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Mechanosensitive duodenal afferents contribute to vagal
modulation of inflammation in the rat
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Noxious stimuli inhibit inflammation by activating neuroendocrine stress axes, an effect that is
potently attenuated by ongoing activity in subdiaphragmatic vagal afferents. Because this vagal
afferent activity is carried in the coeliac and coeliac accessory branches of the subdiaphragmatic
vagus, we tested the hypothesis that the activity arises from vagal afferents that innervate
a proximal segment of the gastrointestinal tract. Surgical removal of the duodenum, but
not the stomach, produces a marked (six orders of magnitude) leftward shift in the dose–
response curve for intraplantar capsaicin-induced inhibition of synovial plasma extravasation
induced by the potent inflammatory mediator bradykinin, in the knee joint; this is similar
in magnitude to the inhibition produced by subdiaphragmatic or by coeliac plus coeliac
accessory branch vagotomy. Fasting, to unload mechanically sensitive polymodal afferents
in the proximal gastrointestinal tract, produces a similar leftward shift in the dose–response
curve for the inhibitory effect of capsaicin, an effect that is reversed by balloon distension
in the duodenum in fasted rats, while balloon distension postvagotomy had no effect. These
results suggest that activation of mechanically sensitive vagal afferents in the duodenum
contributes vagal afferent activity that modulates neuroendocrine control of the inflammatory
response.
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Noxious stimuli, such as that produced by an inflammatory
lesion, inhibit the inflammatory response (Green et al.
1995; Miao et al. 1997b, 2000; Miao & Levine, 1999).
This noxious stimulus-induced anti-inflammatory effect
is mediated by neuroendocrine mechanisms, specifically
a propriospinal pathway between afferent nociceptive
inflow, a spino-bulbo-spinal pathway and preganglionic
neurones projecting to the adrenal medullae (Miao
et al. 1997b, 2000, 2001a; Miao & Levine, 1999). It
is modulated by activity in subdiaphragmatic vagal
afferents (Miao et al. 1997b); the spinal and spino-
bulbo-spinal pathways involved are under powerful
inhibitory control maintained by vagal activity and
total subdiaphragmatic, or coeliac plus accessory coeliac
branch vagotomy produces a marked (six orders
of magnitude) leftward shift in the dose–response
curve for noxious stimulus-induced inhibition of the
plasma extravasation produced by bradykinin (Miao
et al. 1997b), a potent inflammatory mediator (Regoli
& Barabe, 1980). Such inhibitory effects of noxious

stimulation can be reproduced by electrical stimulation
of the proximal end of the cut subdiaphragmatic vagus
nerve (F. Miao, unpublished observation). Similarly, the
potency of spinal intrathecal nicotine, which inhibits the
plasma extravasation by acting on central terminals of
primary afferent nociceptors (Miao et al. 2003), is similarly
enhanced following subdiaphragmatic vagotomy (Miao
et al. 1994). In this study we have carried out experiments
to determine the visceral organ from which the relevant
vagal afferent activity that modulates bradykinin-induced
plasma extravasation arises and physiological stimuli that
activate these vagal afferents.

Methods

The experiments were performed on male Sprague-
Dawley rats (300–400 g). For the surgical procedures
and during the knee joint perfusion experiments, rats
were anaesthetized by intraperitoneal injection of sodium
pentobarbital (65 mg kg−1, Abbott Laboratory, Chicago,
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IL, USA). Animals were killed at the end of the
experiments by sodium pentobarbital overdose (250 mg
kg−1) followed by bilateral thoracotomy. Animal care and
use conformed to NIH guidelines for the care and use of
experimental animals. The University of California at San
Francisco Committee on Animal Research approved the
experimental protocol.

Perfusion of the knee joint

Knee joint perfusion was performed as previously
described (Coderre et al. 1989; Miao et al. 1997b). In
brief, after incision of the skin and connective tissue
overlying the anterior aspect of the knee, Evans blue dye
(50 mg kg−1), which binds to albumin and thus serves
as a quantitative marker for plasma extravasation, was
administered intravenously into the saphenous vein. Ten
minutes later, a 30-gauge needle was inserted into the cavity
of the knee joint for the infusion of fluid (250 µl min−1).
After infusion of an initial volume of 100–200 µl of vehicle,
a second needle (25-gauge), serving as an outflow cannula,
was inserted into the knee joint, approximately 3 mm from
the inflow needle. Fluid was withdrawn from the joint
through the outflow cannula, using a second syringe pump.
The fluid was infused and withdrawn at a constant rate
of 250 µl min−1. Perfusate samples were collected every
5 min for a period of up to 145 min. Samples were analysed
for the amount of Evans blue dye by spectrophotometric
measurement of absorbance at 620 nm. The absorbance at
this wavelength is linearly related to the dye concentration
(Carr & Wilhelm, 1964).

