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Continuous infusion of murine recombinant interleukin-la (rIL-la) into rats by using intraperitoneally
implanted osmotic pumps led to marked decreases in body weight, liver enzymes (serum glutamic oxalacetic
transaminase, serum glutamic pyruvic transaminase, and sorbitol dehydrogenase), appetite, and mobility and
increases in drinking, blood urea nitrogen, and total peripheral blood leukocytes within 3 days. Granuloma
formation was found in the local area of rIL-lot release. As early as day 3, a focal infiltrate of polymorpho-
nuclear leukocytes, mononuclear leukocytes, and plasma cells filled the area; by day 6, extensive fibrosis was
found. A loss of rIL-la-induced changes, with the exception of granuloma formation, occurred by day 10. A
marked decrease in the response to rIL-la was also observed when animals were challenged by implantation
of new pumps containing rIL-1l, with monitoring of body weight, or by subcutaneous injection of rIL-lao, with
monitoring of serum colony-stimulating factor production. We propose that, even in the continuous presence

of interleukin-1, replacement of the acute responses to interleukin-1 by restoration of more normal physiology
may be advantageous upon acquisition of specific immunity.

Interleukin-1 (IL-1) plays a role in both immune (T-cell)
responsiveness to antigenic stimulation (11, 39) and low-
grade, chronic granulomatous diseases (7). In addition, IL-1
produces infiltration of neutrophils into rabbit (23) and
mouse (13) skin, is chemotactic for human neutrophils (32)
and lymphocytes (20), and promotes adhesion of both neu-
trophils and lymphocytes to vascular endothelium (3). Syn-
ovial dendritic cells have been shown to produce IL-1 (9),
and IL-1 induces fibroblast proliferation (27). Moreover,
IL-1 has been found in inflammatory joint fluid (45) and is
thought to play an important part in the pathogenesis of
rheumatoid arthritis (8, 17, 21, 36).

IL-1 is also a primary mediator of the acute-phase re-
sponse to inflammation, infection, and injury (6) and may
regulate a large number of processes throughout the body via
a central homeostatic mechanism (28). The onset of acute
infection, fever, sepsis, traumatic injury, and burns is ac-
companied by skeletal muscle catabolism (muscle wasting),
resulting in a marked negative nitrogen balance (1). Acute
infection is also accompanied by the suppression of food
intake, which may also contribute to weight loss (29).
Intraperitoneal (i.p.) injection of either IL-1 (19) or tumor
necrosis factor (TNF) (37, 40) has been shown to produce a
decrease in food intake in rats. In addition, continuous
infusion of murine recombinant interleukin-1lo (rIL-1lo) for
several days has been shown to induce a decrease in food
consumption with attendant weight loss, decreased mobility,
and increased drinking behavior (25). Moreover, IL-1 has
been shown to induce rapid metabolism of brown adipose
tissue (Sa).

IL-1 has thus been reported to have multiple specific local
in vivo effects. On the other hand, it has been suggested that
the role of IL-1 is hormonal in nature. Therefore, by contin-
uous infusion, we have sought to determine which of the
activities of IL-1 is more dominant.

* Corresponding author.

MATERIALS AND METHODS

IL-1. Murine rIL-lot was cloned and purified from Esche-
richia coli by the molecular genetics group at Pfizer Central
Research (G. 0. Daumy, J. M. Merenda, A. S. McColl,
G. C. Andrews, A. E. Franke, K. F. Geoghegan, and I. G.
Otterness, Biochim. Biophys. Acta, in press). The biological
activity of rIL-lox was verified in the lymphocyte-activating
factor assay, by induction of colony-stimulating factor (CSF)
and cartilage resorption in vitro, and by induction of serum
amyloid P and CSF in vivo. Endotoxin was determined to be
present at less than 1 part in 100,000 by the Limulus assay.
Moreover, direct infusion of endotoxin (lipopolysaccharide
W; E. coli O111:B4) (Difco Laboratories, Detroit, Mich.) at
10 times its highest concentration in rIL-lot produced no
effects on our measured parameters.

