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Background & Aims: Gastric acid is known to contrib-
ute to ulcer pain, but the mechanisms of gastric
chemonociception are poorly understood. This study
set out to investigate the pathways and mechanisms
by which gastric acid challenge is signaled to the brain.
Methods: Neuronal excitation in the rat brainstem and
spinal cord after intragastric administration of HCI
(0.35-0.7 mol/L) was examined by in situ hybridization
autoradiography for the immediate early gene c-fos.
Results: Gastric acid challenge did not induce c-fos
transcription in the spinal cord but caused many
neurons in the nucleus tractus solitarii and area pos-
trema to express c-fos messenger RNA (mRNA). The
HCI concentration—-dependent excitation of medullary
neurons was in part associated with behavioral manifes-
tations of pain but not directly related to the acid-
induced injury and contraction of the stomach. Subdia-
phragmatic vagotomy suppressed the c-fos mRNA
response to intragastric acid, and morphine inhibited it
in a naloxone-reversible manner, whereas pretreat-
ment of rats with capsaicin was without effect.
Conclusions: Gastric acid challenge is signaled to the
brainstem, but not the spinal cord, through vagal
afferents that are sensitive to acid but resistant to
capsaicin. It is hypothesized that the gastric acid-
induced c-fos transcription in the brainstem is related
to gastric chemonociception.

N onulcer dyspepsia and peptic ulcer are frequently
associated with pain, yet the mechanisms of gastric
nociception are poorly understood.12 Although pain
caused by excessive distention of the stomach has been
studied to some extent,3# little is known as to how a
chemical insult of the gastric mucosa is signaled to the
brain. We therefore set out to monitor the afferent input,
which the spinal cord and brainstem receives after acute
acid challenge of the rat stomach, via expression of
messenger RNA (mRNA) for the immediate early gene
c-fos. The induction of this gene reflects neuronal
excitation and can hence be used to map the central
somata that are activated by primary afferent input from
the periphery.*-5

Although intragastric (IG) administration of noxious
chemicals has been reported to induce c-fos expression in
certain brain areas, but not the spinal cord,”1° the
primary afferent pathways that signal a chemical insult of
the gastric mucosa to the central nervous system remain
to be identified. The overall aim of the current study was
therefore to investigate whether gastric acid challenge
activates the c-fos gene in the dorsal horn of the caudal
thoracic spinal cord and in the nucleus tractus solitarii
(NTS) and area postrema (AP) of the brainstem. Hydro-
chloric acid (HCI) was chosen as the test stimulus
because, first, this chemical is the primary aggressive
factor in the stomach. Second, the noxious action of acid
is largely confined to the stomach and duodenum,
because any absorbed acid will be neutralized, whereas
injurious factors such as ethanol or acetylsalicylic acid
may have direct effects on the sensory processing in the
central nervous system. Third, acid has been shown to
induce ulcer pain by a mechanism other than causing
muscle spasm.1%12

Five specific aims were pursued in the present study.
First, we set out to investigate which concentrations of 1G
acid give rise to c-fos mMRNA expression in the spinal
cord and brainstem and to establish the time course of the
c-fos MRNA response. The second aim was to examine
whether central activation of the c-fos gene relates to
acid-induced damage of the gastric mucosa or gastric
motor activity. Third, we went on to probe the implica-
tion of some mediators, such as prostanoids and bradyki-
nin, which may be released from the gastric mucosa in
response to acid challenge and in turn could contribute to
the activation of nociceptive afferents. The fourth aim of
the study was to characterize the afferent neurons that
convey the message of gastric acid challenge to the
brainstem with regard to their sensitivity to capsaicin??
and their course within the vagus nerve. Fifth and last, we
sought to address the question of whether the central

Abbreviations used in this paper: AP, area postrema; NTS, nucleus
tractus solitarii.
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c-fos transcription in response to gastric acid challenge is
related to nociception. This problem was approached by
examining whether gastric acid—evoked c-fos mMRNA
expression takes place in parallel with behavioral manifes-
tations of pain such as writhing+15 or somatic hyperalge-
sial® and whether morphine is able to inhibit gastric
acid—evoked c-fos mMRNA expression in the brainstem in
a naloxone-reversible manner.

Materials and Methods

Animals and Drug Treatment

The study, which was approved by an ethical commit-
tee at the Austrian Ministry of Science, was carried out on
female Sprague—Dawley rats weighing 180-220 g. The rats
were fasted for 16 hours but had free access to water before their
stomachs were challenged by IG administration of saline or
HCI (0.35, 0.5, or 0.7 mol/L) at a volume of 10 mL - kg™!
through a soft infant feeding tube (outer diameter, 2.2 mm;
Portex, Hythe, England) between 9 and 10 am. At various time
intervals (45 minutes, 2 hours, or 24 hours) thereafter, the rats
were killed by intraperitoneal (IP) injection of an overdose of
pentobarbital (250 mg - kg=1) to collect the tissues under
study. When the survival time was 24 hours, the rats were
offered food until 5 pPm on the day of IG treatment, followed by
another period of 16 hours of fasting. In some experiments, rats
were anesthetized with pentobarbital (50 mg - kg=1 IP) 45
minutes after the gastric acid challenge for blood (0.1 mL) to be
collected from a carotid artery for the determination of blood
pH and bicarbonate content with a blood gas analyzer (AVL,
Graz, Austria).

All drugs to be tested were injected subcutaneously at
volumes of 1-2 mL-kg='. To defunctionalize capsaicin-
sensitive afferent neurons, rats anesthetized with ether were
pretreated with a neurotoxic dose of capsaicin (125 mg - kg—!
subcutaneously) or its vehicle 2 weeks before the experiments.”
The effectiveness of capsaicin pretreatment was assessed by
measuring the calcitonin gene-related peptide (CGRP) content
in specimens of the gastric corpus full-thickness wall (100-200
mg wet wt) with a radioimmunoassay whose sensitivity was
1-2 fmol per tube.t’

Subdiaphragmatic Vagotomy

After induction of anesthesia with pentobarbital (50
mg - kg~ IP), the abdomen was opened by a midline incision.
The dorsal and ventral trunks of the vagus nerve attached to the
subdiaphragmatic portion of the esophagus were transected,
and the cut nerve stumps were retracted*6; control rats were
sham-operated. After closure of the incision, the rats were
given 4 days to recover from the surgery. The effectiveness of
vagotomy was assessed by radioimmunologic determination!’
of the CGRP content in specimens (100-200 mg wet wt) of the
distal esophagus.
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Gross and Histological Injury
of the Gastric Mucosa