After a baseline perfusion period of 15 min with vehicle,
extravasation of plasma, into the knee joint, was stimulated
by adding bradykinin to the perfusion fluid (160 ng ml−1)
at a concentration that is in the range detected in inflamed
tissues (Hargreaves et al. 1993; Swift et al. 1993). Both knee
joints in the same rat were perfused simultaneously.

Intra-plantar capsaicin

In order to examine the effect of nociceptor-induced
inhibition of plasma extravasation, spinal afferents were
excited from a site remote from the articular site at which
the inflammatory response was being evaluated (i.e. the
knee), by intraplantar injection of capsaicin. Capsaicin
was injected in the paw at progressively higher doses
(3–30 µg, at half-log dose increments in a volume of 10 µl
per dose) at intervals of 20 min. To avoid a systemic effect
of high-dose capsaicin, the dose–response relationship for
the effect of intraplantar capsaicin was stopped at 30 µg
(Miao et al. 2001b).

Subdiaphragmatic vagotomy

When the subdiaphragmatic vagus nerves were cut
bilaterally, the inhibition of bradykinin-induced plasma
extravasation by intrathecal nicotine was dramatically
potentiated (Miao et al. 1993). The procedure has been
previously described (Miao et al. 1993). Briefly, after
incision of the lateral abdominal wall in the left upper
quadrant, the subdiaphragmatic oesophagus was fully
exposed. Approximately 3 mm of the vagus nerves were
then dissected free from the oesophagus and removed
bilaterally. Knee joint perfusion experiments began ∼1 h
after this surgical intervention.

Gastrectomy and duodenectomy

The duodenum was studied because it is the most
proximal structure in the gastrointestinal tract innervated
by the coeliac and coeliac accessory branches of the
subdiaphragmatic vagus, although minimal innervation
of the stomach has not been excluded (Phillips & Powley,
1998); the stomach was used as a control, a neighbouring
gastrointestinal structure. After a midline incision of the
linea alba, the stomach or duodenum was first ligated at
both ends, then resected between the ligatures (Hebel &
Stromberg, 1976). Knee joint perfusion experiments were
performed immediately after this surgical procedure.

Stimulation of mechanosensitive duodenal afferents

Vagal afferents can be activated by physiological stimuli,
including pH, osmolarity, a variety of nutrients and
mechanical distension (Mei, 1983; Andrews, 1986;
Grundy, 1993; Schwartz et al. 1995; Schwartz & Moran,
1998; Phillips & Powley, 2000; Raybould, 2001); many
vagal afferents are polymodal, responding to multiple
stimulus modalities. To demonstrate if activation of
mechanically sensitive duodenal afferent fibres can
modulate the anti-inflammatory actions of capsaicin or
nicotine a size 9 balloon (8.5 mm × 13 mm; Harvard
Apparatus, Holliston, MA, USA) was inserted into the
second section of the duodenum with a connecting
catheter extending out of the duodenal cavity, through
the wall of the intestine. The duodenum was sutured and
the abdominal cavity closed. Injecting air into the catheter
produced duodenal distension. Intraluminal pressure was
digitally displayed, via a pressure transducer (Harvard
Apparatus, Hollister, MA, USA), which was connected to
the catheter. In preliminary studies bradykinin-induced
plasma extravasation was measured under 10, 20 30,
40, 50, 60 or 70 cmH2O intraluminal pressure in the
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balloon (data not shown). We found that 30–40 cmH2O
was the optimal (i.e. the lowest pressure able to produce
the maximal effect) pressure to enhance bradykinin-
induced plasma extravasation. This pressure is greater
than the peak amplitude of normal peristaltic contractions
(20–25 cmH2O) of the perfused rat duodenum (Fujimiya
et al. 1997), and activates vagal afferents to decrease
diastolic blood pressure (Moss & Sanger, 1990).

