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Vagotomy Blocks the Induction of Interleukin-1 (IL-18) mRNA in
the Brain of Rats in Response to Systemic IL-1(
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There is considerable interest in the mechanisms by which
systemic cytokines signal the CNS to elicit centrally controlled
biological actions. This study determined the effects of intra-
peritoneal injections of interleukin-1B (IL-18) on IL-18 mRNA
and IL-1 receptor accessory protein (IL-1RAP) mRNA produc-
tion in rat liver and brain using the reverse transcription-PCR.
Saline or IL-1B8 (0.5 pg/kg) was injected intraperitoneally in
subdiaphragmatically = vagotomized and sham-operated
(SHAM) rats. All injections were performed at dark onset, and
rats were killed 2 hr after the injection. In SHAM rats, IL-13
increased IL-13 mRNA levels in the liver, hypothalamus, hip-
pocampus, and brainstem. Subdiaphragmatic vagotomy
blocked the IL-1B-induced increase in IL-18 mRNA in the brain-
stem and hippocampus and significantly attenuated the in-

crease in the hypothalamus. Vagotomy did not affect IL-183-
induced IL-18 mRNA production in the liver. IL-1RAP mRNA
was highly expressed in each region examined; however, no
significant differences in IL-1RAP mRNA production were found
in any region after IL-13 injection. The current results indicate
that the vagus nerve is involved in transmitting cytokine signals
to the brain and suggest that the induction of brain cytokines is
a critical step in the pathway by which vagal-mediated signals
result in centrally controlled symptoms of the acute phase
response.
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Interleukin-18 (IL-1B) is a proinflammatory cytokine involved in
the regulation of several physiological CNS processes (e.g., sleep
and appetite regulation), and it plays a role in neural immune
responses to tissue damage and infection (for review, see Krueger
and Majde, 1994). The peripheral administration of IL-183 in-
duces many of the symptoms accompanying the acute phase
responses that are mediated by the CNS, including fever, excess
sleep, and social withdrawal (Krueger et al., 1984; Watkins et al.,
1995a; Bluthé et al., 1996; Hansen and Krueger; 1997). These
symptoms also occur after the administration of substances that
induce IL-1B production, such as bacterial lipopolysaccharide
(LPS) or muramyl-dipeptide (Sehic and Blatteis, 1996; Goldbach
et al., 1997; Kapas et al., 1997). Conversely, inhibition of IL-13
blocks many of the illness responses induced by these agents
(Kent et al., 1992). Furthermore, fever, excess sleep, and behav-
ioral effects of systemic IL-1B, LPS, or muramyl-dipeptide are
blocked by the central inhibition of IL-18 (Kent et al., 1992; Klir
et al., 1994; Takahashi et al., 1996). These data clearly indicate
that both systemic and central pools of IL-18 are important in
these responses.

The mechanisms by which peripheral cytokines signal the brain
to elicit central manifestations of the acute phase response have
not been conclusively identified. Cytokines are relatively large,
hydrophilic peptides and are not expected to readily cross the
blood-brain barrier. A saturable transport mechanism for several
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cytokines exists (Banks et al., 1991); however, it is uncertain
whether the amounts shown to enter the brain are sufficient to
activate central mechanisms. Furthermore, there is increasing
evidence suggesting that vagal afferents transmit systemic cyto-
kine information to the brain. Thus, in rats, mice, and guinea pigs,
various measures of the acute phase response are inhibited by
vagotomy (for review, see Watkins et al., 1995b; Blatteis and
Sehic, 1997). IL-1B increases vagal afferent activity (Niijima,
1996), and IL-1 receptors are found on paraganglia in the hepatic
vagus (Goehler et al., 1997). Furthermore, vagotomy blocks the
induction of IL-18 mRNA in the brain of LPS-treated mice
(Layé et al., 1995). Collectively, this evidence suggests that after
an appropriate challenge, the production of IL-1p in brain may be
a critical step in the pathway by which vagal-mediated signals
result in centrally controlled symptoms of the acute phase
response.

