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AGAL AFFERENT INPUT FROM THE ACID-CHALLENGED RAT

TOMACH TO THE BRAINSTEM: ENHANCEMENT BY INTERLEUKIN-1�
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niversity of Graz, Universitätsplatz 4, A-8010 Graz, Austria

bstract—Exposure of the gastric mucosa to back-diffusing
oncentrations of HCl (0.25 M, pH 0.51) stimulates vagal af-
erent input to the brainstem. Here we have examined
hether pretreatment of rats with the proinflammatory cyto-
ines interleukin-1� and tumor necrosis factor-� causes sen-
itization of vagal afferent pathways to HCl. Rats were pre-
reated i.p. with interleukin-1�, tumor necrosis factor-�
10 �g/kg) or their vehicle (sterile saline) 24, 48 and 96 h
efore intragastric administration of HCl (0.25 M, 1 ml/100 g).
ctivation of neurons in the nucleus tractus solitarii was
isualized by c-Fos immunohistochemistry 2 h after the HCl
hallenge. I.p. administration of interleukin-1� and tumor ne-
rosis factor-� alone induced c-Fos in the brainstem, an
ffect that was gone after 24 h. At this time, however, the
ffect of HCl to cause expression of c-Fos in the nucleus
ractus solitarii was significantly enhanced by pretreatment
ith interleukin-1� and tumor necrosis factor-�. The sensi-

izing effect of i.p.-administered interleukin-1� was sustained
or more than 48 h and prevented by the interleukin-1 recep-
or antagonist anakinra. Intracisternal administration of inter-
eukin-1� and tumor necrosis factor-� (100 ng) failed to am-
lify the HCl-evoked expression of c-Fos in the brainstem.

These results show that peripheral administration of the
roinflammatory cytokines interleukin-1� and tumor necro-
is factor-� induces prolonged sensitization of vagal afferent
athways to gastric HCl challenge. This effect seems to arise
rom a peripheral action on vagal afferents and may be of
elevance to gastric chemonociception. © 2004 Published by
lsevier Ltd on behalf of IBRO.

ey words: acid insult, gastric mucosa, expression of c-Fos,
ucleus tractus solitarii, proinflammatory cytokines, sensiti-
ation of vagal afferent pathways.

nalysis of the afferent signaling of chemical noxae from
he stomach to the brain is of relevance to the understand-
ng of gastric nociception. By visualizing neuronal excita-
ion through expression of the c-fos gene we have found
hat exposure of the rat gastric mucosa to back-diffusing
oncentrations of hydrochloric acid is transmitted, via va-
al afferents, to the medullary brainstem but not spinal
ord (Schuligoi et al., 1998; Michl et al., 2001; Danzer et
l., 2004a). The same concentrations of intragastric (IG)

Corresponding author. Tel: �43-316-380-4500; fax: �43-316-380-9645.
-mail address: peter.holzer@meduni-graz.at (P. Holzer).
bbreviations: ANOVA, analysis of variance; BSA, bovine serum al-
umin; IC, intracisternal/intracisternally; IG, intragastric/intragastri-
T
ally; IL, interleukin; NTS, nucleus tractus solitarii; PBS, phosphate-
uffered saline; TNF, tumor necrosis factor.

306-4522/04$30.00�0.00 © 2004 Published by Elsevier Ltd on behalf of IBRO.
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Cl that induce c-Fos in the brainstem also evoke a vis-
eromotor response, i.e. an electromyographic reaction in
he neck muscles indicative of gastric pain (Lamb et al.,
003). This correlation, the ability of vagotomy to block
oth the medullary c-Fos and the visceromotor response to
astric acid challenge and the observation that gastric

nflammation and ulceration amplify the gastric acid-
voked pain reaction (Lamb et al., 2003) indicate that
agal afferents play a particular role in gastric chemonoci-
eption.

The overall hypothesis tested in the present study was
hat proinflammatory cytokines such as interleukin-1� (IL-1�)
nd tumor necrosis factor-� (TNF-�) sensitize vagal afferent
athways to gastric acid challenge. This hypothesis was
odeled not only by the idea that cytokines cause hypersen-

itivity of spinal afferent neurons (Fu and Longhurst, 1999;
reis et al., 2000; Opree and Kress, 2000; Parada et al.,
003) but also by the concept that vagal sensory neurons
articipate in the communication between the peripheral im-
une system and the brain (Goehler et al., 2000; Holzer,
002; Konsman et al., 2002). As nodose ganglion neurons
xpress IL-1 receptors (Ek et al., 1998), i.v. and i.p. admin-

stration of IL-1� leads to increased firing in vagal afferents
nd induces c-Fos in the nucleus tractus solitarii (NTS), the
entral projection area of vagal sensory neurons (Brady et al.,
994; Ericsson et al., 1994; Day and Akil, 1996; Niijima, 1996;
urosawa et al., 1997; Ek et al., 1998).