The extent of injury was evaluated by an observer who
was unaware of the experimental treatment. The mucosal area
covered by gross hemorrhagic damage was assessed by comput-
erized planimetry and expressed as a percentage of the total area
of the glandular mucosa of the rat stomach.*® For histological
examination, tissue blocks of the fixed (2.5% glutaraldehyde
and 2% paraformaldehyde in 0.1 mol/L cacodylate buffer of pH
7.2) stomachs were embedded in Historesin (LKB, Bromma,
Sweden) and cut to obtain 4-um sections, which were stained
with a mixture of methylene blue—azure 11 and basic fuchsin.®
The sections were taken randomly from the gastric corpus and
included areas of hemorrhagic damage, if present. Histological
injury was quantified by dividing the sections lengthwise into
10-um segments and determining the grade of injury for each
segment as follows: 1, damage involving up to 25% of the
mucosal depth; 11, damage involving 26%-50% of the mucosal
depth; 111, damage involving 51%-75% of the mucosal depth;
and 1V, damage involving 76%-100% of the mucosal depth.
The 10-um segments that were completely deprived of the
surface epithelium (surface ablation) and those showing vascu-
lar dilation were also counted, and the section length occupied
by the respective injury grades was expressed as a percentage of
the total section length.®

Measurement of IG Pressure

Rats anesthetized with pentobarbital (50 mg - kg~ IP)
were placed on a heating pad to maintain their rectal tempera-
ture at 37°C. After laparotomy was performed, a catheter (inner
diameter, 3 mm) was inserted in the gastric lumen via an
incision in the forestomach and held in place by a ligature. The
catheter was connected, via a T piece, with inflow and outflow
cannulas each equipped with a valve whereby the gastric lumen
could repeatedly be filled with fluid and then emptied. 1G
pressure was recorded with a pressure transducer (HSE,
March—Hugstetten, Germany) in the inflow cannula. The
pressure signal was digitized and fed into a personal computer
for quantitative evaluation.

Plantar Test and Writhing Response

The thermosensitivity of the hindpaw plantar skin was
determined with a Plantar Test Apparatus (Ugo Basile, Comerio-
Varese, Italy).?° The intensity of radiant heat emitted by the
apparatus was adjusted to a level at which the paw-withdrawal
latency was, on average, 7-9 seconds. Three measurements of
each hindpaw were taken at 10-minute intervals to determine
the average paw-withdrawal latency 15 minutes before (i.e., the
average of the recordings made 25, 15, and 5 minutes before)
and 45 minutes, 2 hours, and 24 hours after 1G administration
of saline or HCI (0.5 mol/L). In other experiments, rats treated
with 1G saline or HCI (0.35 and 0.5 mol/L) were placed in
cages with a plastic cover and observed for 12 consecutive
periods of 10 minutes (total observation time, 2 hours) to
monitor the incidence and number of writhings (abdominal
contractions).1415
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In Situ Hybridization Autoradiography

The brainstem and spinal cord were quickly removed
and frozen on powdered dry ice. After transfer of the tissues to a
cryostat (Microm, Walldorf, Germany), coronal sections (10
um) were cut from the brainstem over the whole length of the
AP and from the caudal thoracic (T8-T12) segments of
the spinal cord, which were identified according to the atlas
of Paxinos and Watson.?! Expression of c-fos mRNA was
visualized by in situ hybridization with an oligodeoxyribo-
nucleotide probe (48 bases, British Biotechnology, Oxford,
England) labeled at the 3’ end with [3°S]deoxyadenosine
5'-(a-thio)triphosphate.1%22 The autoradiograms were exam-
ined with a computerized image-analysis system (Imaging, St.
Catharines, Ontario, Canada) by an individual who was blinded
to the experimental conditions. Cells were considered c-fos
MRNA positive when their grain density was at least 10 times
higher than the background and counted on one side of the
NTS, AP, and spinal dorsal horn. The area of AP and NTS was
also determined to standardize the sections in the rostrocaudal
axis such that only those sections were counted in which the AP
covered an area of =100,000 um?, unless stated otherwise.
Particular care was taken to evaluate equivalent sections in the
rostrocaudal axis when different treatment groups were com-
pared with each other. To enhance the reliability of the
quantitative results, 6 sections of the brainstem and 10 sections
of the spinal cord from each animal were counted. The
brainstem sections that were evaluated were 50 um apart and
the spinal cord sections 30 um apart from each other to avoid
the same cells being counted twice. The number of positive
cells on one side of the AP was expressed relative to an area of
50,000 um?, whereas that counted in one NTS was expressed
relative to an area of 250,000 um?2. All section counts for each
animal were averaged to give the number of c-fos MRNA-
positive cells in the unilateral NTS, AP, and dorsal spinal cord
of the respective rat. The average figures were then used to
calculate the mean number of c-fos mMRNA-positive cells
characteristic of each experimental group.

Drugs, Solutions, and Statistics

HOE-140 (icatibant; 100 umol/L; Hoechst, Frankfurt,
Germany), morphine hydrochloride (10 mg - mL~%; Diosynth,
Apeldoorn, The Netherlands), and naloxone hydrochloride (2
mg - mL~%; Du Pont, Geneva, Switzerland) were dissolved in
saline (0.15 mol/L NaCl). Indomethacin (Sigma, Vienna,
Austria) was dissolved in 2% (wt/wt) Na,CO; at a concentra-
tion of 30 mg - mL~! and diluted with phosphate-buffered
saline at pH 7.4 to give a 10 mg - mL~1 solution for injection.
Capsaicin (Serva, Heidelberg, Germany) was first dissolved in
two equal parts of ethanol and Tween 80 and then diluted with
saline to obtain a solution of 12.5 mg - mL~1 capsaicin in a
medium containing 10% ethanol, 10% Tween 80, and 80%
saline (by volume).1”

All data are presented as means = SEM, n referring to the
number of rats in the respective group. Statistical evaluation of
the results was performed with the Mann—Whitney U test or, if
multiple comparisons were made, with the Kruskal-Wallis H
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test followed by the Mann—Whitney U test. Probability values
of <0.05 were regarded as significant.