The aim of the present study was to determine (1) whether
intraperitoneal injections of IL-18 induce IL-18 mRNA expres-
sion in the brain, and (2) whether this effect can be blocked by
subdiaphragmatic vagotomy. The dose of IL-18 used in the cur-
rent study, 0.5 wg/kg, was demonstrated previously to induce
sleep and fever in rats; vagotomy blocked the fever and attenuated
the sleep-inducing effects of this dose (Hansen and Krueger,
1997). The current experiments also sought to determine varia-
tions in interleukin-1 receptor accessory protein (IL-1RAP)
mRNA levels in response to systemic IL-18. The IL-1R AP has
recently been cloned in mice (Greenfeder et al., 1995) and rats
(Liu et al,, 1996) and is involved in IL-1 binding and signal
transduction.

MATERIALS AND METHODS

Animals. Adult male Sprague Dawley rats (250 gm at purchase; Harlan
Sprague Dawley, Indianapolis, IN) were used in this study. The animals
were housed individually and maintained on a 12 hr light/dark cycle
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(lights on at 5 A.M. and off at 5 p.m.) and at 25 + 1°C ambient temper-
ature. Food and water were continuously available unless otherwise
noted.

Surgeries. Bilateral subdiaphragmatic vagotomy (V X) and pyloroplasty
were performed on rats as described previously (Hansen et al., 1997).
Briefly, after an overnight fast, rats were anesthetized using ketamine
and xylazine (87 and 13 mg/kg, respectively, i.p.). The stomach and lower
esophagus were visualized from an upper midline laparotomy. The
stomach was gently retracted down beneath the diaphragm to clearly
expose both vagal trunks. At least 1 cm of the visible vagal nerve was
dissected. In addition, all neural and connective tissue surrounding the
esophagus immediately below the diaphragm was removed to transect all
small vagal branches. The vagotomy was supplemented with pyloroplasty
to prevent gastric stasis. An incision was made parallel to the axis of the
pylorus, through the pyloric sphincter, and then the pylorus wall was
reconstructed by sutures perpendicular to the pylorus axis. The stomach
was returned to its normal position, and the incisions were closed.
Sham-operated (SHAM) animals were prepared, subjected only to pylo-
roplasty. All animals gained weight during the recovery period and
appeared healthy. Furthermore, there was no significant difference in
body weight at the time of experimental testing.

Three weeks after either VX or SHAM surgery the completeness of
vagotomy was assessed as described previously (Hansen and Krueger,
1997). This test is based on the satiety effect of cholecystokinin (CCK),
which is known to be mediated by the vagus nerve (Smith et al., 1981). In
brief, rats were injected intraperitoneally with saline or 4 ug/kg CCK
(CCK-octapeptide; Peninsula Laboratories, Belmont, CA) after 20 hr of
food deprivation; a minimum of 3 d was allowed between the saline and
CCK injections. Food intake was then measured after 1 hr in both
SHAM and VX rats.

Experimental protocol. The animals were then allowed at least another
1 week recovery period. During this time, rats received daily intraperi-
toneal injections of pyrogen-free saline at dark onset, the time when the
experimental treatments were done. Rats were injected with saline or 0.5
png/kg recombinant human IL-18 (R & D Systems, Minneapolis, MN).
IL-1B was dissolved in saline, and all injections were given by the
intraperitoneal route and delivered in an injection volume of 1 ml/kg.
Three groups of rats were used. Group I (n = 6) were SHAM rats that
received saline injections. In a preliminary study, it was found that there
are no significant differences in IL-18 or IL-IR AP mRNA expression in
the liver or brain of saline-injected SHAM and VX rats. Group II rats
(n = 6) were SHAM, and group III (n = 6) were V X rats; groups II and
IIT were injected with IL-1B. Rats were killed by decapitation 2 hr after
either saline or IL-1p injection. The liver and brain were quickly re-
moved, and the hypothalamus, hippocampus, and brainstem were rapidly
dissected. Liver and brain samples were snap-frozen in liquid nitrogen
and stored at —80°C until RNA extraction.

In a separate control experiment, rats (n = 4) were injected with 0.5
ng/kg IL-1B that had been heat-inactivated at 95°C for 30 min. Rats were
killed 2 hr after the injection, and brain and liver samples were collected
as above. Also, as a positive control, rats (n = 5 per group) were injected
intraperitoneally with saline or 100 ug/kg Escherichia coli LPS (055:B5;
Sigma, St. Louis, MO). For this study, rats were killed 90 min after the
injection, and liver samples were collected.