The first specific aim was to examine whether IG ad-
inistration of IL-1� evokes vagal afferent input to the NTS
s visualized by c-Fos immunohistochemistry and to com-
are the activity of IG- and i.p.-administered IL-1�. In
ddition, the effect of i.p.-administered IL-1� was com-
ared with that of two other cytokines, TNF-� and IL-6
Konsman et al., 2002). Since IL-1� can sensitize GI af-
erents to chemical stimuli (Bucinskaite et al., 1997; Fu and
onghurst, 1999; Kreis et al., 2000), the second aim was to
xplore whether pretreatment of rats with IL-1�, TNF-� or
L-6 would amplify the responsiveness of the vagal afferent
ystem as determined by an enhanced medullary c-Fos
esponse to gastric acid challenge.

The third aim was to explore whether cytokine-evoked
ensitization of the vagal afferent system to gastric acid is
rought about by a peripheral or central site of action.
part from directly acting on vagal afferents (Day and Akil,
996; Niijima, 1996; Kurosawa et al., 1997; Bucinskaite et
l., 1997; Ek et al., 1998), circulating cytokines may en-
ance c-Fos expression in the NTS via mechanisms that

nvolve the area postrema which is exempt from the blood–
rain barrier (Goehler et al., 2000; Konsman et al., 2002).

his question was addressed by comparing the activity of
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.p. and intracisternally (IC) injected IL-1� and TNF-� to
mplify the gastric acid-evoked induction of c-Fos in the
TS. The fourth aim was to investigate whether i.p. ad-
inistration of the IL-1 receptor antagonist anakinra would
revent the effect of peripheral IL-1� to enhance the acti-
ation of NTS neurons elicited by gastric acid challenge.

EXPERIMENTAL PROCEDURES

nimals

he study was approved by an ethics committee at the Federal
inistry of Education, Science and Culture of the Republic of Austria
nd conducted according to the Directive of the European Commu-
ities Council of 24 November 1986 (86/609/EEC). The experiments
ere designed in such a way that the number of animals used and

heir suffering was minimized. Female age-matched Sprague–Daw-
ey rats (Institut für Labortierkunde und -genetik, Himberg, Austria)
eighing 180–220 g were used. They were housed in groups of

hree in plastic transparent cages under standard conditions; lights
ere on from 6:00 AM until 6:00 PM.

xperimental protocols

ll experiments took place during the light phase. Four experi-
ental studies with four different protocols were carried out. In

tudy 1 the acute effects of IL-1�, IL-6 and TNF-� to induce c-Fos
n the NTS were examined. Before treatment with these com-
ounds the animals were fasted for 20 h but had free access to
ater. In one series of experiments, the rats were treated i.p. with
.5, 1, 5 or 10 �g/kg IL-1�, 10 �g/kg IL-6, 10 �g/kg TNF-� or their
ehicle at a volume of 1 ml/kg. Before treatment, the injection area
n the abdomen was sterilized with ethanol. In another series of
xperiments, the animals were treated IG with 1, 5, 10, or
0 �g/kg IL-1� or its vehicle, which were administered through a
oft infant feeding tube (outer diameter 2.2 mm; Portex, Hythe,
K) at a volume of 1 ml/kg. Two hours after these acute treat-
ents the rats were deeply anesthetized with an overdose of
entobarbital (200 mg/kg) and transcardially perfused with 150 ml
f 0.1 M phosphate-buffered saline (PBS) of pH 7.4, followed by
% buffered paraformaldehyde (250 ml).

In study 2 non-fasted animals were pretreated i.p. with IL-1�,
L-6, TNF-� (each at 10 �g/kg) or their vehicle at a volume of
ml/kg. Twenty-four, 48 or 96 h after this i.p. pretreatment the rats

eceived an IG bolus of HCl (0.25 M, pH 0.51) or saline at a
olume of 10 ml/kg. Before this IG treatment, the animals were
asted for 20 h but had free access to water. Two hours after the
G treatment the animals were deeply anesthetized and perfused
ith paraformaldehyde as described above.