Results

Gastric Acid-Induced Transcription of c-fos
in the Brainstem and Spinal Cord

The initial experiments involved I1G administra-
tion of 0.7 mol/L HCI and unilateral examination of the
brainstem and spinal cord 45 minutes after treatment.°
Compared with saline, 0.7 mol/L HCI caused a more than
30-fold increase in the number of c-fos mMRNA-
expressing cells in the NTS and a more than 200-fold
increase in the AP but did not induce any c-fos mMRNA in
the dorsal horn of the caudal thoracic spinal cord (Figure
1). Gastric acid (0.7 mol/L HCI)-evoked c-fos mRNA
expression in the NTS extended over a long distance in
the rostrocaudal axis, because the number of c-fos
MRNA-positive NTS cells did not differ between sec-
tions taken immediately rostral to the AP (35.7 = 4.1
cells per 250,000 um?; n = 5), immediately caudal to the
AP (36.4 = 3.7 cells per 250,000 pm?; n = 6) or in the
middle of the AP (42.5 = 3.0 cells per 250,000 pm?; n =
6). The time course with which 1G HCI (0.7 mol/L)
induced c-fos MRNA in the NTS and AP was rapid and
transient. Among the time points examined, the expres-
sion of c-fos MRNA was highest 45 minutes after gastric
acid challenge, had markedly declined by 2 hours after
challenge, and was completely gone 24 hours later
(Figure 2A and C). The average number of cells that 45
minutes after IG administration of 0.7 mol/L HCI
expressed c-fos MRNA in the AP and bilateral NTS was
42.3 = 7.1 and 112.7 * 10.2 per section, respectively
(n =6).
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Figure 1. Unilateral expression of c-fos mRNA in the AP (no. of
cells/50,000 um?3) and NTS (no. of cells/250,000 um?) of the
brainstem and in the dorsal horn of the caudal thoracic spinal cord
(SC) as examined 45 minutes after IG administration of saline (NaCl)
or HCI. Data given as means = SEM; number of rats is given within or
above the columns. **P < 0.01 vs. NaCl.
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Figure 2. Unilateral expression of c-fos mRNA in the NTS (no. of cells/250,000 pm?) and AP (no. of cells/50,000 um?) of the brainstem after IG
administration of saline or acid. (Aand C) Time course of c-fos mMRNA induction in the NTS and AP, respectively, after IG treatment with saline (NaCl;
M) or HCI (0.7 mol/L; Bg). (B and D) Relationship between IG HCI concentration and c-fos mRNA expression in the NTS and AP, respectively, as
examined 45 minutes after administration of NaCl (0) or HCI. Data given as means = SEM; number of rats is given within or above the columns.
*P < 0.05, **P < 0.01vs. NaCl; TP < 0.01 vs. HCl at (A and C) 0.75 hours or (B and D) 0.35 mol/L HCI; 8P < 0.05 vs. 0.5 mol/L HCI (B and D).

Relationship Between IG HCI
Concentration, c-fos Transcription
in the Brainstem, and Gastric Injury

A comparison of the responses to saline and 0.35,
0.5, and 0.7 mol/L HCI revealed that activation of the
c-fos gene in the brainstem depended on the concentra-
tion of acid administered into the stomach 45 minutes
before examination (Figure 2B and D). The mucosal
injury seen 45 minutes after treatment was likewise
related to the 1G HCI concentration, although macroscopi-
cally visible damage became apparent only with 0.5
mol/L or higher concentrations of HCI (Table 1). Quanti-
tative histological assessment revealed, however, that
even 0.35 mol/L HCI induced mucosal damage (Table 1),
whereas saline did not induce any appreciable injury (data
not shown).1?

Table 1 shows that with increasing concentrations of
acid, damage progressed deeper into the mucosa. Remark-
ably, the acid-evoked formation of injury in the mucosa
did not go in parallel with ablation of the surface
epithelium. Whereas 0.7 mol/L HCI led to denudation of
more than 90% of the mucosal surface, 0.35 and 0.5
mol/L HCI caused only 1.5% and 11% of the mucosa,
respectively, to lose its surface epithelium (Table 1 and
Figure 3A). Characteristic of the acid-injured mucosa was
the presence of damaged parietal cells, which were

swollen and contained vacuoles (Figure 3B), and of
extremely dilated vessels underneath a partly continuous
surface epithelium (Figure 3A). The incidence of this
vascular abnormality correlated with the extent of histo-
logical tissue damage (Table 1). Despite these pathologi-
cal alterations, 1G administration of 0.35 and 0.5 mol/L
HCI did not cause substantial destruction of the mucosal

Table 1. Concentration-Related Effect of IG HCI to Induce
Gross and Histological Injury in the Gastric Mucosa

Type of injury 0.35mol/LHCI 0.5 mol/LHCI 0.7 mol/L HCI
Gross injury 0.01 £ 0.01 1.4+0.312 10.3*2.63b
Histological injury

Grade | 48=+23 0.87 £0.79 0c¢

Grade Il 435+ 6.2 23.5 *+6.0¢ 25+ 2.1ad

Grade Il 30443 352*45 6.8 £ 2.1ab

Grade IV 21.3+7.3 40.4 +9.3 90.7 = 4.1ab
Surface ablation 1.5+ 0.30 10.9 = 1.92 92.4 + 6.62b
Vascular dilation 23.1*+46 447 +11.3 98.9 +1.0aP

NOTE. The gastric mucosa was examined 45 minutes after IG
administration of HCI (0.35, 0.5, or 0.7 mol/L). The area occupied by
gross injury was expressed as a percentage of the total area of the
glandular mucosa. Six categories of histological injury (for definition
see Materials and Methods) were recorded, and the section length
occupied by the respective injury grades was expressed as a percent-
age of the total section length. Data given as means * SEM (n = 6).
ap < 0.01 vs. 0.35 mol/L HCI.

bp < 0.01 vs. 0.5 mol/L HCI.

¢P < 0.05 vs. 0.35 mol/L HCI.

dp < 0.05 vs. 0.5 mol/L HCI.
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Figure 3. Light-microscopic appearance of the gastric corpus mucosa as examined 45 minutes after exposure to 0.5 mol/L HCI. Morphological
details characteristic of acid injury can be seen, such as excessive vascular dilation underneath a partly continuous surface epithelium (arrows in
A) and damage to parietal cells (arrows in B) (bars = 50 pmin A, 20 ymin B).

architecture, which was typical of the damage induced by
0.7 mol/L HCI (not shown).

Effect of Gastric Acid Challenge on Blood
pH, Blood Bicarbonate, and IG Pressure

Blood pH was not altered 45 minutes after 1G
administration of 0.5 mol/L HCI, whereas blood bicarbon-
ate was significantly (P < 0.01) reduced. The respective
figures in saline- and acid-treated rats were as follows:
blood pH, 7.33 = 0.01 and 7.27 = 0.03; blood
bicarbonate, 25.8 = 0.3 mmol/L and 20.2 = 0.9 mmol/L
(n=4).