Continuous infusion. Alzet osmotic minipumps (1.0 ,ul/h
for 7 days or 0.5 il/h for 14 days) (Alza Corp., Palo Alto,
Calif.) containing either murine rIL-lao dissolved in phos-
phate-buffered saline (PBS) or PBS alone were implanted
into the abdominal cavities of male Sprague-Dawley rats
(250 to 300 g; Charles River Breeding Laboratories, Inc.,
Wilmington, Mass.) as previously described (25). The con-
centration of rIL-lao with which the osmotic pump was filled
resulted in an effective infusion rate of 3.0 jig per day.
Animals with implanted osmotic minipumps were weighed

immediately following implantation. Body weight was then
measured periodically over the course of 14 days.
Serum chemistry and hematology. Animals were bled on

days 0, 3, and 10. Serum was collected and analyzed for
levels of serum glutamic oxalacetic transaminase (SGOT),
serum glutamic pyruvic transaminase (SGPT), sorbitol de-
hydrogenase (SDH), and blood urea nitrogen (BUN) on a
Cobas-Bio automatic analyzer. Urine was collected on day
10, and protein was determined on a Cliniteck 200 automatic
analyzer. For hematologic determination, animals were bled
on days 0, 2, 7, and 14, and total leukocyte counts were
made on an Ortho ELT8 automatic cell counter.

Behavioral measures. Eating, drinking, and locomotor
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activity were measured in individual electronically moni-
tored behavioral chambers as previously described (25, 35).
Briefly, eating (eats) and drinking (licks) were measured as
the amount of time contact was made with the metal wire
food bin and the water spout, respectively. Each eat corre-
sponds to a contact time of 1/12 of a second; each lick
corresponds to a contact time of 1/60 of a second. Horizontal
locomotor activity (crossovers) was measured as the number
of crossovers from one quadrant of a chamber to another.
Vertical locomotor activity (rears) was measured as the
number of times contact was made with a metal strip located
7 cm above the floor on all four sides of the box. Cages were
maintained on a standard 12-h-on, 12-h-off light cycle (i.e.,
lights off at 4:00 p.m. and lights on at 4:00 a.m.). Rats were

placed in the behavioral chambers 10 days after minipump
implantation, at 2:30 p.m. Data were recorded continuously
over the next 24 h (day 11 of rIL-la administration).
Data were broken down into 2-h intervals, and the mean

for each animal group was plotted as a function of time. The
data were also examined as a block of 24 h subjected to
analysis of variance followed by Dunnett's t test for com-

parison of multiple-treatment groups to a single control
group.

Light microscopy. Pieces of the fibrotic mesentery cover-

ing osmotic minipumps were excised, fixed in 10% phos-
phate-buffered Formalin (pH 7.4), processed according to
standard histological techniques, and embedded in paraffin.
Sections were cut at 5 p.m on a Leitz 1512 rotary microtome
and stained with hematoxylin and eosin. Light micrographs
were taken on a Zeiss photomicroscope II at x 160 with
Kodak Plus-X black-and-white print film.

Anti-rIL-1a antibody titer. Serum from animals continu-
ously infused with rIL-la was collected at day 14. Animals
were also rechallenged at day 21 with 1.0 p.g of rIL-1cx, and
serum was collected at day 28. Positive control animals were

sensitized subcutaneously (s.c.) with 100 p.g of rIL-1a emul-
sified in complete Freund adjuvant, and serum was collected
at 21 days.

Anti-rIL-lot antibody titers were determined by an en-

zyme-linked immunoabsorption assay. Briefly, 80 ng of
rIL-lct in 100 of pH 8.4 borate-buffered saline was added
to each well of Immulon 1 (Nunc, Roskilde, Denmark)
96-well polystyrene plates. Plates were incubated overnight
at 4°C and washed three times with PBS containing 0.05%
Tween 20. To block nonreactive sites on the wells, plates
were incubated in 3% bovine serum albumin for 2 h at 37°C
before being used.

Dilutions of antisera in 100-,ul aliquots were added to wells
coated with rIL-lat. Plates were incubated at 37°C for 1 to 2
h and washed. Beta-galactosidase-conjugated goat anti-rat
immunoglobulin (Fisher Scientific Co., Medford, Mass.)
diluted in PBS was added to each well in 100-,ul aliquots.
Plates were again incubated at 37°C for 1 to 2 h. The bound
enzyme was developed by the addition of 1.0 mg of o-

nitrophenyl-3-D-galactopyranoside per ml in pH 7.5 sub-
strate buffer containing 0.01 M Tris base, 0.1 M sodium
chloride, 0.01 M magnesium chloride, and 0.1 M 2-mercap-
toethanol. Color development was measured on a Dynatech
MR 700 microtiter reader at a wavelength of 405 nm.

