observed at 96 h. Prostaglandins
may act through inhibition ofcytokine production (4, 46, 47),
inhibition of leukotriene synthesis (48) or immune suppres-
sion (49).

Secondary inflammatory cytokines may be involved in the
pathogenesis of inflammation in this model. These would in-
clude the ability ofIL- to initiate transcription ofIL-8 (50, 51)
and GM-CSF (52). The IL-8 gene is rapidly expressed upon

< 18 S exposure to IL- and IL-8 is chemotactic for neutrophils and

1000
A p*p( 0.05va 0-hrs

0 p (0.05 va 48-hra
800-

600-

ing acDNA to

indicated after
?

bridization 400-/
830-bh IL- Ia

TIME (hours)

0 4 12 24 48 96
TIME (hour.)

Figure 4. Time course of colonic PGE2 and LTB4 production after
administration ofimmune complexes. PGE2 and LTB4 were mea-
sured in rectal dialysates at the time points indicated. PGE2 produc-
tion was significantly increased only 48 h after the induction of co-
litis (P < 0.05). LTB4 levels were significantly increased at 24 (P
< 0.05) and 48 h (P < 0.02). At 96 h, colonic PGE2 and LTB4 pro-
duction diminished to levels similar to those observed in control rab-
bits (P < 0.05). Each point represents the mean±SEM of five rabbits.
(A) PGE2. (B) LTB4.
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Figure 5. Effects of treatment with IL- Ira on inflammation and tis-
sue damage in rabbit immune colitis. IL-i ra (5 mg/kg; n = 8) was
administered intravenously 2 h before and 1, 9, 17, 25, 33 h after the
immunocomplex administration. Control rabbits (n = 10) were
treated with vehicle (0.5 ml PBS). Each bar represents the
mean±SEM. Asterisks indicate significant differences between the
two groups (*P < 0.02, **P < 0.01, ***P < 0.03). Statistical analysis
was performed using the Mann-Whitney two-sample test.

lymphocytes (53). Related molecules in this family also in-

clude macrophage inflammatory proteins some of which are

structurally related to IL-8, while others produce different in-

flammatory effects such as edema and capillary leakage. GM-
CSF increases neutrophil superoxide production, which may

be involved in tissue damage (54, 55). IL-l is also an inducer of

TNF (56) and IL-6 (57). Although IL-6 has no intrinsic inflam-

matory properties, its ability to stimulate B cells as well as T

cells may contribute to the prolongation of tissue response to

certain antigens. Finally, the synergism between IL- 1 and TNF

in inducing capillary-leak syndromes (58), PGE2 synthesis (59)
and cell death (60) are well established. Thus, the early expres-
sion of IL- I in this model suggests a mechanism whereby IL-l
initiates a cascade of other cytokines acting independently or
synergistically with IL- 1.

A role for lipid mediators such as LTB4 and platelet acti-
vating factor (PAF) in the induction and enhancement of
colon inflammation in experimental colitis has been proposed
by several studies (18, 61-63). In this study, LTB4 synthesis
was documented only 24 h after the induction of colitis and
did not correlate with the development of inflammation or
necrosis. This suggests that LTB4 production may be a second-
ary event, possibly a consequence of neutrophil infiltration.
One possible sequence of events would be initial synthesis of
IL-l followed by expression of IL-8, IL-8 chemotaxis of neu-
trophils with subsequent production ofLTB4 (64). These data
are consistent with our preliminary studies (unpublished ob-
servations) in which administration of specific LTB4 receptor
blockers or PAF antagonists to rabbits with formalin-immune
complex colitis failed to reduce inflammation or tissue dam-
age. However, LTB4 is a potent chemotactic agent for neutro-
phils and monocytes and could be involved in amplifying the
initial inflammatory stimulus.

Although some ofthe naturally occurring inhibitors of IL- I
activity are non-specific (for example, lipoproteins and uro-
modulin), the existence ofa specific IL-l inhibitor was demon-
strated by its ability to block IL-l but not mitogen or IL-2
induced thymocyte proliferation. The initial observation of a
specific IL-l inhibitor was made in the sera from human vol-
unteers receiving endotoxin (65) and this was followed by re-
ports of specific IL- 1 inhibitory activity in the urine of febrile
patients (66) and patients with monocyte leukemia (67). The
urinary inhibitor was partially purified as a 23-kD protein (68)
and the mechanism ofits action was shown to be at the level of
blocking the binding of IL-1 to T cells and fibroblasts (68) and
reduction in biological responses to IL- 1 (69). The production
of IL-l inhibitory activity was also shown by human mono-
cytes stimulated with immune complexes (70) and was shown
to be specific. This latter report has particular significance for
the model of colitis we use. The purification, cloning, and
expression of recombinant IL-l inhibitor (23) have provided
material to show that it is a pure receptor antagonist with no
agonist activity and termed the IL-lra. This protein has al-
lowed us to examine the effects of a specific blockade of IL- 1

receptors in the colitis model.
There are two distinct IL- 1 receptors in murine cells; an

80-kD glycoprotein found on T cells, fibroblasts, hepatocytes,
and natural killer cells and a 68-kD protein found on B cells,
macrophages, and neutrophils (71-73). Initial studies have

shown that the recombinant nonglycosylated IL-lra (a) binds

to cells expressing primarily the 80-kD IL-1 receptor with

nearly the same affinity as IL-1; and (b) competes with either
IL- 1 a or IL-1I3 on these cells (24). The IL- lra does not bind to

murine cell lines expressing the 68-kD receptor. This may
suggest that the receptors in rabbit colonic tissue are of the

80-kD type. However, since the IL- Ira shares 26 identical and

40% amino acid homology with IL-Ill and 19 identical and

26% conserved homology with IL-la, the IL-lra may also
block the binding of IL-I to the 68-kD rabbit IL-I receptor.

Although the nature ofthe cell targets for the IL- I in the colitis
model remains unknown, the present studies establish the effi-
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Figure 6. Representative colonic gross and microscopic appearance after IL- Ira or vehicle treatment. (A) The vehicle-treated colon is thicken
with large areas of erythema and focal necrosis (arrows). The IL- ra-treated colon has only few foci of erythema (arrowheads). (B) Vehicle-
treated colon showing many neutrophils in the lamina propria (arrows) and epithelial cell mucus depletion (arrowhead). Hematoxylin and
eosin X300. (C) Colon treated with IL- 1 ra demonstrating few inflammatory cells (arrow) and intact epithelium. Hematoxylin and eosin X>300.

cacy ofthe IL- I ra to block the in vivo activity ofIL- 1 produced
in the colon. Other pro-inflammatory cytokines induced by
the immune complexes in colitis are either playing a secondary
role or are expressed subsequent to IL- 1 synthesis.
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