Electrical stimulation of vagal afferents

To study the contribution of afferents in the vagus
nerves, the vagus was transected by dissecting out
1–2 mm of the distal end of the vagus. After
cutting the vagus nerves, we applied continuous
electrical stimulation (2 Hz, 0.5 ms, 3 V, 10 mA)
to the proximal side of the vagus (i.e. close to the
diaphragm) via a pair of platinum electrodes (Miao et al.
1994). The surgical field was filled with mineral oil. Body
temperature was monitored via a rectal thermal probe that
controlled a water-filled heating pad to maintain core body
temperature at 37◦C.

Fasting

Whilst the duodenum contains a large percentage of vagal
afferents that are sensitive to solid food, fasting only
eliminates mechanical stimuli produced by bulk volume
in the gastrointestinal tract (Blackshaw & Grundy, 1990;
Schwartz et al. 1995; Schwartz & Moran, 1998). Since
transection of the subdiaphragmatic vagus dramatically
potentiated the anti-inflammatory action of intraplantar
capsaicin and intrathecal nicotine, reduced activity in
a visceral vagal afferent should also produce similar
potentiation. We tested this hypothesis by fasting rats for
48 h, i.e. restricting solid food but allowing ad libitum
access to drinking water (Krolczyk et al. 2001).

Statistics

Data are presented as mean ± s.e.m.; two-way (group ×
time) repeated measures analysis of variance (anova) was
used, followed by Fisher or Bonferroni’s post hoc test, to
determine significant differences between pairs of curves.
Differences were considered statistically significant at a
P < 0.05.

Dose–response relationships

Dose–response relationships for intrathecal nicotine or
intraplantar capsaicin inhibition of bradykinin-induced

plasma extravasation were obtained by a cumulative
dosing method (Miao & Lee, 1989; Miao et al. 1997a).
The doses that produced 50% of the maximum inhibition
(ED50 values) were determined for each joint. A 300 µg
capsaicin dose, which induces maximal inhibition (i.e.
Emax), was not included because this dose also produces
systemic effects (Miao & Levine, 1999).

Materials

The chemicals used in the present experiments were
obtained as follows: bradykinin acetate, naloxone
hydrochloride, nicotine hydrogen tartrate, capsaicin
and Tween 80 from Sigma Chemical Co., St Louis,
MO, USA and, phentolamine hydrochloride from Ciba
Pharmaceutical, Summit, NJ, USA. Capsaicin was first
dissolved in a solution of ethanol and Tween 80 (1:1 ratio)
and then diluted in normal saline (Baxter Laboratories,
Inc., Deerfield, IL, USA). All other chemicals were
dissolved in normal saline.

Results

Vagotomy enhances capsaicin effect

The perfusion of bradykinin through the knee joint
produces a dose-related increase in plasma extravasation
(Miao et al. 1996). This plasma extravasation reaches
a stable level by approximately 30 min after onset
of perfusion (data not shown). The intraplantar
injection of capsaicin, in cumulatively higher doses,
produces a dose-related suppression of bradykinin-
induced plasma extravasation (Fig. 1, ❡❡). In rats that
have had subdiaphragmatic (Fig. 1, ✉) or coeliac plus
coeliac accessory branch vagotomies, there is a marked
enhancement of the inhibitory effect of capsaicin on
bradykinin-induced plasma extravasation (Fig. 1 ❡❡versus
✉, F = 338.73, P < 0.01).

Electrical stimulation reverses the effect of vagotomy

To confirm that loss of afferent neural activity in
the subdiaphragmatic vagus nerve is responsible for
vagotomy-induced enhancement of capsaicin-induced
inhibition of bradykinin-plasma extravasation (Fig. 1),
we electrically stimulated the proximal end of the
cut subdiaphragmatic vagus nerve (Fig. 2, s). Acute
coeliac plus coeliac accessory selective subdiaphragmatic
vagotomy enhanced intradermal capsaicin-induced
inhibition of bradykinin plasma extravasation (Fig. 2,
half-filled circles versus ❡❡, F = 179.65, P < 0.01), an
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effect completely reversed by electrical stimulation of the
proximal end of the cut subdiaphragmatic vagus nerve at
a frequency of 2 Hz (Fig. 2, s versus half-filled circles, F =
211.26, P < 0.01).