RNA extraction. Total cellular RNA was isolated after homogenization
of the tissue samples in guanidine thiocyanate—phenol solution (RNA
STAT-60; Tel-Test, Friendswood, TX) according to the instructions
provided. Each brain region was homogenized in 2 ml and ~100 mg of
liver tissue in 3 ml of RNA-STAT-60 using a microtissue grinder. Liver
and brain samples from each rat were homogenized and processed
individually. The integrity of the RNA was checked by denaturing
agarose gel electrophoresis and ethidium bromide staining. The total
amount was measured by spectrophotometry at an absorbance of 260 nm.

Preparation of internal standard cRNAs. A plasmid containing the
coding region for rat IL-18 was constructed using PCR amplification of
cDNA synthesized from rat brain total RNA. The 5’ oligonucleotide
used was 5-GAAGAGCTCATGGCAACTGTCCCTGAACTC-3,
which introduces an Sacl site (underlined) upstream of the initiator
methionine codon. The 3’ antisense oligonucleotide used was 5'-
CAGCTCGAGTTAGGAAGACACGGGTTCCATGGT-3', which in-
troduces an Xhol site (underlined) after the termination codon. The
PCR product was visualized by ethidium bromide staining after agarose
gel electrophoresis. The DNA was extracted from the gel slices (Gene-
clean; BIO 101, La Jolla, CA), digested with the restriction enzymes Sacl
and Xhol, and ligated into Sacl- and Xhol-digested pBluescript (Strat-
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agene, La Jolla, CA). The ligated plasmid was transformed into DH5«
bacteria (Life Technologies, Gaithersburg, MD), and colonies containing
the insert were selected and amplified overnight following standard
procedures (Sambrook et al., 1989). Plasmid DNA was purified using the
Qiagen (Chatsworth, CA) Plasmid Mini Kit. An IL-18 mutant plasmid
containing a 217 bp deletion of the coding region was made using
restriction digestion with PstI followed by ligation with T4 DNA ligase;
there are two Pst] sites within the IL-1B coding region that are 217 bp
apart. The internal standard for reverse transcription (RT)-PCR was
generated by in vitro transcription of the mutated plasmid using T3 RNA
polymerase. The DNA template was removed by extensive DNase I
digestion.

To prepare IL-1R AP internal standard, we followed a modified pro-
cedure of that of Riedy et al. (1995). A fragment of the rat IL-IRAP
gene was amplified by PCR using cDNA that was reverse-transcribed
from rat brain total RNA. The 5’ oligonucleotide used was 5'-
CACGACTTACTGCAGCAAAGTTGC-3', which is identical in se-
quence to the mRNA strand. The 3’ antisense oligonucleotide was 5'-
AGGGGTGACTTTCTTGATGCTCAAAGGGACGTCATCAGGCT-
TCTTTCCATC-3'. The first 24 bases starting from the 5’ end of this
primer are 66 bases downstream on the message in relation to the next 27
bases at the 3" end of the primer, thereby producing a 66 bp deletion in
the final PCR product. This PCR product was then cloned using the TA
cloning kit (Invitrogen, Carlsbad, CA) according to the instructions
provided. The plasmid construct was amplified in DH5« bacteria as
described above. The IL-1RAP internal standard cRNA was generated
by in vitro transcription of the mutated gene using SP6 RNA polymerase
followed by DNase I digestion.

The above mutant cRNAs were used as internal controls for RT-PCR
of the respective molecule of interest. Because of the exponential nature
of PCR, small differences in either RT or PCR efficiencies may result in
large errors, which make quantitation of the wild-type mRNA difficult. In
the current experiment, mutant cRNA is added before the RT reaction,
which controls for differences in RT efficiencies. In addition, the same
pair of primers amplifies both wild-type and mutant cDNA, thereby
allowing normalization of differences in PCR amplification efficiency
among the samples. Finally, because the wild-type and mutant RNAs are
different sizes, they can be separated by gel electrophoresis and semi-
quantified by the ratio of densitometric measurements of the RT-PCR
products visualized on ethidium bromide-stained gels.