Slow injection of fluid (10 mL - kg~!) into the stomach
led to an initial increase in 1G pressure by >200 Pa, a
response that did not differ between stomachs exposed to
saline or acid. After the initial peak, the intraluminal
pressure in the saline-treated stomachs declined so that
9-10 minutes after treatment IG pressure was only
~50% of that recorded during the period of 2—3 minutes
(Figure 4A and C). The decrease in I1G pressure reflected
emptying of the stomach, because hardly any fluid could
be recovered from the gastric lumen after an observation
period of 10 minutes. In contrast, stomachs filled with
acid did not empty readily, because a considerable
amount of fluid could be recovered 10 minutes after

treatment. Accordingly, IG pressure decreased only dur-
ing the first few minutes after application of HCI
(0.15-0.7 mol/L) and then increased in an acid concentra-
tion—related manner. This secondary increase in IG
pressure peaked ~10 minutes after treatment (Figure 4B)
and did not significantly differ if 0.35 mol/L, 0.5 mol/L
or 0.7 mol/L HCI was administered to the stomach
(Figure 4C). Thereafter, the 1G pressure became variable
but in essence remained high during the observation
period of 45 minutes (Figure 4B).

Gastric Acid Challenge and Pain Behavior

The latency with which rats withdrew their
hindpaws from exposure to radiant heat was 8.2 = 0.37
seconds (n = 12) before they received any treatment. This
latency did not significantly change after 1G administra-
tion of saline (n = 6) or 0.5 mol/L HCI (n = 6) as
measured 45 minutes, 2 hours, and 24 hours after
treatment (n = 6 for each treatment; data not shown).
None of the rats treated with saline (n = 11) or 0.35
mol/L HCI (n = 10) showed any writhing (abdominal
contractions) during an observation period of 2 hours,
whereas 0.5 mol/L HCI caused 15 of 36 rats (41.7%) to
respond with this behavior. Analysis of the time course
revealed that the writhing response could start as early as
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Figure 4. 1G pressure changes in response to intraluminal administra-
tion of HCI. (A and B) Recording of the effect of IG application of saline
(NaCl, 10 mL - kg=1) and acid (HCI), respectively. (C) Relationship
between intraluminal HCI concentration and the increase in IG
pressure as recorded during 2-3 minutes (J) and 9-10 minutes (&)
after treatment. The abscissa (Alntragastric pressure) refers to the
change in IG pressure relative to the baseline pressure recorded
before administration of HCI or saline (0). Data given as means *
SEM; number of rats is given within or above the columns. *P < 0.05,
**p < 0.01 vs. respective value recorded after administration of
saline (0); TP < 0.05 vs. respective value recorded after administra-
tion of 0.15 mol/L HCI.

5 minutes after treatment, reached a peak ~45 minutes
after treatment, and then gradually dwindled in inci-
dence and intensity (Table 2).

Effects of Capsaicin and Vagotomy
on Gastric Acid-Induced Transcription
of c-fos in the Brainstem

Pretreatment of rats with 125 mg - kg~! capsaicin
2 weeks before the experiments did not significantly alter
the effect of gastric acid challenge on c-fos transcription
in the brainstem. When examined 45 minutes after 1G
administration of 0.5 mol/L HCI, the number of c-fos
mRNA-—positive cells was 26.8 + 2.1 per 250,000 pm?
in the NTS of vehicle-pretreated rats (n = 5), 29.5 = 2.4
per 250,000 um? in the NTS of capsaicin-pretreated rats
(n = 6), 3.5 = 0.29 per 50,000 um? in the AP of
vehicle-pretreated rats (n = 5), and 3.1 = 0.34 per
50,000 pm? in the AP of capsaicin-pretreated rats (n =
6). In contrast, the area of acid-induced hemorrhagic
lesions in the gastric mucosa of capsaicin-pretreated rats
(4.5% = 1.4% of the total area of the glandular mucosa;
n = 6) was significantly (P < 0.01) higher than that in
vehicle-pretreated rats (0.47% = 0.10%; n = 6). In
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addition, capsaicin pretreatment reduced the concentra-
tion of immunoreactive CGRP in the gastric corpus wall
(5.1 + 0.32 fmol - g~%, n = 6) in vehicle-pretreated rats
to a level below the detection limit of the radioimmuno-
assay (n = 6), which reflects a >87% depletion of the
peptide.’

Bilateral subdiaphragmatic vagotomy 5 days before
the experiments reduced the ability of IG HCI (0.5
mol/L) to activate the c-fos gene in the NTS and AP by
75%-80% (Figures 5 and 6A and B). In contrast, the
failure of IG HCI to induce c-fos mRNA in the caudal
thoracic spinal cord (Figure 1) was not changed by
vagotomy, and the number of dorsal horn cells expressing
c-fos mMRNA in vagotomized rats (0.58 = 0.10; n = 6)
did not differ from that in sham-operated animals (1.1 =
0.37; n = 6). The baseline expression of c-fos MRNA in
the NTS and AP after 1G saline treatment was likewise
indistinguishable between sham-operated and vagoto-
mized rats (Figure 6A and B). Vagotomy, however,
reduced the area of acid-induced hemorrhagic damage in
the gastric mucosa (Figure 6C) and the concentration of
immunoreactive CGRP in the wall of the lower esopha-
gus (Figure 6D).

Effects of HOE-140, Indomethacin,
Morphine, and Naloxone on Gastric
Acid-Induced Transcription of c-fos
in the Brainstem

As shown in Table 3, the ability of IG HCI (0.5
mol/L) to activate the c-fos gene in the brainstem
remained unchanged by HOE-140 (100 nmol - kg~1) and
indomethacin (10 mg - kg™Y). Whereas HOE-140 did
not change the acid-induced hemorrhagic damage in the

Table 2. Abdominal Contractions (Writhings) in Response
to IG Administration of 0.5 mol/L HCI

Time posttreatment No. of No. of
(min) responding rats contractions
0-10 2 0.47 = 0.40

10-20 4 1.3+0.93
20-30 7 1.8 = 0.69
30-40 11 3.4 +0.97
40-50 14 4.7 +0.98
50-60 13 3.5+ 0.67
60-70 10 2.5+ 0.62
70-80 11 29+1.1
80-90 11 2.3+0.83
90-100 7 1.6 = 0.66
100-110 7 1.3 +0.50
110-120 4 1.3+0.61

NOTE. The middle column gives the number of rats (out of a total of 36)
that responded with writhing to IG administration of 0.5 mol/L HCI at
the specified time periods after treatment. The right column gives the
number of writhings per 10 minutes that were counted in the
responders (means = SEM of 15 rats).
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Figure 5. Bright-field and dark-field photographs of brainstem sections taken 45 minutes after exposure of the gastric mucosa to 0.5 mol/L HCI.
(A and C) Brainstem of a sham-operated rat; (B and D) brainstem of a rat subjected to bilateral subdiaphragmatic vagotomy 5 days before the
experiment. The sham-operated but not the vagotomized rat shows many c-fos mRNA-positive cells in the NTS and AP (bar = 200 pm).

stomach either, indomethacin enhanced gross injury by a
factor of 15 (Table 3). Further analysis showed that in rats
receiving 1G saline, indomethacin led to 5- and 15-fold
increases in the number of cells expressing ¢c-fos MRNA
in the NTS and AP, respectively, although the drug did
not cause gross mucosal injury under these conditions
(Table 3).