Induction of serum CSF. Rats continuously infused with
either PBS or rIL-lot at 3.0 p.g per day were challenged with
a s.c. injection of 500 ng of rIL-lac on day 6 and bled 2 h
postchallenge, and the serum was collected.
The presence of CSF in the serum was determined by its

ability to induce and maintain the proliferation of normal
mouse C3H/HeN bone marrow cells in vitro, as measured by

tritiated thymidine ([3H]TdR) incorporation. The assay used
was a modification of the procedure of Prystowsky et al.
(30). Briefly, 0.1 ml of McCoy SA medium containing 15%
fetal calf serum, 20 U of penicillin-streptomycin per ml, and
10-' M 2-mercaptoethanol was placed in each well of a
96-well flat-bottom microdilution plate. Rat serum (30 p.1)
and 105 mouse bone marrow cells in 0.1 ml were added in
succession. Plates were incubated at 37°C in 5% CO2 and
high humidity for 3 days. [3H]TdR (50 p.1 of a 50-,uCi/ml
solution) was added to each well, and plates were incubated
for 18 h at 37°C in 5% CO2 and high humidity. Samples were
harvested on an LKB cell harvester. Filters were washed,
dried, and counted on a liquid scintillation counter. The
mean counts per minute ± standard error for three samples
for each test serum were determined.

In addition, the presence of CSF in the rat serum samples
was verified by its ability to induce granulocyte and/or
monocyte colonies from normal rat bone marrow cells in soft
agar. The method of Bradley and Metcalf (4) was used.
Briefly, 105 normal rat bone marrow cells were plated along
with 30 ,ul of test serum in 1.0 ml of McCoy SA medium plus
15% fetal calf serum, 20 U of penicillin-streptomycin per ml,
and 0.3% Noble agar in 35-mm culture dishes. After 10 days
of culturing at 37°C in 5% CO2 and high humidity, the
numbers of granulocyte and/or monocyte colonies of 250
cells were counted by using an x20 dissecting microscope.
The mean numbers for three plates for each serum sample
were determined.

RESULTS

Effect of subchronic administration of rIL-la on body
weight. Our previous findings (25) indicated that animals
subacutely infused with rIL-la undergo a marked weight
loss after 2 to 3 days of continuous administration and return
only to preinfusion weight by day 7. We have here deter-
mined the effects of 14-day subchronic infusion with rIL-la.
As previously reported, weight loss appeared to plateau
around day 4. Thereafter, the animals gained weight. After
day 7, the effects of rIL-la appeared to be lost, accelerated
weight gain occurred, and the animals attained normal body
weight by days 12 to 14 (Fig. 1). In contrast, animals infused
with PBS underwent only a modest weight loss within the
first 24 h and thereafter continuously gained weight.

Loss of effects of rIL-la on serum chemistry and hematol-
ogy parameters. The effects of continuous administration of
rIL-la on serum chemistry parameters were examined.
Results for the five parameters SGOT, SGPT, SDH, BUN,
and urinary protein are shown in Table 1. On day 3, rIL-la
induced decreases in the liver enzymes SGOT, SGPT, and
SDH, each of which is considered a measure of liver
function, and an increase in BUN, which is considered a
measure of protein catabolism. On day 10, these parameters
had all returned to normal. Continuous infusion of PBS
produced no changes in these parameters at day 3 or 10.
Urinalysis for animals continuously exposed to rIL-lot re-
vealed no increase in protein on days 3 and 10 over the level
in animals continuously exposed to PBS.
The effects of continuous administration of rIL-la on total

leukocyte number were also determined. By day 7, the
leukocyte number in animals continuously infused with
rIL-la was found to be double that in animals continuously
infused with PBS (Fig. 2). (The IL-1-induced increase in
leukocyte number was selective for neutrophils; data not
shown.) On day 14, however, the total leukocyte number in
animals infused with rIL-la had returned to the vehicle
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FIG. 1. Effect of rIL-lot on body weight. Animals exposed to rIL-loc were compared with animals exposed to vehicle. The mean percent
change in body weight ± the standard error during 14 days of continuous infusion at 3.0 ,ug per day was measured for five animals per group.

control level. Since the leukocyte number in both rIL-lot-
infused and PBS-infused animals was still elevated over
basal measurements taken on day zero, pump implantation
must have had an effect unrelated to the substance being
infused.