RT-PCR. First-strand cDNA was synthesized by random-priming us-
ing 2 ug (liver samples) and 2.5 pg (brain samples) of total RNA, internal
standard RNAs, 50 ng of DNA random hexanucleotides, and 200 U of
Superscript II RNase H ™ reverse transcriptase (Life Technologies) ac-
cording to the manufacturer’s instructions. Briefly, the amount of internal
standard RNA used was determined by RT-PCR so that its level approx-
imated that of the target RNA. RT was performed at 42°C for 70 min,
and the reaction was terminated by heating at 95°C for 10 min. Aliquots
(4 pl for brain samples and 1 ul for liver samples) of the RT reaction
were amplified by PCR using Tag DNA polymerase (Promega, Madison,
WI) in a reaction volume of 50 ul. The primers for IL-18 were 5'-
GACCTGTTCTTTGAGGCTGAC-3" (sense) and 5'-TCCATCTTC-
TTCTTTGGGTATTGTT-3' (antisense), which amplify a 578 bp prod-
uct corresponding to wild-type IL-18 and a 361 bp product
corresponding to the mutant IL-18. The primers for the IL-IRAP were
5'-CACGACTTACTGCAGCAAAGTTGC-3" (sense) and 5'-AGGG-
GTGACTTTCTTGATGCTCAA-3" (antisense), which amplify a 616
bp product corresponding to wild-type IL-1IRAP and a 550 bp product
corresponding to the mutant IL-1RAP. For the brain and liver samples,
respectively, cDNA for IL-18 was amplified for 33 and 34 cycles, whereas
cDNA for IL-1RAP was amplified for 26 and 27 cycles. These cycle
numbers were chosen based on a preliminary study determining the
linear range of amplification for each respective molecule (Fig. 1). This
also confirmed that both the wild-type and mutant RNAs were amplified
uniformly. In each PCR, denaturation was at 95°C for 45 sec, annealing
was at 60°C for 45 sec, and extension was at 72°C for 2 min (for the final
cycle, extension was 7 min). Furthermore, for each cDNA, PCR was
performed in duplicate. DNA sequencing, performed at the University of
Tennessee Molecular Resource Center, was used to confirm sequence
specificity.

After amplification, aliquots of the PCR products (10 ul for IL-18 and
5 pl for IL-1R AP) were electrophoresed on horizontal gels containing
2% (w/v) agarose using 0.2X Tris-acetate/ EDTA buffer. Gels were run at
100 V for 1 hr for IL-1B and 80 V for 3 hr for IL-1RAP. The gels were
stained with ethidium bromide (0.5 pg/ml) for 5-10 min and then washed
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Figure 1. Optimized linearity regions for PCR amplification of various

cycles. RT-PCR was performed on liver and brain samples, which in-
cluded total RNA and corresponding amounts of IL-18 or IL-IRAP
internal standard cRNA. The amplification courses for IL-1 (top) wild-
type (open circles) and mutant (closed circles) and for IL-IR AP (bottom)
wild-type (open triangles) and mutant (closed triangles) were obtained by
densitometric measurements of the ethidium bromide-stained agarose gel
and plotted in a semilogarithmic scale against the cycle number. Arrows
indicate the number of PCR cycles subsequently used for IL-18 mRNA
and IL-IRAP mRNA in liver and brain samples.

for 1-2 hr in water. The gels were then photographed under ultraviolet
light using a charge-coupled device camera. Band densities were ob-
tained by densitometric measurements of the RT-PCR products using
public domain software NIH Image 1.54 for one-dimensional gels ac-
cording to the protocol provided. The amounts of IL-18 mRNA and
IL-1IRAP mRNA were expressed as a ratio of densitometric measure-
ments derived from the target message and the internal standard.

Statistical analysis. All data are expressed as mean = SE and were
analyzed by one-way ANOVA. When appropriate, post hoc analysis was
done using the Student-Newman-Keuls (SNK) multiple comparison
test. In all tests, an « level of p < 0.05 was taken as an indication of
statistical significance.