Morphine (10 mg - kg™1) attenuated the stimulant
action of IG HCI (0.5 mol/L) on c-fos mMRNA expression
in the NTS and AP by 53% and 73%, respectively,
whereas naloxone (4 mg - kg~1) was without significant
effect (Figure 7A and B). Naloxone, however, prevented
the inhibitory action of morphine on gastric acid—evoked
c-fos MRNA expression in the brainstem (Figure 7A and
B). The acid-evoked formation of hemorrhagic injury in
the gastric mucosa remained unchanged by morphine but
was significantly attenuated by naloxone given either
alone or in combination with morphine (Figure 7C).

Discussion

The current study shows that acid challenge of the
rat gastric mucosa is signaled to the NTS and AP as
deduced from a significant activation of the c-fos gene in
these nuclei. Calculated relative to a section thickness of
10 pm, the average number of c-fos MRNA—positive cells
in the AP (n = 42) and bilateral NTS (n = 113) of rats
treated 1G with 0.7 mol/L HCI was as large as, or even
larger than, that found in rats treated IP with 300 mg -
kg~ aspirin (AP, 3; NTS, 87)2 or 100 ug - kgt
cholecystokinin octapeptide (AP, 43; NTS, 88).2* Being
an immediate early gene, c-fos is transcribed within
minutes after neuronal excitation.*% A similar time
course applies to gastric acid—evoked c-fos transcription
in the NTS and AP because, among the time points
examined here, c-fos mMRNA induction was highest 45
minutes after gastric acid challenge and had substantially
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Figure 6. Effect of IG saline (NaCl) and HCI on the unilateral expression of c-fos mRNA in the (4) NTS (no. of cells/250,000 pm?2) and (B) AP (no. of
cells/50,000 pm?) of the brainstem, on (C) gross hemorrhagic damage in the gastric mucosa, and on (D) the CGRP concentration in the
esophageal wall of rats subjected to bilateral subdiaphragmatic vagotomy or sham operation 5 days before the experiments. B, Pretreatment; 4,
vagotomy. Parameters were measured 45 minutes after IG treatment with saline or acid. Gross injury was expressed as a percentage of the total
area of the glandular mucosa and the CGRP content related to the wet weight of the tissue. Data given as means = SEM; number of rats is given

within or above the columns. **P < 0.01 vs. sham operation.

declined 2 hours after treatment. Although transcription
of c-fos can start within 5 minutes of cellular activation,®
formalin-evoked expression of c-fos mMRNA in the spinal
cord takes 30-120 minutes to reach a maximum,>0
which was the reason why we chose 45 minutes as the
shortest after-treatment interval in our experiments.

As reported previously,1® gastric acid challenge did not
induce any c-fos transcription in the caudal thoracic
spinal cord, which receives the densest afferent input
from the stomach.?>26 It would hence appear that
splanchnic afferents do not signal acid challenge in the
gastric lumen to the spinal cord. In contrast, the
brainstem responded to gastric acid challenge with

abundant expression of c-fos MRNA in the NTS and AP,
two nuclei that receive a prominent input from vagal
afferent neurons.?” This relationship was affirmed by the
ability of bilateral subdiaphragmatic vagotomy to largely
prevent gastric acid—evoked transcription of c-fos in the
NTS and AP. The effectiveness of vagotomy was proved
by a substantial depletion of CGRP from the esophagus,
given that part of the peptide present in this tissue is
derived from vagal afferents.?® It is inferred, therefore,
that primarily vagal afferents signal gastric acid challenge
to the brainstem. We do not think that the suppression of
afferent input to the brainstem of vagotomized rats is
related to the attenuation of gastric mucosal injury found

Table 3. Effect of Indomethacin and HOE-140 on c-fos mRNA Expression in the Brainstem and on Gross Lesion Formation

in the Gastric Mucosa Exposed to Saline or HCI

SC treatment IG treatment

Cells expressing c-fos in NTS

Cells expressing c-fos in AP Gross lesion area (%)

Vehicle Saline 1.3 +£0.58(6)
Indomethacin Saline 6.1 +1.1(6)2
Vehicle HCI 29 +2.4(6)
Indomethacin HCI 28 = 1.7 (6)
Vehicle HCI 30 +4.1(4)
HOE-140 HCI 28 £1.7 (6)

0.06 + 0.06 (6) 0.03 + 0.03 (6)

0.90 * 0.19 (6)? 0.03 + 0.03 (6)
4.3+ 0.51 (6) 1.0 + 0.44 (6)
5.2 + 0.55 (6) 15 + 1.9 (6)?
4.0 = 0.89 (4) 1.5 + 0.56 (4)
3.0 +0.12 (6) 2.0 +1.1(6)

NOTE. Indomethacin (10 mg - kg~—1) or its vehicle was injected subcutaneously 60 minutes before or HOE-140 (100 nmol - kg~1) or its vehicle 15
minutes before 1G administration of HCI (0.5 mol/L) or saline. The unilateral expression of c-fos mRNA in the NTS (no. of cells/250,000 pm?2)
and AP (no. of cells/50,000 um?) and the area of hemorrhagic damage in the gastric mucosa were determined 45 minutes later. Data given as
means *= SEM with the number of rats given in parentheses.