Loss of effect of rIL-box on behavioral measures. In a
previous study (25) we found marked decreases in eating
(eats), horizontal locomotor activity (crossovers), and verti-
cal locomotor activity (rears) and an increase in drinking
(licks) from days 2 to 5 of continuous rIL-lco infusion. It was
confirmed that on day 3 (Table 2) rIL-lca at 3.0 [Lg per day
produced pronounced changes in 24-h total counts for each
behavioral parameter, as previously reported (25). Measure-

TABLE 1. Effect of rIL-lco on serum chemistry parameters

Level in serum (pug/ml) (mean ± S.E.) on

Parameter Treatment the following day of administration":
0 3 10

SGOT PBS (control) 68.4 ± 5.1 73.4 ± 9.2 74.6 ± 8.8
rIL-lac 72.6 ± 4.3 33.8 ± 2.3 93.0 ± 25.0

SGPT PBS (control) 26.8 ± 1.6 35.4 ± 3.6 27.8 ± 3.1
rIL-lco 28.4 ± 2.4 8.80 ± 2.2 31.8 ± 12.2

SDH PBS (control) 3.40 ± 0.25 4.80 ± 0.59 5.60 ± 0.52
rIL-la 4.20 ± 0.20 1.20 ± 0.20 7.80 ± 1.8

BUN PBS (control) 17.2 ± 1.4 18.8 ± 0.20 14.2 ± 0.30
rIL-la 16.8 + 2.5 38.8 ± 5.0 19.6 ± 1.4

Urinary PBS (control) 0-Tr 0-1+ 0-1+
protein rIL-lot 0-Tr 0-Tr 0-1 +

" Continuous administration of rIL-la at 3.0 jg per day. There were five
animals per group.

ments were made again on day 11 of treatment. All behav-
ioral parameters in animals treated with rIL-lot had returned
to the levels in the PBS-infused and normal controls at some
point prior to day 11 (Table 2).

Loss of effect of rIL-lot is not due to osmotic pump failure.
Since our previous findings (25) showed that feeding and
body weight in animals continuously infused with rIL-laL
begin to return to normal during days 2 to 3 of administra-
tion, it was important to confirm that the osmotic pumps
were still releasing rIL-lca at a point when body weight and
feeding had begun to return to normal. Osmotic pumps
(7-day) which had been implanted in one group of animals
were removed after 3 days and reimplanted in a second
group of animals. Weight loss after 3 days in the second
group of animals was identical (13%) to that in the first
group.

Fibrotic encapsulation of osmotic pumps. In experiments
with 7-day osmotic pumps, it was noted at the end of the
experiment that the pumps had become enclosed by a
fibrotic connective tissue capsule which had formed within
the mesentery supporting the intestines. The sequence of
events during the development of this fibrotic capsule was
studied by using a combination of necropsy and histologic
evaluation.
Normal mesentery (day zero) is a thin sheet of loose

connective tissue covered by mesothelium and containing
bundles of collagen and elastic fibers, fat cells, and blood
vessels (Fig. 3A). On day 3 of continuous rIL-lot adminis-
tration, pumps were found to be loosely encapsulated. The
layer of the adjacent mesentery just beneath the mesothe-
lium was heavily infiltrated with a mixture of 30% polymor-
phonuclear leukocytes and 70% mononuclear leukocytes
(Fig. 3B). Approximately 10 to 20% of the latter had the
eccentrically placed nucleus characteristic of plasma cells. A
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FIG. 2. Effect of rIL-lot on leukocyte number. Animals exposed to rIL-la were compared with animals exposed to vehicle. The mean total
leukocyte number + the standard error during 14 days of continuous infusion at 3.0 p.g per day was measured for three animals per group.
The solid horizontal line represents the leukocyte numbers in control, nonimplanted animals.

small number of plump epithelioid fibroblasts was also
present. Fine collagen fibrils were found in the spaces
between infiltrated cells and fibroblasts. Below the outer
layer, leukocyte infiltration was more diffuse. However, this
area was characterized by extensive proliferation of endo-
thelial cells (capillary buds), incipient proliferation of fibro-
blasts, and the deposition of thicker collagen fibers.