RESULTS

Controls

In this study, food intake analysis was used to assess the com-
pleteness of vagotomy. CCK significantly inhibited food intake in
SHAM (groups I and II) [ANOVA, F(, 16, = 12.13; p < 0.005;
SNK test, g5, = 10.31; p < 0.01] but not in VX rats. Food
intake was decreased by 57% in CCK-injected SHAM rats com-
pared with the saline injection (3.33 = 0.51 vs 7.77 = 0.19 gm,
respectively). In contrast, CCK did not significantly decrease food
intake in VX rats compared with the saline injection (6.33 = 0.64
vs 7.10 = 0.32 gm, respectively).

Heat-inactivated IL-18 had no effect on IL-18 mRNA or
IL-1RAP mRNA levels in any brain region or in the liver (data
not shown). In contrast, the intraperitoneal injection of 100 ng/kg
LPS caused large increases in IL-18 mRNA and IL-IRAP
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Figure 2. Effects of intraperitoneal injections of saline or 100 ug/kg LPS
on IL-18 mRNA and IL-1R AP mRNA levels in rat liver 90 min after the
injection. The amounts of IL-183 mRNA and IL-IRAP mRNA are
expressed as ratios of densitometric measurements of the samples to the
corresponding internal standard. Data are presented as mean * SE (error
bars). *Significant difference compared with the saline injection (¢ test).

mRNA levels in the liver (Fig. 2). Taken together, these data
indicate that the effects of IL-183 were not caused by contaminat-
ing endotoxin. In addition, the sequences of the IL-1B and
IL-IRAP PCR products, as well as their respective internal
controls, corresponded to the appropriate mRNA, as determined
by DNA sequence analysis. Furthermore, each had the expected
electrophoretic mobility (Fig. 3). Two additional controls were
included in the PCR experiments to rule out possible genomic
DNA contamination and general DNA contamination (Kwok and
Higuchi, 1989). In the first control, rat genomic DNA was ampli-
fied with appropriate sense and antisense primers. It was found
that either no product or a larger product was amplified, indicat-
ing that the primers either spanned exons or covered introns. This
control was necessary because the genomic structures of rat IL-13
and rat IL-IRAP are unknown. The second control was per-
formed by PCR amplification in the absence of RT to rule out
possible DNA contamination; no bands were observed.

Vagotomy blocks the increases in IL-13 mRNA in brain
An example of the RT-PCR-amplified IL-18 mRNA and corre-
sponding internal standard cRNA is shown in Figure 3 for the
hypothalamus. The averaged values for IL-18 mRNA in the liver,
brainstem, hippocampus, and hypothalamus are shown in Figure
4. The intraperitoneal injection of IL-1B increased IL-18 mRNA
levels in the liver of both SHAM and VX rats (Fig. 4) [F, 5y =
30.3; p < 0.0001]. In IL-1B-treated rats, there was a significant
increase in liver IL-18 mRNA compared with the saline treat-
ment in both SHAM [SNK, g3 15, = 9.659; p < 0.01] and V X rats
[SNK, g5y = 9.399; p < 0.01]. In contrast, vagotomy blocked
IL-1B induction of IL-18 mRNA in the brainstem [F, 5, = 25.0;
p < 0.0001] and hippocampus [F, 5, = 30.7; p < 0.0001]. In the
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Figure 3. Gel electrophoresis and ethidium bromide staining of RT-PCR-amplified IL-1B and IL-1R AP mRNAs and corresponding internal standard
cRNAs in the hypothalamus of rats in response to an intraperitoneal injection of saline (lanes 1-6) or 0.5 ug/kg IL-18 in sham-operated (SHAM, lanes
7-12) and subdiaphragmatically vagotomized rats (V' X, lanes 13-18). Lane 19 is a no-RT control run in each gel to verify the lack of DNA contamination.
The PCR products for IL-18 are 578 and 361 bp for the wild-type (Wr) and mutant (Mu), respectively. The PCR products for IL-1RAP are 616 and 550
bp for the Wt and Mu, respectively. On the left axis is a 123 bp DNA marker (Life Technologies). See Materials and Methods for a detailed description

of the RT-PCR procedure.