Duodenectomy enhances capsaicin effect

The coeliac plus coeliac accessory branches of the
subdiaphragmatic vagus almost exclusively innervate the
intestinal tract (Berthoud et al. 1991), although it has
not been excluded that some fibres might innervate
the stomach (Phillips & Powley, 1998), therefore we
evaluated the effect of excision of the first two segments
of the proximal gastrointestinal tract, the stomach and
duodenum, on intraplantar capsaicin-induced inhibition
of bradykinin-induced plasma extravasation. Surgical
excision of the duodenum (�), but not the stomach
(gastrectomy, �), produced a marked leftward shift in the
dose–response curve for capsaicin induced inhibition of
bradykinin-induced plasma extravasation (Fig. 3, � versus
❡❡, two-way anova F = 340.2, P < 0.01), similar in

magnitude to that produced by subdiaphragmatic (Fig. 3,
� versus ✉, two-way anova F = 2.14, P > 0.05) or by
coeliac plus accessory coeliac branch vagotomy (Fig. 3 �
versus Figure 2 half-filled circles, F = 0.03, P > 0.05).

Figure 1. Effect of subdiaphragmatic vagotomy on the
depression of bradykinin-induced plasma extravasation in the
knee joint of the rat by intradermal capsaicin in the plantar skin
of the hind paw
Depression of bradykinin-induced plasma extravasation during
stimulation of nociceptors in the plantar skin of the hind paw by
capsaicin (3, 10 and 30 µg intradermal (i.d.)) in sham-vagotomised
rats ( ❡❡) and in rats in which the subdiaphragmatic vagus nerves were
cut, immediately prior to the experiment ( ✉).

Fasting enhances capsaicin effect

We then tested the hypothesis that a decrease in solid
food in the gastrointestinal tract could mimic the effects
of subdiaphragmatic vagotomy to potentiate the anti-
inflammatory effect of intraplantar capsaicin. Fasting
markedly enhanced the inhibitory effect of intraplantar
capsaicin (Fig. 4, t versus ❡❡, F = 140.76, two-way anova,
P < 0.01), similar in magnitude to that produced by
vagotomy (Fig. 4, t versus ✉F = 0.01, P > 0.05).

Balloon distension reverses effect of fasting

To provide evidence that the effect of fasting on
capsaicin-induced inhibition of bradykinin-induced
plasma extravasation could be due to a decrease in
activity in mechanically sensitive vagal afferents in the
duodenum, we evaluated the ability of distension of an
intraluminal latex balloon, in the duodenum, to a pressure
of 30–40 cmH2O, to reverse the effect of the fasting.
Balloon distension completely reversed the effect of fasting
on capsaicin-induced inhibition of bradykinin-induced

Figure 2. Effect of electrical stimulation of the proximal end of
the cut subdiaphragmatic vagus nerve on vagotomy-induced
enhancement of the depression of bradykinin-induced plasma
extravasation by cumulative dosing with intradermal capsaicin
Subselective coeliac plus coeliac accessory branch vagotomy induces a
marked enhancement of capsaicin (3, 10 and 30 µg, i.d.) induced
inhibition of bradykinin plasma extravasation (half-filled circles)
compared to sham vagotomy controls ( ❡❡from Fig. 1); the
enhancement produced by coeliac plus coeliac accessory
subdiaphragmatic vagotomy was similar to that produced by complete
subdiaphragmatic vagotomy ( ✉from Fig. 1). Electrical stimulation of
the proximal end of the cut subdiaphragmatic vagus (s) completely
reversed the effect of subdiaphragmatic vagotomy.
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plasma extravasation (Fig. 5, t versus �, F = 550.7, two-
way anova, P < 0.01); in control naı̈ve rats, duodenal
distension did not significantly affect bradykinin-induced
plasma extravasation (data not shown). To demonstrate
neural signals generated by the balloon distension is
transmitted via the coeliac and accessory coeliac branches
of the vagus, we repeated the above experiment in selective
vagotomised rats. The effect of balloon distension on
fasting in these rats was markedly attenuated in rats with
lesioned coeliac and accessory coeliac branches (Fig. 5. ♦
versus �, F = 118.95, two-way anova, P < 0.01).