TABLE 2. Effect of rIL-lot on behavioral measures

Continuous counts divided into
24-h-interval totals mean + S.E.

Behavorial Treatment on the following day of
measure administration":

3 11

Eats None 76.4 t 5.9 63.1 t 3.9
PBS (control) 76.6 t 6.3 57.6 t 6.1
rIL-lot 42.1 ± 11.2b 80.1 t 10.4

Licks None 41.7 t 1.4 39.7 + 1.4
PBS (control) 49.9 t 3.9 40.5 t 3.5
rIL-la 80.5 t 15.1' 47.7 ± 3.2

Crossovers None 510 ± 135 370 ± 65
PBS (control) 279 ± 24 282 ± 30
rIL-1cx 168 + 22' 315 ± 26

Rears None 194 ± 24 144 + 14
PBS (control) 157 ± 17 138 ± 17
rIL-1ic 67 ± 18' 166 ± 26

Continuous administration of rIL-lot at 3.0 ,ug per day. There were eight
animals per group. Eats and licks are given in thousands.

b p < 0.05 (Dunnett's t test).
" P < 0.01 (Dunnett's t test).

On day 6, pumps were found to be firmly encapsulated.
Cell infiltration into the layer of the mesentery adjacent to
the pumps was significantly resolved, as shown by the
finding of pyknotic leukocyte nuclei (Fig. 3C). Moreover,
viable infiltrated cells were now found within an extensive
meshwork of collagen fibers. In the deeper layer, capillary
proliferation was now nearly completely obliterated by ex-

tensive fibroblast proliferation and collagen fiber deposition.
Histologic examination of mesentery from animals contin-

uously infused with PBS (data not shown) revealed a con-

nective tissue architecture similar to that of normal mesen-

tery and no significant foreign body reaction.
Loss of effect of rIL-la is not due to fibrotic encapsulation of

osmotic pumps. To determine whether the return of body
weight and behavioral measures to normal was due to
blockage by fibrosis of the release of rIL-lot into the perito-
neal cavity, we carried out the following experiment. On day
10, animals which had fully regained the weight lost from
prior i.p. implantation of 14-day pumps were reimplanted
i.p. with a second set of pumps also releasing rIL-la at 3 pLg
per day. Upon implantation of the second set of pumps, we

did not even measure a loss of weight equivalent to that
produced by a PBS-filled pump in a naive animal, and the
animals continued to gain weight through day 14 (Fig. 4). In
contrast, implantation of a second set of pumps releasing
rIL-lcx into animals exposed only to the PBS vehicle pro-
duced weight loss equivalent to that produced by rIL-la in
unexposed animals.

Loss of effect of rIL-ila is not due to fibrosis of the peritoneal
cavity. Preliminary experiments showed that s.c. implanta-
tion of osmotic pumps releasing rIL-ilo produced weight loss
equivalent to that produced by i.p. implantation. Since the
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A

FIG. 3. Developmental sequence of fibrotic encapsulation of osmotic pumps. (A) Normal mesentery. (B) Mesentery after 3 days of
continuous infusion of rIL-la at 3.0 jig per day. (C) Mesentery after 6 days of continuous infusion of rIL-1la at 3.0 ,ug per day.

previous experiment did not preclude the possibility of a
fibrotic walling off of the entire peritoneal cavity, 7-day
osmotic pumps releasing rIL-lx at 3.0 ,ug per day were
implanted i.p. on day 9 into animals which had regained the
weight lost from prior s.c. implantation of 14-day osmotic
pumps. In contrast to the findings in the previous experi-
ment, after implantation of the second set of pumps, there
was approximately a 3% drop from the day 9 prechallenge
weight level (Fig. 5). However, the degree of weight loss,

while significant, was modest in comparison with that pro-
duced in animals continuously exposed to PBS s.c. and was
within the normal range produced by surgical implantation of
PBS-filled pumps alone. In confirmation of the results of the
previous two experiments, we also found reduced weight
loss when the second set of pumps was implanted s.c. into
animals exposed to rIL-la i.p.