brainstem, IL-18 mRNA was increased significantly after IL-13
treatment in the SHAM rats compared with the saline injection
[SNK, ¢3,15) = 8.878; p < 0.01] and compared with the VX rats
[SNK, g,15) = 8.436; p < 0.01]. Similarly, in the hippocampus
IL-1B significantly increased IL-18 mRNA in SHAM rats com-
pared with the saline injection [SNK, g 15, = 9.525; p < 0.01]
and compared with the IL-1B-treated VX rats [SNK, ¢ 5y =
9.661; p < 0.01]. In the hypothalamus, IL-18 increased IL-1B3
mRNA levels in both SHAM and VX rats [F(, 5, = 41.7; p <
0.0001]. In IL-1B-treated rats, there was a significant increase in
hypothalamic IL-18 mRNA compared with the saline injection in
SHAM [SNK, g3 15y = 12.91; p < 0.01] and V X rats [SNK, g5 5,
= 6.0; p < 0.01]; however, this effect was significantly attenuated
in the VX rats compared with the SHAM rats [SNK, g, 5, =
6.91; p < 0.01].

Intraperitoneal injection of IL-1 has no effect on IL-
1RAP mRNA production

An example of the RT-PCR-amplified IL-IRAP mRNA and
corresponding internal standard cRNA is shown in Figure 3 for
the hypothalamus. The averaged values for IL-1IR AP mRNA in
the liver, brainstem, hippocampus, and hypothalamus are shown
in Figure 5. Consistent with a previous report (Liu et al., 1996),
IL-1R AP mRNA was highly expressed in rat liver and brain; this
study adds the brainstem to the list of brain regions that express
IL-1IRAP mRNA. The intraperitoneal injection of IL-18, how-
ever, had no significant effects on IL-1R AP mRNA production in
any region examined in SHAM or VX rats (Fig. 5), although
there was a slight tendency toward increased IL-IRAP mRNA
levels in the liver of the SHAM and VX rats.

DISCUSSION

In the present study, the intraperitoneal injection of IL-1f3 in-
creased IL-18 mRNA levels in the liver, hypothalamus, hip-
pocampus, and brainstem of control rats. This finding is consis-
tent with other studies showing that IL-1p is capable of inducing
its own production (Dinarello, 1996; Ilyin and Plata-Salaman,
1996). Furthermore, it is agreeable with studies that found that
the systemic injection of substances that induce IL-1p (e.g., LPS)
induce IL-18 in the brain (Ban et al., 1992; Layé et al., 1995). A
second major finding of this study was that vagotomy blocked the
induction of IL-18 mRNA in the hippocampus and brainstem of
IL-1-treated rats and significantly attenuated the effect in the
hypothalamus. These results are consistent with the study of Layé
et al. (1995); they found that vagotomy blocked systemic LPS-
induced increases in IL-18 mRNA in the hippocampus and
hypothalamus of mice. In that study, they also found that in-
creases in pituitary IL-18 mRNA as well as the increase in plasma
levels of IL-1B were not affected by vagotomy. Similarly, in this
study, the IL-1B-induced increase in IL-18 mRNA in the liver
was not affected by vagotomy.

The finding that vagotomy blocked the increase in IL-183
mRNA expression in the hippocampus and brainstem and signif-
icantly attenuated this effect in the hypothalamus indicates that
the vagus nerve plays a role in transmitting peripheral cytokine
signals to the brain. It is consistent with the reports that IL-13
induces dose-dependent and long-lasting increases in the afferent
activity of the vagus nerve (Niijima, 1996), and LPS sensitizes
vagal afferent terminals by a cytokine-dependent mechanism
(Hua et al., 1996). IL-1 receptors are found in liver paraganglia
(Goehler et al., 1997), as indicated by IL-1 receptor antagonist
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Figure 4. Effects of intraperitoneal injections of saline or IL-18 (0.5
png/kg) on IL-18 mRNA expression in the brainstem (BS), hippocampus
(HC), hypothalamus (HT'), and liver (LV') of sham-operated (SHAM)
and vagotomized (VX ) rats 2 hr after the injection. The amounts of IL-13
mRNA are expressed as ratios of densitometric measurements of the
samples to the corresponding cRNA internal standard. Data are pre-
sented as mean = SE (error bars) of the values obtained after two
PCRs of the appropriate cDNA. *p < 0.01 compared with saline
treatment (SNK test); #p < 0.01 compared with VX-IL-18 (SNK test).