In study 3 the effect of IC injected IL-1� and TNF-� on the
edullary expression of c-Fos was examined. To this end, the
nimals were anesthetized by injection of ketamine (100 mg/kg)
nd xylazine (8 mg/kg) into the gluteus muscle and placed in a
tereotaxic apparatus. The injection area in the neck was ster-

lized with ethanol. After insertion of a 10 ml Hamilton needle-
yringe combination in the cisterna magna, 5 ml of cerebrospi-
al fluid was withdrawn and IL-1�, TNF-� (each at 100 ng) or
heir vehicle injected slowly over a period of 2 min at a volume
f 5 ml. Forty-eight hours after this IC pretreatment the rats
eceived an IG bolus of HCl (0.25 M, 10 ml/kg) or saline. Before
his IG treatment, the animals were fasted for 20 h but had free
ccess to water. Two hours after the IG treatment the animals
ere deeply anesthetized and perfused with paraformaldehyde
s described above.

In study 4 it was examined whether the effect of i.p. treatment
ith IL-1� to enhance the acid-evoked expression of c-Fos in the
TS is prevented by i.p. pretreatment with the IL-1 receptor an-
agonist anakinra. For this purpose, rats were pretreated i.p. first o
ith anakinra (1 mg/kg) or its vehicle and 15 min later with IL-1�
10 �g/kg) or its vehicle, all injections being given at a volume of

ml/kg. Forty-eight hours after this i.p. pretreatment the rats
eceived an IG bolus of HCl (0.25 M, 10 ml/kg). Before this IG
reatment, the animals were fasted for 20 h but had free access to
ater. Two hours after the IG treatment the animals were deeply
nesthetized and perfused with paraformaldehyde as described
bove.

mmunohistochemistry

ollowing perfusion of the animals with paraformaldehyde, the
rains were removed and postfixed overnight in 4% buffered
araformaldehyde at 4 °C. Then the tissues were cryoprotected
or 48 h in 20% sucrose at 4 °C, frozen on dry ice and stored at
70 °C until immunohistochemistry. For this purpose, coronal

ections (35 �m) were cut serially on a cryostat (Microm,
alldorf, Germany) from the medullary region of the brainstem

t the rostrocaudal extension of the area postrema, which was
dentified according to Paxinos and Watson (1997). Every sec-
nd section was taken and processed free-floating, washed
hree times in 0.1 M PBS and then incubated in PBS containing
.3% H2O2 for 30 min to block endogenous peroxidase. After
insing three times with PBS, the sections were incubated for
.5 h in a blocking solution consisting of 0.3% Triton X-100, 1%
ovine serum albumin (BSA) and 5% goat serum in PBS at
oom temperature, followed by incubation with the primary
ntibody (rabbit polyclonal anti-c-Fos, 1:20,000) for 48 h at
°C. After three washes in PBS the sections were incubated for
.5 h in a solution containing the secondary antibody (biotinyl-
ted goat anti-rabbit). Three other washes with PBS (10 min
ach) were followed by a 1 h incubation in avidin– biotin com-
lex. The sections were rinsed again and developed with 3,3=-
iaminobenzidine substrate intensified with nickel sulfate for
bout 2 min. Tissues were then mounted on gelatin-covered
lides, air-dried overnight, dehydrated through an alcohol se-
ies and cover-slipped with Entellan. Preabsorption controls
ere performed with a c-Fos blocking peptide.

ubstances and solutions

he primary antibody (rabbit polyclonal anti-c-Fos) and the c-Fos
locking peptide were obtained from Santa Cruz Biotechnology
Santa Cruz, CA, USA). The secondary antibody (goat anti-rabbit),
he avidin–biotin complex and 3,3=-diaminobenzidine were part of
he Vectastain Elite KIT which was purchased from Vector Labora-
ories (Burlingame, CA, USA). Entellan and IL-1� (recombinant rat
L-1�, solid) came from Sigma (Vienna, Austria), while IL-6 (recom-
inant rat IL-6) and TNF-� (recombinant rat TNF-�) were provided as
olutions by R&D Systems (Minneapolis, MN, USA). Anakinra (Ki-
eretR, recombinant non-glycosylated form of the human IL-1 recep-

or antagonist, provided as solution) was a gift of Amgen (Thousand
aks, CA, USA). IL-1� was dissolved and diluted with sterile saline