Loss of effect of rIL-lot is not due to production of anti-
rIL-la antibody. An anti-rIL-1cx antibody enzyme-linked
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immunoabsorption assay was used to compare serum from
animals infused with rIL-1ox for 14 days with serum from
animals immunized for 21 days with 100 Fg of rIL-1la
emulsified in complete Freund adjuvant. The anti-rIL-1lo
antibody titers of serum from both untreated and PBS-

30

20-

10

0)

-10

-20

infused animals were also determined. Animals immunized
with rIL-lot in complete Freund adjuvant showed a signifi-
cant anti-rIL-1ot antibody titer (data not shown). In contrast,
the titer in animals continuously infused with rIL-lcx was

indistinguishable from that in either untreated or PBS-

o Vehicle exposed i.p.

*rIL-la exposed i.p.

1 2 3 4 5 6 7 8 9 10 11 12 13 14

Time (days)

FIG. 4. Lack of effect of fibrotic encapsulation of osmotic pumps on the loss of the effect of rIL-1l on body weight. A second set of
osmotic pumps releasing rIL-la were implanted (dotted line) in animals exposed to rIL-la i.p. and animals exposed to vehicle. The mean

percent change in body weight + the standard error during 14 days of continuous administration was measured for five animals per group.
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FIG. 5. Lack of effect of fibrosis of the peritoneal cavity on the loss of the effect of rIL-lcx on body weight. A second set of osmotic pumps
releasing rIL-la were implanted in animals exposed to rIL-lco s.c. and animals exposed to vehicle. The mean percent change in body weight
+ the standard error during 14 days of continuous administration was measured for five animals per group.

infused animals. A booster challenge of the rIL-lc-infused
animals also failed to elicit a significant anti-rIL-1ot antibody
titer.

Tolerance of induction of CSF. As it is known that the
administration of rIL-lhx leads to enhanced levels of serum
CSF (42), tolerance was also determined by examining the
ability of rats to respond to rIL-lox with the synthesis of
CSF. Serum from rats challenged s.c. with 500 ng of rIL-1lo
produced nearly a fivefold increase in [3H]TdR incorporation
in normal animals or animals infused with PBS (Table 3). In
contrast, s.c. challenge with rIL-lx failed to produce a
significant increase in CSF production in animals infused
with rIL-lot, when compared with PBS-infused control ani-
mals.
CSF-inducing ability was verified by the generation of

granulocyte and/or monocyte colonies by rat bone marrow
cells in agar. Neither serum from animals infused with PBS
nor serum from animals infused with rIL-loL at 3.0 pg per day

TABLE 3. Induction of CSF synthesis

Proliferation of No. of rat
Pretreatmenta Challenge" mouse bone bone marrow

marrow cells cooisnagr([3HITdR cpm) colonies in agar'

PBS None 943 ± 125 0
rIL-la (500 ng) 4,442 ± 657 42 + 2

rIL-lot (3.0 p.g None 335 + 154 0
per day) rIL-lot (500 ng) 774 ± 492 9 + 3

a Continuous infusion for 6 days.
b S.C. injection on day 6; serum was collected 2 h later.
Mean ± standard error. There was a minimum of three animals per group.

was able to induce colony formation in agar. Serum from
animals infused with PBS and challenged with 500 ng of
rIL-lo- induced a mean of 42 + 2 colonies. In contrast, serum
from animals infused and challenged with rIL-lot induced a
mean of only 9 ± 3 colonies.

DISCUSSION

In a previous study (25) we described the effect of contin-
uous infusion of rIL-lo- in rats. We observed decreases in
body weight and food consumption which were apparent
within 1 day of beginning infusion and which returned to
preinfusion levels by day 7. Here we confirm and expand on
that study by reporting the effects of longer-term adminis-
tration of rIL-lox on body weight, behavioral parameters,
serum chemistry and hematology parameters, and local
tissue morphology. Animals continuously infused with rIL-
lot began to gain weight around day 5. Weight gain was
accelerated as compared with that in controls, and by days
12 to 14 infused animals reached the same body weight as
controls. In addition, the early decreases in liver enzymes
(SGOT, SGPT, and SDH) and increases in BUN and total
leukocyte number all returned to control levels by day 10.
Since the elevation in BUN was not accompanied by an
increase in urinary protein, continuous long-term infusion of
rIL-loc did not apparently lead to muscle wasting.
We found no significant difference in eating or drinking