Discussion

While there have been many studies of the modulation
of inflammation (Miao et al. 1994, 1997b), nociception,
body temperature and other illness-related symptoms
(Bluthe et al. 1994; Watkins et al. 1994a; Simons et al.
1998; Gaykema et al. 2000; Goehler et al. 2000; Jänig et al.
2000; Kirchner et al. 2000; Hansen et al. 2001; Ness et al.
2001) by vagal afferent activity, little is known about the

Figure 3. Effect of surgical excision of the stomach or
duodenum on the depression of bradykinin-induced plasma
extravasation by intradermal capsaicin
Bradykinin-induced plasma extravasation during stimulation of
nociceptors in the hind paw with capsaicin (3, 10, 30 and 100 µg i.d.)
after gastrectomy ( �) or after duodenectomy (�), compared to sham
vagotomy ( ❡❡from Fig. 1) and vagotomy ( ✉from Fig. 1). Gastrectomy
had no effect on the dose–response curve for capsaicin-induced
inhibition of bradykinin plasma extravasation compared to control
vagus intact rats, while duodenectomy enhanced capsaicin inhibition
of bradykinin plasma extravasation. The magnitude of the
enhancement of the effect of capsaicin by duodenectomy was similar
to the magnitude of the effect of subdiaphragmatic vagotomy.

Figure 4. Effect of 48 h fasting from solid food on the
depression of bradykinin-induced plasma extravasation by
intradermal capsaicin in the hind paw
The depression of bradykinin plasma extravasation by the intraplantar
injection of capsaicin (3, 10 and 30 µg i.d.) in rats that were fasted for
48 h (t) was enhanced, compared to fed rats ( ❡❡from Fig. 1). The
magnitude of enhancement induced by fasting was similar to the
magnitude of that induced by subdiaphragmatic vagotomy ( ✉; from
Fig. 1).

Figure 5. Effect of duodenal balloon distension, in 48-h fasted
rats
Depression of bradykinin plasma extravasation by intraplantar
capsaicin (3, 10 and 30 µg I.d.) in 48-h fasted rats (t from Fig. 4) was
reversed by distension of a balloon in the duodenum (�). Selective
coeliac and accessory coeliac branch vagotomy (♦) markedly reduced
the effect of balloon distention.
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visceral organ from which the stimuli arise and what
type of stimuli activate relevant subdiaphragmatic vagal
afferents. In this study we have identified both a visceral
organ, the duodenum, from which vagal afferent activity
arises to potently modulate noxious stimulus-induced
inhibition of bradykinin plasma extravasation, as well as
a specific physiological stimulus, mechanical stimulation,
which modulates the inflammatory response by activity
in subdiaphragmatic vagal afferents. While it is not
known whether other stimuli, alone or by interacting with
mechanical stimuli, also contribute to this effect of vagal
afferent activity on inflammation, it seems likely since most
duodenal vagal afferents are polymodal, responding to
nutrients, osmotic stimuli and inflammatory mediators,
as well as to mechanical stimuli; in fact, some are silent
to mechanical stimuli until exposed to inflammatory
mediators (Cottrell & Iggo, 1984; Grundy, 1988; Grundy
& Scratchard, 1989; Berthoud et al. 1992; Wei & Wang,
2000; Zhu et al. 2001). Our observed effects of a 48 h fast
could be due to changes independent of physical removal
of luminal contents (e.g. changes in mediator release and
receptor expression). However, we have reported that 48 h
fasting-induced enhanced nociception is not prevented by
providing 5% glucose in the drinking water, but is reversed
by gavage administration of petrolatum to provide bulk
without nutrition (Khasar et al. 2003). It should also be
noted that whatever the mechanism, the fasting effect
is abolished by vagotomy, which strongly supports our
hypothesis that vagal afferents in the duodenum modulates
mediate the neuroendocrine control of the inflammatory
response. While it has not been tested whether visceral
organs other than the duodenum might also contribute,
their contribution is likely to be significantly smaller,
since not only is the effect of subdiaphragmatic vagotomy
very similar in magnitude to the effect produced
by duodenectomy, but also gastrectomy was without
effect. In addition, since vagotomy markedly attenuated
the ability of duodenal distension to affect capsaicin-
induced modulation of inflammation, the signal arising
from the duodenum is probably neural rather than
humoral.