0.15 M NaCl) containing 0.1% pyrogen-free BSA. This vehicle was
lso used to dilute IL-6 and TNF-�. One milliliter of the anakinra
ehicle was made of 5.48 mg sodium chloride, 1.29 mg sodium
itrate, 0.12 mg disodium EDTA and 0.7 mg Tween 80.

nalysis and statistics

he brainstem sections were examined in a coded manner with a
ight microscope (Axiophot; Zeiss, Oberkochen, Germany). At
east four sections per animal were analyzed, the c-Fos-positive
ells counted on one side of the NTS, and the number of immu-
opositive cells in all sections of each animal averaged. These
verage values were then used to calculate the mean number of
-Fos-positive cells in the NTS of each experimental group. The
ata are presented as means�S.E.M., n referring to the number

f rats in the respective group. Statistical evaluation of the results



w
a
K
s

E
T

A
2
e
t
w
t
i
a
e
t
c
e
t
i
c

1
t

E
o
s

R
1
i
b
0
t
t
p
p
I
i
l
s
h
B
p
i
fi
a
c
9
h
f
T
N
o
w
v

E
a
t

R
v
s
n
o
t
H
c
p
i
m

E
o
s

R
l
o
h

F
(
e
t

P. Holzer et al. / Neuroscience 129 (2004) 439–445 441
as performed on Sigma-Stat with Student’s t-test or one-way
nalysis of variance (ANOVA) followed by the Student-Newman-
euls test. Probability values of P�0.05 were regarded as
ignificant.

RESULTS

ffect of peripheral administration of IL-1�, IL-6 and
NF-� to induce c-Fos in the NTS

cute exposure of the rat gastric mucosa to IL-1� (1–
0 �g/kg), relative to vehicle (saline), failed to cause any
xpression of c-Fos in the NTS as examined 2 h post-
reatment (Fig. 1A). However, when IL-1� (0.5–10 �g/kg)
as administered i.p., the number of c-Fos-positive cells in

he NTS increased in a dose-dependent manner, the max-
mal effect being seen at a dose of 5 �g/kg (Fig. 1B). I.p.
dministration of TNF-� (10 �g/kg) likewise enhanced the
xpression of c-Fos in the NTS as investigated 2 h post-
reatment. While in rats treated with vehicle 9.0�1.4 (n�6)
ells in the NTS stained for c-Fos, 57.1�6.7 (n�3) cells
xpressed c-Fos following treatment with TNF-�. In con-
rast, i.p. administration of IL-6 (10 �g/kg) was unable to
nduce c-Fos in the NTS 2 h post-treatment, the number of

ig. 1. Effect of IG (A) and i.p. (B) administration of IL-1� or its vehicle
indicated by the dose 0) to induce c-Fos in the NTS. The neurons
xpressing c-Fos were visualized by immunohistochemistry 2 h post-
reatment. The values represent means�S.E.M., n as indicated.
-Fos-positive cells in the animals treated with IL-6 being r
4.5�0.9 (n�6) compared with 14.0�2.5 (n�6) in vehicle-
reated animals.

ffect of i.p. administration of IL-1�, IL-6 and TNF-�
n the afferent input from the acid-challenged
tomach to the NTS

ats were pretreated i.p. with IL-1�, IL-6, TNF-� (each at
0 �g/kg) or their vehicle 24, 48 or 96 h before IG admin-

stration of 0.25 M HCl (pH 0.51) or saline. It has previously
een shown that exposure of the rat gastric mucosa to
.25 M HCl enhances the expression of c-Fos in the NTS
o a significant extent (Danzer et al., 2004a). Immunohis-
ochemical photomicrographs of the NTS displaying c-Fos-
ositive neurons in response to gastric acid challenge are
resented in Danzer et al. (2004b). The acute effect of
L-1� and TNF-� to induce c-Fos in the NTS, as described
n the preceding paragraph, was completely gone 24 h
ater, since the expression of c-Fos in the NTS of rats
ubjected to IG saline was not different when the animals
ad been pretreated with vehicle, IL-1� or TNF-� (Fig. 2A,
). In contrast, both IL-1� and TNF-� enhanced the ex-
ression of c-Fos in the NTS of rats challenged with IG HCl

n a time-dependent manner (Fig. 2A, B). Thus, the ampli-
cation of c-Fos-positive cells was most prominent 24 h
fter cytokine pretreatment, largely maintained 48 h after
ytokine pretreatment but no longer statistically significant
6 h after cytokine pretreatment (Fig. 2A, B). It appeared,
owever, that the sensitizing effect of IL-1� was sustained
or a longer time than that of TNF-�. Unlike IL-1� and
NF-�, IL-6 failed to modify the expression of c-Fos in the
TS of rats challenged with IG HCl, given that the number
f c-Fos-positive cells in the NTS of IL-6-pretreated rats
as 31.8�1.6 (n�4) compared with 33.1�2.9 (n�4) in
ehicle-pretreated rats.