ap < 0.01 vs. vehicle.
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Figure 7. Effect of IG HCI on the unilateral expression of c-fos mMRNA
in the (A4) NTS (no. of cells/250,000 um?2) and (B) AP (no. of
cells/50,000 um?) of the brainstem and on (C) gross hemorrhagic
damage in the gastric mucosa of rats pretreated with vehicle (O),
morphine (A), naloxone (M), or a combination of the two drugs (§).
Morphine (10 mg - kg~1) was injected 30 minutes and naloxone (2 mg -
kg—1) 35 and 5 minutes before the IG acid challenge, and the rats were
examined 45 minutes later. Gross injury was expressed as a percent-
age of the total area of the glandular mucosa. Data given as means =
SEM (n = 6). *P < 0.05, **P < 0.01 vs. vehicle; TP < 0.05, TP <
0.01 vs. morphine.

in these animals, because naloxone, which had a similar
gastroprotective action as vagotomy, did not alter the
acid-evoked transcription of c-fos in the NTS and AP.
Vagotomy is known to enhance the size of the stomach, to
reduce gastric acid secretion, motility, and emptying,2°:3°
and, depending on the experimental conditions, to
attenuate3! or aggravate32 experimental gastric injury. In
view of this dual role of the vagus nerve in gastric
mucosal homeostasis,3® it appears improbable that va-
gotomy inhibits gastric afferent input to the brainstem
by blunting the noxious activity of acid in the stomach.
In explaining the small gastric acid—induced expres-
sion of c-fos MRNA that persisted in the brainstem of
vagotomized rats, it needs to be considered that the AP,
like other circumventricular organs, lies outside the
blood-brain barrier and hence may directly respond to
blood-borne substances*3> and in turn stimulate the
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NTS. Because gastric acid challenge caused metabolic
acidosis as reflected by a lowered plasma level of bicarbon-
ate, it cannot be ruled out that alteration of the acid—base
balance or generation of circulating factors in the acid-
threatened gastric mucosa acted directly on the AP to
cause some transcription of c-fos.

The neurons that signal gastric acid challenge to the
brainstem were characterized as being resistant to capsa-
icin, an excitotoxin that acts selectively on a group of C-
and Ad-fiber afferents with pronounced chemosensitiv-
ity.13 The effectiveness of capsaicin pretreatment was
confirmed by gastric depletion of CGRP, which in the rat
stomach is almost totally contained in capsaicin-sensitive
spinal afferents,16-26 and by aggravation of gastric dam-
age, as observed in other experimental ulcer studies.8-36
Although the vagus nerve also comprises capsaicin-
sensitive afferents that respond to nutrients and cholecys-
tokinin,2437:38 the present study corroborates the exis-
tence of an important population of capsaicin-resistant
vagal afferents that signal gastric acid challenge (present
study) and painful gastric distention® to the brainstem.
Insensitivity to capsaicin discriminates the vagal afferents
that mediate gastric acid—evoked c-fos MRNA expression
in the brainstem from the capsaicin-sensitive splanchnic
afferents that trigger local homeostatic reactions in the
acid-threatened stomach but do not signal to the spinal
cord.’01836 The failure of IG HCI to induce c-fos
expression in the spinal cord cannot be explained by the
reported ability of vagal afferents to activate descending
pathways and thereby inhibit spinal nociception,® be-
cause the spinal transcription of c-fos was in no way
boosted by vagotomy. Further consistent with this argu-
ment is the observation that the vagal afferents that lead
to depression of spinal nociception are sensitive to
capsaicin,*® whereas the vagal afferents that mediate
gastric acid—evoked c-fos mRNA expression in the
brainstem are resistant to capsaicin (present study).

The expression of c-fos MRNA in the NTS and AP was
related to the 1G concentration of HCI (0.35-0.7 mol/L)
and to the extent of mucosal damage that comprised
vascular dilation and hemorrhagic erosions. However,
there is good reason to assume that acid itself is the
relevant stimulus that excites vagal afferent neurons,
given that pH-sensitive vagal afferents are present in the
gastric mucosa*~43 and the formation of hemorrhagic
injury and afferent input to the brainstem dissociated in a
number of experimental situations. Thus, the transcrip-
tion of c-fos in the NTS and AP did not change when
gastric injury was attenuated by naloxone or aggravated
by capsaicin or indomethacin, whereas morphine reduced
c-fos MRNA expression but did not alter gastric damage.
These divergent findings negate the notion that gastric
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injury is the primary stimulus for vagal afferent neurons
that signal gastric acid challenge to the NTS and AP and
advocate the hypothesis that c-fos mMRNA induction in
the brainstem is a response to acid or acid-generated
factors. This concept receives additional support if the
gastric motor responses to 1G HCI are taken into account.
Excess acid entering the duodenum closes the pylorus and
prevents further emptying of the stomach.** The current
measurements of IG pressure indicate that acid-treated
stomachs not only failed to empty to a substantial degree
but in fact also contracted in response to intraluminal
acid administration, as deduced from the swift secondary
increase in 1G pressure. Although the vagus nerve
contains mechanoreceptors that can respond to both
contraction and distention,*? it is unlikely that mechano-
receptor signaling contributed to gastric acid—evoked
transcription of c-fos in the brainstem, because the HCI
concentrations necessary to induce medullary c-fos expres-
sion were higher than those required to cause gastric
contraction.

Taken together, all observations signify that the pri-
mary acid insult and not the subsequent lesion formation
and gastric contraction determines the vagal afferent
input to the NTS and AP. There is little reason to conjure
that acid-generated factors such as bradykinin, which is
formed in the acid-threatened stomach,*® and prosta-
noids, which are ubiquitously generated in response to
tissue irritation, contribute to the acid-induced stimula-
tion of vagal afferents, because the gastric acid—evoked
transcription of c-fos in the brainstem remained unal-
tered by an effective dose of the bradykinin B,—receptor
antagonist HOE-140% and the cyclooxygenase inhibitor
indomethacin.*” The ability of indomethacin to induce
per se some medullary expression of c-fos mMRNA may be
related to the drug’s adverse influence on the gastric
mucosa, an action that was not further analyzed in the
current study.