binding. Furthermore, various behavioral and central actions of
both IL-1B and LPS are inhibited by vagotomy. Subdiaphrag-
matic vagotomy inhibits sleep (Hansen and Krueger, 1997; Kapas
et al., 1997), fever (Watkins et al., 1995a; Sehic and Blatteis, 1996;
Goldbach et al., 1997; Opp and Toth, 1997, Romanovsky et al.,
1997), hyperalgesia (Watkins et al., 1994), decreased food
intake (Bret-Dibat et al., 1995), and decreased social interac-
tion (Bluthé et al., 1996) in response to peripheral LPS or
IL-1B. In addition, vagotomy inhibits increases in ACTH se-
cretion (Gaykema et al., 1995), c-Fos expression in brain (Wan
et al., 1994; Gaykema et al., 1995), hypothalamic norepineph-
rine depletion (Fleshner et al., 1995), and elevated plasma
corticosteriod levels (Fleshner et al., 1995) produced by vari-
ous peripheral immune stimuli. Finally, localized cytokine
production and interactions with receptors (e.g., on liver, tho-
racic, and laryngeal paraganglia; Goehler et al., 1997) could
explain the findings that many CNS manifestations of the acute
phase response occur in the absence of measurable circulating
cytokines (Kluger, 1991). Collectively, these data clearly sug-
gest the existence of sensors for IL-1 that send information to
the CNS via vagal afferents.

The fact that IL-18 mRNA production in the hypothalamus
was not totally blocked by vagotomy suggests that alternative
pathways exist, in addition to the subdiaphragmatic vagus, which
communicate peripheral cytokine signals to the brain. This is
consistent with a previous study on sleep and fever in rats using
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Figure 5. Effects of intraperitoneal injections of saline or IL-18 (0.5
png/kg) on IL-1R AP mRNA expression in the brainstem (BS), hippocam-
pus (HC), hypothalamus (HT'), and liver (L}V) of sham-operated (SHAM)
and vagotomized (VX) rats 2 hr after the injection. The amounts of
IL-IRAP mRNA are expressed as ratios of densitometric measurements
of the samples to the corresponding cRNA internal standard. Data are
presented as mean *= SE (error bars) of the values obtained after two
PCRs of the appropriate cDNA.

the same dose of IL-183, in which it was found that vagotomy
blocks the fever but only attenuates the sleep-inducing effects of
systemic IL-1B (Hansen and Krueger, 1997). It is possible that
IL-1PB crosses the blood-brain barrier (Banks et al., 1991) and
induces its own production in the hypothalamus. The systemic
production of other readily diffusable messengers such as nitric
oxide, which is known to play a role in sleep (Kapas and Krueger,
1996) and thermoregulation (Scammell et al., 1996), may also
affect these responses. Furthermore, it is possible that IL-183
activates additional afferent sensory nerves in addition to the
subdiaphragmatic vagus, e.g., thoracic branches of the vagus
(Goehler et al., 1997). Hence, the failure of vagotomy to com-
pletely block systemic IL-183 or LPS-induced centrally mediated
responses likely involves both the dose (e.g., Hansen and Krueger,
1997; Romanovsky et al., 1997) and route of administration (e.g.,
Bluthé et al., 1996; Goldbach et al., 1997). The relative contribu-
tion of the vagus nerve in communicating information from the
periphery to the hypothalamus, versus the hippocampus and
brainstem, remains to be determined.