ffect of IC administration of IL-1� and TNF-� on the
fferent input from the acid-challenged stomach to
he NTS

ats were pretreated IC with IL-1�, TNF-� (100 ng) or their
ehicle 48 h before IG administration of 0.25 M HCl or
aline. As shown in Fig. 3, IC pretreatment with saline did
ot change the number of c-Fos-positive cells in the NTS
f rats subjected to IG saline or HCl when compared with
hat in the NTS of sham-treated rats in which a 10 ml
amilton needle–syringe combination was inserted in the
isterna magna but no fluid was withdrawn or injected. IC
retreatment with IL-1� and TNF-� likewise failed to mod-

fy the expression of c-Fos in the NTS seen after IG ad-
inistration of saline or HCl (Fig. 3).

ffect of anakinra on the IL-1�-evoked enhancement
f the afferent input from the acid-challenged
tomach to the NTS

ats were pretreated i.p. with anakinra or its vehicle, fol-
owed by IL-1� or its vehicle, 48 h before IG administration
f 0.25 M HCl. Relative to vehicle, IL-1� (10 �g/kg) en-
anced the HCl-evoked expression of c-Fos in the NTS of

ats pretreated with the vehicle for anakinra. As shown in
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ig. 4, this sensitizing effect of IL-1� was significantly
ttenuated by pretreatment with anakinra (1 mg/kg).

DISCUSSION

his study has shown that i.p.-administered IL-1� and TNF-�
licit a transient stimulation of NTS neurons and cause a
ustained facilitation of the afferent input from the acid-chal-
enged stomach. The cytokine- and HCl-evoked activation of
TS neurons was visualized by c-Fos immunohistochemistry
h post-treatment, a widely used method of functional neu-

oanatomy. Being an immediate-early gene, c-fos is rapidly
nd transiently transcribed so that expression of the c-Fos
rotein reaches a maximum between 1 and 3 h post-stimulus
nd then quickly ceases (Traub et al., 1996; Kovacs, 1998).

ig. 2. Effect of i.p. pretreatment with IL-1� (A) and TNF-� (B) on the
xpression of c-Fos in the NTS evoked by IG administration of HCl or
aline. The rats were pretreated i.p. with IL-1�, TNF-� (each at 10 �g/
g) or their vehicle 24, 48 or 96 h before IG treatment with HCl (0.25
) or saline. The neurons expressing c-Fos were visualized by immu-
ohistochemistry 2 h after IG treatment with HCl or saline. The values
epresent means�S.E.M., n as indicated. * P�0.05, ** P�0.01 vs. i.p.
retreatment with vehicle at the same time point (one-way ANOVA).
revious work has shown that IG concentrations of 0.15–
a
i

.35 M HCl are needed to induce c-Fos in the NTS (Danzer
t al., 2004a). As these acid concentrations are supraphysi-
logical, but do not cause appreciable damage of the gastric
ucosa (Schuligoi et al., 1998), it appears as if only a sub-

tantial increase of the H� gradient across the gastric muco-
al barrier is able to drive enough H� ions into the lamina

ig. 3. Effect of IC pretreatment with IL-1� and TNF-� on the expres-
ion of c-Fos in the NTS evoked by IG administration of HCl or saline.
he rats were sham-pretreated or injected IC with IL-1�, TNF-� (each
t 10 ng) or their vehicle 48 h before IG treatment with HCl (0.25 M) or
aline. The neurons expressing c-Fos were visualized by immunohis-
ochemistry 2 h after IG treatment with HCl or saline. The values
epresent means�S.E.M., n as indicated.