In examining the question of whether gastric acid
challenge gives rise to pain, we found that morphine
depressed the gastric acid—evoked transcription of c-fos in
the NTS and AP in a naloxone-reversible manner. This
result shows that p-opioid receptors control the gastric
acid—evoked input to the brainstem, which is in keeping
with the presence of p-opioid receptors on vagal afferents
in the NTS.# In analogy with other studies, >4 we
hypothesize that the opiate-sensitive expression of c-fos
mMRNA in the NTS and AP is a molecular correlate of
gastric chemonociception, although it needs to be consid-
ered that not all neural pathways can be mapped via c-fos
transcription,® and certain neurons in the central nervous
system may be inhibited, rather than excited, by afferent
neuron stimulation.3%40:4344 Further circumstantial evi-
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dence that the medullary transcription of c-fos relates to
gastric pain comes from its association with writhing, a
behavior that is widely used to study visceral pain in
response to IP injection of noxious chemicals.4> Writh-
ing was observed only with a concentration of acid (0.5
mol/L) that was high enough to cause substantial expres-
sion of c-fos MRNA in the brainstem. Remarkably, the
42% incidence of writhing triggered by 0.5 mol/L HCI
in the rat stomach matches the 37%-42% incidence of
pain that is produced if ulcer craters of patients with
symptomatic peptic ulcers are superfused with 0.1 mol/L
HCI.112 |t remains to be determined why writhing is
evoked by HCI in only 42% of the rats, although the
afferent input to the brainstem, as measured by c-fos
transcription, is reproducible in every rat. Heat-evoked
nociception in the skin was not altered by exposure of the
stomach to 0.5 mol/L HCI, a possibility that was
envisaged because IP injection of bacterial lipopolysaccha-
ride causes cutaneous hypersensitivity to noxious heat
through an action involving the vagus nerve.'6

The exclusive signaling of a chemical insult in the
gastric mucosa to the NTS and AP but not the spinal cord
attributes vagal afferents and their projection nuclei in
the brainstem a potential role in visceral nociception. Our
findings are in accord with those of an increasing number
of studies that underline the importance of the vagus
nerve in the central transmission of noxious conditions in
the stomach and intestine, including painful gastric
distention*38 and exposure to bacterial lipopolysaccha-
ride.163% In an attempt to reconcile this role of vagal
afferents with the traditional view that gastrointestinal
nociception is a domain of spinal, but not vagal, affer-
ents, 243 it has been proposed that nociceptive input
through the vagus nerve is particularly important for the
emotional-affective component of pain.*

References

1. Cervero F. Sensory innervation of the viscera: peripheral basis of
visceral pain. Physiol Rev 1994;74:95-138.

2. Mayer EA, Gebhart GF. Basic and clinical aspects of visceral
hyperalgesia. Gastroenterology 1994;107:271-293.

3. Coffin B, Azpiroz F, Guarner F, Malagelada J-R. Selective gastric
hypersensitivity and reflex hyporeactivity in functional dyspepsia.
Gastroenterology 1994;107:1345-1351.

4. Traub RJ, Sengupta JN, Gebhart GF. Differential c-fos expression
in the nucleus of the solitary tract and spinal cord following
noxious gastric distention in the rat. Neuroscience 1996;74:873-
884.

5. Dubner R, Ruda MA. Activity-dependent neuronal plasticity follow-
ing tissue injury and inflammation. Trends Neurosci 1992;15:96—
103.

6. Krukoff TL. Expression of c-fos in studies of central autonomic
and sensory systems. Mol Neurobiol 1993;7:247-263.

7. Bonaz B, Taché Y. Induction of Fos immunoreactivity in the rat
brain after cold-restraint induced gastric lesions and fecal excre-
tion. Brain Res 1994;652:56-64.



September 1998

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

. Takayama K, Xiong Y, Miura M. Neuronal expression of Fos protein

in the paraventricular nucleus of the hypothalamus after i.p.
injection of ulcerogenic cinchophen. Neurosci Lett 1994;172:55-
58.

. Chen L-W, Rao Z-R, Shi J-W. Catecholaminergic neurons in the

nucleus tractus solitarii which send their axons to the midbrain
periaqueductal gray express Fos protein after noxious stimulation
of the stomach: a triple labeling study in the rat. Neurosci Lett
1995;189:179-181.

Schuligoi R, Herzeg G, Wachter C, Joci€ M, Holzer P. Differential
expression of c-fos messenger RNA in the rat spinal cord after
mucosal and serosal irritation of the stomach. Neuroscience
1996;72:535-544.

Kang JY, Yap |, Guan R, Tay HH, Math MV. Acid-induced duodenal
ulcer pain: the influence of symptom status and the effect of an
anti-spasmodic. Gut 1989;30:166-170.

Kang JY, Yap I. Acid and gastric ulcer pain. J Clin Gastroenterol
1991;13:514-516.

Holzer P. Capsaicin: cellular targets, mechanisms of action, and
selectivity for thin sensory neurons. Pharmacol Rev 1991;43:143-
201.

Collier HOJ, Dinneen LC, Johnson CA, Schneider C. The abdomi-
nal constriction response and its suppression by analgesic drugs
in the mouse. Br J Pharmacol Chemother 1968;32:295-310.
Hammond DL, Presley R, Gogas KR, Basbaum Al. Morphine or
U-50,488 suppresses fos protein-like immunoreactivity in the
spinal cord and nucleus tractus solitarii evoked by a noxious
visceral stimulus in the rat. J Comp Neurol 1992;315:244-253.
Watkins LR, Wiertelak EP, Goehler LE, Mooney-Heiberger K,
Martinez J, Furness L, Smith KP, Maier SF. Neurocircuitry of
illness-induced hyperalgesia. Brain Res 1994;639:283-299.
Holzer P, Lippe IT, Amann R. Participation of capsaicin-sensitive
afferent neurons in gastric motor inhibition caused by laparotomy
and intraperitoneal acid. Neuroscience 1992;48:715-722.
Holzer P. Livingston EH, Guth PH. Sensory neurons signal for an
increase in rat gastric mucosal blood flow in the face of pending
acid injury. Gastroenterology 1991;101:416-423.

Pabst MA, Wachter C, Holzer P. Morphologic basis of the func-
tional gastric acid barrier. Lab Invest 1996;74:78-85.

Amann R, Schuligoi R, Holzer P, Donnerer J. The non-peptide NK;
receptor antagonist SR140333 produces long-lasting inhibition
of neurogenic inflammation, but does not influence acute chemo-
or thermonociception in rats. Naunyn-Schmiedebergs Arch Phar-
macol 1995;352:201-205.

Paxinos G, Watson C. The rat brain in stereotaxic coordinates.
2nd ed. San Diego, CA: Academic, 1986.

Sirinathsinghji DJS, Dunnett SB. Imaging gene expression in
neural grafts. In: Sharif NA, ed. Molecular imaging in neurosci-
ence: a practical approach. Oxford, England: Oxford University,
1994:43-70.

Takahashi A, Miura M. Neuronal expression of FOS protein in the
nucleus tractus solitarii and the dorsal motor nucleus of the
vagus nerve after i.p. injection of ulcerogenic aspirin. Neurosci
Lett 1995;185:214-216.