Current and past data suggest that locally produced cytokines
stimulate cytokine receptors on, or functionally connected to,
vagal afferents, which send signals to the brain to induce brain
production of cytokines. Brain IL-18 is involved in the regulation
of several physiological processes, as well as being a crucial
mediator of many illness responses. There is a diurnal rhythm of
IL-1B mRNA levels in the brain of rats, with the highest levels
corresponding to peak sleep periods (Taishi et al., 1997). IL-1
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levels in CSF of cats vary with the sleep—wake cycle (Lue et al.,
1988). IL-18 mRNA levels in the hypothalamus and brainstem
increase during sleep deprivation (Mackiewicz et al., 1996). Fur-
thermore, the central administration of anti-IL-18 antibodies, the
IL-1 receptor antagonist, or an IL-1 receptor fragment inhibits
increases in sleep (Takahashi et al., 1996), behavioral responses
(Kent et al., 1992), and fevers (Klir et al., 1994) that are induced
by peripherally injected immune stimuli. Inhibition of brain IL-13
also inhibits spontaneous sleep (Opp and Krueger, 1991; Taka-
hashi et al., 1996) and IL-1B-induced anorexia (Plata-Salaman,
1994). A critical role for IL-1p in the brain is also indicated by
recent findings in IL-1B3 knock-out mice; these mice develop
lower fevers in response to LPS and display a higher mortality
rate attributable to influenza infection (Kozak et al., 1995). IL-1
type I receptor knock-out mice sleep less than their strain con-
trols and are unresponsive to systemic IL-18 injections (Fang et
al., 1997). These studies suggest that brain cytokines are likely the
critical mediators of centrally mediated illness responses as well
as important mediators in normal physiological processes.

IL-1B is one member of a family of molecules currently con-
taining at least nine members. These include three ligands, IL-1«
and B and the IL-1 receptor antagonist, two receptors, a soluble
receptor, an IL-1 receptor-associated kinase, the IL-1-converting
enzyme, and the IL-1R AP (for review, see Dinarello, 1996). The
IL-1R AP has been cloned in mice (Greenfeder et al., 1995) and
rats (Liu et al., 1996) and appears to be necessary for IL-1 binding
and signal transduction. The IL-1RAP forms a complex with the
IL-1 type I receptor and either IL-18 or IL-1e, but not with the
IL-1 receptor antagonist, and increases the binding affinity for
IL-1B (Greenfeder et al., 1995). Furthermore, cells lacking the
IL-1R AP do not respond to IL-1 (Wesche et al., 1996); however,
when the IL-1RAP is expressed in these cells, IL-1 responsive-
ness is restored (Wesche et al., 1997). In principle, the upregula-
tion or downregulation of any one component of the IL-1 family
could influence the level of activation of the entire IL-1 system. It
was, therefore, of interest to determine whether IL-IRAP
mRNA could also be influenced by systemic IL-1p.

In the present study, we found IL-1IR AP mRNA to be highly
expressed in all regions examined; to obtain a discernable signal,
cDNA for IL-1R AP was amplified either 26 or 27 cycles, whereas
the same ¢cDNA required 33 or 34 cycles of amplification for
IL-1B8 mRNA in the brain and liver samples, respectively. There
were no significant differences in IL-1R AP mRNA in response to
the intraperitoneal administration of IL-1B in any region in
control or vagotomized rats. This finding is consistent with an-
other study that also found no significant differences in IL-IRAP
mRNA levels after intracerebroventricular microinfusions of
IL-1B (Ilyin and Plata-Salaman, 1996). Greenfeder et al. (1995)
initially reported increases in IL-IRAP mRNA in the lung and
spleen, decreases in the liver, and no change in the brain in
response to IL-1a. Using an RNase protection assay, Liu et al.
(1996) showed decreases in IL-IRAP mRNA in the liver and no
changes in the hippocampus 24 hr after two doses of intraperito-
neal LPS. In contrast, in this study we observed increased IL-
1RAP mRNA expression in the liver of rats 90 min after an
intraperitoneal injection of LPS. Thus, the regulation of this
molecule appears to be complex and may be similar to the IL-1
type I receptor; IL-1 type I receptor mRNA is increased 3 hr
after the intraperitoneal administration of LPS and then dimin-
ished after 20 hr (Reinisch et al., 1994). Regardless of these
considerations, the regulation of IL-18 and its role in centrally
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mediated illness responses likely involves the entire IL-1 system,
as well as that of other cytokines, such as tumor necrosis factor-a.

In conclusion, this study provides additional evidence for the
involvement of the vagus nerve as a cytokine-to-brain communi-
cation pathway. It further indicates that cytokine signals arising
from the periphery are capable of inducing cytokine messages in
the brain. The subsequent release of IL-18 in the brain is likely a
critical step in the pathway by which vagally mediated signals
result in centrally controlled physiological functions and symp-
toms of the acute phase response.
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