ig. 4. Antagonism by the IL-1 receptor antagonist (IL-1ra; anakinra)
f the effect of IL-1� to enhance the gastric acid-evoked expression of
-Fos in the NTS. The rats were pretreated i.p. with IL-1ra (1 mg/kg) or
ts vehicle followed, 15 min later, by IL-1� (10 �g/kg) or its vehicle. HCl
0.25 M) was administered IG 48 h after this pretreatment. The neu-
ons expressing c-Fos were visualized by immunohistochemistry 2 h

fter IG treatment with HCl. The values represent means�S.E.M., n as

ndicated. ** P�0.01 as indicated (one-way ANOVA).
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ropria (Danzer et al., 2004a) where they can excite vagal
fferents either directly (Clarke and Davison, 1978; Hillsley
nd Grundy, 1998) or indirectly via neuroactive factors re-

eased in the tissue. Our experimental model thus reflects
athophysiological conditions where back-diffusion of luminal
cid leads to activation of sensory nerve fibers in the gastric
ucosa (Danzer et al., 2004a).

The results of the present study confirm previous reports
hat i.v. and i.p. administration of IL-1� induces c-Fos in the
TS (Brady et al., 1994; Ericsson et al., 1994; Day and Akil,
996), the major central projection area of vagal afferents
Norgren and Smith, 1988; Altschuler et al., 1989). In addi-
ion, we found that the effect of IL-1� is shared by TNF-�,
nother proinflammatory cytokine known to participate in the
ommunication between the immune system and the brain
Goehler et al., 2000; Konsman et al., 2002). In contrast, IG
dministration of IL-1� doses higher than those effective after

.p. administration failed to stimulate neurons in the NTS,
hich may be explained by rapid inactivation of the cytokine

n the gastric juice and/or its inability to penetrate the gastric
ucosal barrier. Proinflammatory cytokines are released

rom the rat gastric mucosa under conditions of gastric acid
ecretion and mucosal injury (Gislason et al., 1996; Montus-
hi et al., 1996), and it remains to be investigated whether
ormation of IL-1� and TNF-� within the gastric mucosa ac-
ivates vagal afferents. This possibility may be envisaged
rom the presence of IL-1 receptors of type I on nodose
anglion neurons (Ek et al., 1998) and from the ability of
eripheral administration of IL-1� to enhance both the firing of
agal afferents (Niijima, 1996; Kurosawa et al., 1997; Ek et
l., 1998) and the expression of c-Fos in the NTS (Brady et
l., 1994; Ericsson et al., 1994; Day and Akil, 1996).

The major discovery of this study was that i.p. pretreat-
ent of rats with IL-1� and TNF-� (10 �g/kg) enhances the
xpression of c-Fos in the NTS induced by gastric acid
hallenge. This facilitation of NTS activation was most
rominently seen 1 day post-treatment, when the effect of
he cytokines to induce per se c-Fos in the brainstem had
een gone, and was sustained for more than 2 days. Our
bservation is in overall accordance with reports that the
esponsiveness of mesenteric afferent nerve fibers to pros-
aglandin E2 is enhanced 20 h after pretreatment with

�g/kg IL-1� (Kreis et al., 2000) and that acute adminis-
ration of IL-1� sensitizes vagal afferents to cholecystoki-
in (Bucinskaite et al., 1997) and spinal afferents to isch-
mia and histamine (Fu and Longhurst, 1999).

Although these findings suggest that i.p. pretreatment of
ats with IL-1� and TNF-� amplifies the gastric acid-evoked
timulation of NTS neurons by sensitizing vagal afferents, it
ould also be hypothesized that the cytokines act directly on
he brainstem to sensitize NTS neurons to vagal afferent
nput. This scenario is conceivable because circulating cyto-
ines are known to activate brain neurons via mechanisms
hat involve circumventricular organs such as the area pos-
rema which is exempt from the blood–brain barrier
Konsman et al., 2002). Thus, circulating IL-1� induces mac-
ophage-like cells in the area postrema to synthesize IL-1�
hich, in turn, stimulates IL-1 receptors on area postrema

eurons (Ericsson et al., 1995; Quan et al., 1998; Konsman p
t al., 1999, 2002), some of which project to the NTS (Bon-
am and Hasser, 1993). In addition, i.v. IL-1� causes endo-

helial cells of cerebral blood vessels and perivascular mac-
ophages to release prostaglandins which then diffuse into
he brain parenchyma to activate specific neural pathways via
rostaglandin EP3 or EP4 receptors (Quan et al., 1998; Ek et
l., 2000; Konsman et al., 2002). This pathway may be of
elevance to the effect under study, given that NTS neurons
xpressing c-Fos in response to circulating IL-1� bear EP3

eceptors (Ek et al., 2000) but not IL-1 receptors (Ericsson et
l., 1995).