behavior, horizontal locomotor activity, or vertical locomo-
tor activity between animals infused with rIL-lcx and con-
trols on day 11 of continuous infusion, indicating that the
previously reported decreases in appetite and mobility on
day 3 (25) had been lost upon longer treatment. Therefore,
like the effects on body weight, the behavioral effects
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induced by infusion of rIL-lot all appear to be lost upon
longer rIL-1cx infusion.
We are intrigued by the rapidity and extent of fibrotic

encapsulation of osmotic pumps. A slow release of IL-1 has
been shown to induce chronic inflammatory granulomatous
tissue in mice (10). In addition, IL-1 has been implicated as
a primary mediator in granuloma formation to foreign bodies
and schistosome eggs (5) and has been shown to potentiate
pannus formation in a rat model of peptidoglycan-polysac-
charide-induced arthritis (38). IL-1 is known to stimulate
fibroblast proliferation (27, 31) and fibroblastic collagen
synthesis (43). Thus, our findings confirm evidence which
suggests that IL-1 may be a potent inducer of granuloma
formation.
The finding that the early effects of rIL-loL on body weight,

behavior, serum chemistry, and hematology had returned to
normal indicated that there must be a compensatory mech-
anism which permits this recovery. However, before we
could suggest that tolerance had occurred, it was important
to rule out a number of trivial explanations: (i) failure of the
osmotic pumps; (ii) blockage of the release of rIL-iot into the
peritoneal cavity due to fibrotic encapsulation of osmotic
pumps; (iii) failure of rIL-lot to be absorbed into the circu-
lation due to fibrosis of the lining of the peritoneal cavity;
and (iv) neutralization by anti-rIL-lot antibody. We carried
out experiments to rule out each of these possibilities:
reimplantation of the pump into another animal confirmed
that the release of rIL-lot is continuous; insertion of a second
pump at either fibrotic or nonfibrotic sites failed to elicit a
normal rIL-iot response; and, finally, anti-rIL-1ix antibodies
were not detected.
We then sought to directly confirm tolerance by using the

ability of the rats to respond to rIL-io. by inducing CSF
production. Animals continuously infused with rIL-i(x were
found to be unresponsive to s.c. rIL-lot challenge on day 6.
The response was suppressed to normal levels, as measured
by [3H]TdR incorporation, and colony formation was mark-
edly suppressed. Although more colonies were found in
rIL-lot-injected, rIL-lot-infused animals than in saline-in-
jected, rIL-lot-infused animals, suggesting that tolerance
was not absolute, the magnitude of this difference was much
smaller than the difference in response to rIL-io- challenge
between control PBS-infused and rIL-iot-infused animals.
The mechanism of tolerance of IL-1 cannot be determined

from the results of this study. The rapid development of
granulomas may help limit the systemic exposure to IL-1.
However, another mechanism, such as receptor desensitiza-
tion (18, 22) or induction of an IL-1 inhibitor (33, 34), would
be required to explain the decreased response to a secondary
challenge with IL-1.

Tolerance of the lethal effects of lipopolysaccharide is well
known (2, 14, 16) and has recently been reported for IL-1
(44) and TNF (37, 44). Although IL-1 has been reported to
induce the production ofTNF (26), we were unable to find an
elevation ofTNF even during the initial stages of continuous
infusion of rIL-lct, and administration of high-titer anti-TNF
antibody failed to inhibit granuloma formation (15) or weight
loss, confirming that the IL-1 effects were not secondary to
TNF production (unpublished data). It seems reasonable
that tolerance of the numerous systemic effects of IL-1
should develop during long-term exposure, and we propose
that it may be a necessary requirement for survival of
chronic infection. If the synthesis and release of IL-1 repre-
sent a first line of defense against acute infection (12, 24, 41).
the acute systemic effects of this cytokine may be useful for
rapid mobilization of the body's nonspecific (natural) de-

fense system. However, if the infectious episode is of long
duration, the systemic response may be too severe and may
compromise host survival.
We found that it took 3 to 5 days to attain good tolerance

of IL-1. This duration is close to the time it takes to detect
the onset of specific immunity, as measured by splenic
plaque formation or early delayed hypersensitivity. Thus, if
IL-1 is a mediator of primary host resistance, the duration of
mobilization of nonspecific resistance to an infectious insult
is comparable to the time required to elicit a specific immune
response. This may be important for optimizing the interplay
between specific immunity and nonspecific immunity in the
host defense against infection.
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