Monnikes H, Lauer G, Arnold R. Peripheral administration of
cholecystokinin activates c-fos expression in the locus coeruleus/
subcoeruleus nucleus, dorsal vagal complex and paraventricular
nucleus via capsaicin-sensitive vagal afferents and CCK-A recep-
tors in the rat. Brain Res 1997,770:277-288.

Neuhuber WL, Sandoz PA, Fryscak T. The central projections of
primary afferent neurons of greater splanchnic and intercostal
nerves in the rat. A horseradish peroxidase study. Anat Embryol
1986;174:123-144.

Green T, Dockray GJ. Characterization of the peptidergic afferent
innervation of the stomach in the rat, mouse, and guinea pig.
Neuroscience 1988;25:181-193.

Altschuler SM, Bao X, Bieger D, Hopkins DA, Miselis RR. Viscero-

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

GASTRIC ACID AND AFFERENT SIGNALING 659

topic representation of the upper alimentary tract in the rat:
sensory ganglia and nuclei of the solitary and spinal trigeminal
tracts. J Comp Neurol 1989;283:248-268.

Rodrigo J, Polak JM, Fernandez L, Ghatei MA, Mulderry P, Bloom
SR. Calcitonin gene-related peptide immunoreactive sensory and
motor nerves of the rat, cat, and monkey esophagus. Gastroenter-
ology 1985;88:444-451.

Hirshowitz Bl, Hutchison GA. Long-term effects of highly selective
vagotomy (HSV) in dogs on acid and pepsin secretion. Am J Dig
Dis 1977;22:81-95.

Romanovsky AA, Kulchitsky VA, Simons CT, Sugimoto N, Székely
M. Febrile responsiveness of vagotomized rats is suppressed
even in the absence of malnutrition. Am J Physiol 1997;273:R777-
R783.

Okumura T, Grant AP, Taylor IL, Ohning G, Taché Y, Pappas TN.
Gastric mucosal damage induced by 2-deoxy-p-glucose involves
medullary TRH in the rat. Regul Pept 1995;55:311-319.
Henagan JM, Smith GS, Seidel ER, Miller TA. Influence of
vagotomy on mucosal protection against alcohol-induced gastric
damage in the rat. Gastroenterology 1984;87:903-908.

Kaneko H, Kato K, Ohning G, Taché Y. Medullary thyrotropin-
releasing hormone mediates vagal-dependent adaptive gastric
protection induced by mild acid in rats. Gastroenterology 1995;
109:861-865.

Ishizuka Y, Ishida Y, Kunitake T, Kato K, Hanamori T, Mitsuyama Y,
Kannan H. Effects of area postrema lesion and abdominal
vagotomy on interleukin-1B-induced norepinephrine release in
the hypothalamic paraventricular nucleus region in the rat.
Neurosci Lett 1997;223:57-60.

Sun K, Ferguson AV. Cholecystokinin activates area postrema
neurons in rat brain slices. Am J Physiol 1997;272:R1625-
R1630.

Raybould HE, Sternini C, Eysselein VE, Yoneda M, Holzer P.
Selective ablation of spinal afferent neurons containing CGRP
attenuates gastric hyperemic response to acid. Peptides 1992;
13:249-254.

Raybould HE. Capsaicin-sensitive vagal afferents and CCK in
inhibition of gastric motor function induced by intestinal nutrients.
Peptides 1991;12:1279-1283.

Berthoud H-R, Patterson LM, Willing AE, Mueller K, Neuhuber WL.
Capsaicin-resistant vagal afferent fibers in the rat gastrointesti-
nal tract: anatomical identification and functional integrity. Brain
Res 1997;746:195-206.

Randich A, Gebhart GF. Vagal afferent modulation of nociception.
Brain Res Rev 1992;17:77-99.

Ren K, Zhuo M, Randich A, Gebhart GF. Vagal afferent stimulation-
produced effects on nociception in capsaicin-treated rats. J
Neurophysiol 1993;69:1530-1540.

Iggo A. Gastric mucosal chemoreceptors with vagal afferent
fibres in the cat. Q J Exp Physiol Cogn Med Sci 1957;42:398-
409.

Clarke GD, Davison JS. Mucosal receptors in the gastric antrum
and small intestine of the rat with afferent fibres in the cervical
vagus. J Physiol (Lond) 1978;284:55-67.

Sengupta JN, Gebhart GF. Gastrointestinal afferent fibers and
sensation. In: Johnson LR, ed. Physiology of the gastrointestinal
tract. 3rd ed. New York: Raven, 1994:483-519.

Mayer EA. The physiology of gastric storage and emptying. In:
Johnson LR, ed. Physiology of the gastrointestinal tract. 3rd ed.
New York: Raven, 1994:929-976.

Pethd G, Joci€ M, Holzer P. Role of bradykinin in the hyperaemia
following acid challenge of the rat gastric mucosa. Br J Pharmacol
1994;113:1036-1042.

Wirth K, Hock FJ, Albus U, Linz W, Alpermann HG, Anagnostopou-
los H, Henke S, Breipohl G, Kénig W, Knolle J, Schélkens BA. Hoe
140, a new potent and long-acting bradykinin-antagonist: in vivo
studies. BrJ Pharmacol 1991;102:774-777.



660 SCHULIGOI ET AL.

47. Honoré P, Buritova J, Besson J-M. Carrageenin-evoked c-Fos
expression in rat lumbar spinal cord: the effects of indomethacin.
Eur J Pharmacol 1995;272:249-259.

48. Nomura S, Ding Y-Q, Kaneko T, Li J-L, Mizuno N. Localization of
p-opioid receptor-like immunoreactivity in the central compo-
nents of the vagus nerve: a light and electron microscope study in
the rat. Neuroscience 1996;73:277-286.

49. Traub RJ, Stitt S, Gebhart GF. Attenuation of c-Fos expression in
the rat lumbosacral spinal cord by morphine and tramadol
following noxious colorectal distention. Brain Res 1995;701:175-
182.

GASTROENTEROLOGY Vol. 115, No. 3

Received December 1, 1998. Accepted May 26, 1998.

Address requests for reprints to: Peter Holzer, Ph.D., Department
of Experimental and Clinical Pharmacology, University of Graz,
Universitdtsplatz 4, A-8010 Graz, Austria. e-mail: peter.holzer@
kfunigraz.ac.at; fax: (43) 316-380-9645.

Supported by the Austrian Research Foundation (grant
P11834-MED) and the Jubilee Foundation of the Austrian National
Bank (grant 6237).

The authors thank Professor B. A. Peskar and Dr. U. Holzer-
Petsche for their critical reading of the manuscript.