Despite these considerations, our data negate the pos-
ibility that peripheral IL-1� and TNF-� enhanced the gas-
ric acid-evoked stimulation of NTS neurons by a central
ite of action, because IC pretreatment of rats with IL-1�
nd TNF-� failed to reproduce the sensitizing effect of the

.p.-administered cytokines. A similar conclusion has been
eached with regard to the effect of IL-1� to induce per se
-Fos in the NTS, as i.p. administration of the cytokine is
ore effective than i.c.v. administration (Day and Akil,
996). We consider our data conclusive because the dose
f IL-1� and TNF-� administered IC (100 ng) has been

ound effective in other studies of central cytokine actions
Kent et al., 1992; Rivest et al., 1992; Day and Akil, 1996;
k et al., 2000).

In view of the IL-1�-evoked sensitization of spinal affer-
nts (Bucinskaite et al., 1997; Fu and Longhurst, 1999; Kreis
t al., 2000) we propose that i.p. pretreatment of rats with

L-1� and TNF-� amplifies gastric acid-evoked stimulation of
TS neurons by a peripheral action on acid-sensitive vagal
fferents. The sensitizing effect of IL-1� is mediated by IL-1
eceptors, since it is inhibited by i.p. administration of ana-
inra, a non-glycosylated form of the human IL-1 receptor
ntagonist (Kent et al., 1992; Bluthé et al., 1995). Further
xperiments are needed to explore whether anakinra is able
ot only to prevent IL-1� from sensitizing vagal afferents to
oxious chemicals but also to reverse cytokine-induced hy-
ersensitivity, which would be of therapeutic relevance. Since

he cytokines were administered intraperitoneally, we can
nly speculate on the site of their sensitizing action which
ay take place at the level of the gastric wall, of the vagal
araganglia, of the vagal afferent nerve fibers or of their
omata in the nodose ganglion. In addition, cytokines may
acilitate the access of acid from the lumen to the lamina
ropria of the gastric mucosa, given that IL-1� and TNF-�

ncrease gastrointestinal epithelial permeability in vitro (Tay-
or et al., 1998; Matysiak-Budnik et al., 2001). If cytokines are
ssumed to act on vagal afferents, the question arises as to
hich populations of vagal afferents are sensitized. As vagal
fferents innervating gastrointestinal and non-gastrointestinal

issues converge in the NTS (Paton and Kasparov, 2000), it
s conceivable that intraperitoneally administered cytokines
nhance gastric acid-induced c-Fos expression in the NTS
ecause gastric mucosal afferents converge with sensitized
fferents that innervate territories other than the gastric
ucosa.

IL-6 is a cytokine with pro- and antiinflammatory activity
hat likewise participates in the behavioral manifestations of

eripheral immune challenge and hyperalgesia (Bluthé et al.,
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000; Opree and Kress, 2000). Although i.v. IL-6 has been
ound to induce c-Fos in the NTS (Niimi et al., 1997), our
ndings indicate that i.p.-administered IL-6 is neither able to
nduce per se c-Fos in the NTS nor to amplify the gastric
cid-evoked expression of c-Fos. It remains to be explored
hether this lack of effect of IL-6 is due to the absence of IL-6

eceptors on the vagal afferent system.
In summary, our work indicates that the proinflamma-

ory cytokines IL-1� and TNF-� sensitize vagal afferent
eurons to gastric acid challenge. This finding is of patho-
hysiological and therapeutic relevance, given that vagal
fferents play an important role in gastric chemonocicep-
ion and gastritis-induced chemical hypersensitivity (Lamb
t al., 2003). Furthermore, our observations emphasize
hat vagal sensory neurons participate in the communica-
ion between the peripheral immune system and brain
Goehler et al., 2000; Konsman et al., 2002). Following
nfection or inflammation, IL-1� may be presented to vagal
fferents by Kupffer cells in the liver and by macrophages
nd dendritic cells in the paraganglia and connective tissue
ssociated with the abdominal vagus (Goehler et al., 2000;
onsman et al., 2002). Being activated in this way, vagal
fferents contribute to the behavioral depression induced
y peripheral immune signals (Goehler et al., 2000;
onsman et al., 2002).
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