We hypothesize that mechanosensitive duodenal
afferents play a critical role in the body’s defence against
toxic insults. The gastrointestinal tract is an early line
of defence against ingested infectious agents and toxic
substances. As a site for toxins as well as nutrients to enter
the body, the gastrointestinal tract must serve protective
as well as digestive functions, including signalling to
the rest of the body when toxic exposures occur in the
lumen of the gastrointestinal tract. In this regard, the

stomach, the first segment of the gastrointestinal tract
that orally ingested substances stay in contact with for any
period of time, deals with toxic insults by having a high
hydrogen ion concentration (i.e. acidic pH) (Sun et al.
2003) and an ability to undergo stasis (Hermann et al.
2003), helping to prevent toxic materials from passing
through the pylorus as well as retropulsion to facilitate
elimination of the infectious or toxic insult from the mouth
(Carpenter, 1990). In addition, the stomach does not have
the absorption mechanisms observed in the subsequent
segments of the proximal gastrointestinal tract. The
duodenum, on the other hand, is the first segment of the
gastrointestinal tract that has an absorptive function and is
therefore also a potential portal for the entry of toxic agents
into the body (Kumagai, 1989). While some orally ingested
toxins can be rapidly eliminated by hypermotility, many
cause a pronounced decrease in gastrointestinal activity
(ileus) (Cullen et al. 1996), which may lead to increased
absorption of toxins or infectious agents from the
gastrointestinal tract. While only mechanical stimulation
was used in this study, to localize the stimulus to the
proximal duodenum, ischaemically sensitive afferents may
also have been activated by the pressure stimulus we
used, and toxins or inflammatory mediators may be more
relevant stimuli in such a signalling pathway, since it is
important that the gastrointestinal tract can send signals
to the rest of the body to prepare it for responding to
noxious or toxic insults occurring at the gastrointestinal
tract lumen. The most rapid way to communicate such
signals is via afferent neurones, which can, in turn,
orchestrate specific neural and endocrine signals that
can differentially regulate vascular and immune function
in different parts of the body (Elenkov et al. 2000;
Webster et al. 2002). A secondary decrease in activity
of mechanosensitive afferents, following the decrease
in gastrointestinal motility would lead to a generalized
increase in the body’s response to inflammatory stimuli
(Miao et al. 1994; Miao et al. 1997b). Further studies
are needed to evaluate the altered modulation of
the inflammatory response induced by decreased vagal
afferent activity of the proximal gastrointestinal tract
and how it might affect the body’s response to a
systemic noxious state such as might be produced by a
toxic insult that enters the body via the gastrointestinal
tract.

In the present study we have elucidated a visceral organ
from which vagal afferent activity arises that can potently
modulate at least one important component of the
inflammatory response, microvascular permeability, and
a physiological stimulus capable of modifying the potent
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modulation of noxious stimulus-induced inhibition of
inflammation by activity in subdiaphragmatic vagal
afferents (Miao et al. 1997b). How these signals may
integrate with others from abdominal viscera remains to
be examined, as does the role of vagal afferent input from
other segments of the gastrointestinal tract. Since vagal
afferent activity also contributes to modulation of pain,
fever, and other signs and symptoms, collectively referred
to as ‘illness symptoms’ (Bluthe et al. 1994; Simons et al.
1998; Gaykema et al. 2000; Kirchner et al. 2000; Hansen
et al. 2001; Ness et al. 2001), it will be important to
examine the role of polymodal duodenal afferents in illness
symptoms. Of note in this regard, the hepatic branch
of the subdiaphragmatic vagus provides more sensory
fibres that innervate the gastrointestinal tract than the
liver (Berthoud et al. 1992; Phillips et al. 1997), possibly
helping to explain, at least in part, why illness behaviour has
also been reported to be dependent on the hepatic branch
of the subdiaphragmatic vagotomy (Watkins et al. 1994a;
Watkins et al. 1994b). It will also be of interest to elucidate
how mechanical stimulation in the duodenum interacts
with other stimuli that activate duodenal afferents,
and with subdiaphragmatic vagal afferents from other
segments of the proximal gastrointestinal tract, such
as the hepatic branch, which monitors plasma glucose
level (Niijima, 1983, 1984) and from the jejunum and
ileum.
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