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Abstract
Background—In the rat, gastric disten-
sion elicits an intensity dependent pseu-
doaVective bradycardia mediated via
capsaicin sensitive aVerent and choliner-
gic eVerent vagal pathways. Inflammation
alters visceral perception although the
mediators responsible have not been iden-
tified. In the nematode infected rat, there
is a substantial increase in neuronal
substance P (SP) content of the gut.
Aims—To examine the eVects of inflam-
mation on perception of a noxious visceral
stimulus and on SP and neurokinin 1
(NK-1) receptor immunoreactivity (IR) in
visceral aVerent pathways.
Methods—Immunohistochemistry was
performed on sections from the jejunum,
dorsal root ganglia (DRG), and spinal
cord (T1–L1) using SP and NK-1 rabbit
polyclonal antibodies. In the DRG, the
number of SP-IR or NK-1-IR neurones
per section was visually quantified. The
pseudoaVective cardiac reflex response to
gastric stimulation was compared in
control and Trichinella spiralis infected
rats.
Results—Intestinal inflammation induced
a rightward shift in the intensity depend-
ent bradycardic response to gastric dis-
tension. This was associated with a
marked increase in SP-IR not only in the
gut wall but also in the DRG and dorsal
horn of the spine. In contrast, NK-1-IR
was not increased in the gut wall. More-
over, inflammation evoked a decrease in
NK-1-IR in the dorsal horn. No NK-1-IR
was identified in the DRG of either control
or infected animals.
Conclusions—Intestinal inflammation
modulates the capsaicin sensitive pseu-
doaVective autonomic response to gastric
distension, increases SP-IR in aVerent
pathways, and downregulates dorsal horn
NK-1-IR. As the pseudoaVective response
is capsaicin sensitive, the rightward shift
of the response is likely the consequence of
the decrease in NK-1 receptors in the sen-
sory pathways.
(Gut 2001;49:822–827)
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Noxious gastric distension produces a pseudo-
aVective cardioautonomic response character-
ised by bradycardia which is dependent on the
distension volume.1 2 This eVect depends
predominantly on activation of vagal aVerent
pathways as well as on an atropine sensitive
cholinergic eVerent pathway. Furthermore, the
pseudoaVective cardioautonomic response to
gastric distension can be abolished by neonatal
or perivagal capsaicin thus implicating a
capsaicin sensitive vagal aVerent pathway,
almost certainly involving the tachykinin pep-
tide substance P (SP), as well as other sensory
neuropeptides.3

There is clear evidence indicating extensive
spinal convergence of stimuli arising from
diVerent visceral organs.4 A typical example of
viscerovisceral convergence to the second order
neurone within the dorsal horn of the spinal
cord is that produced by gall bladder distension
which evokes angina-like chest pain.4 5

The sensory response to inflammation of the
gastrointestinal tract has traditionally been
studied in an acute setting following local
application of several mucosal irritant sub-
stances such as turpentine.6 7 These studies
have been restricted to examining sensory
aVerent pathways and have not incorporated an
assessment of the broad autonomic response
that has long been considered an important
component of sensory activation by noxious
stimuli.8

The pseudoaVective response to noxious
gastric distension is mediated primarily by
vagal sensory nerves,1 2 likely containing the
neuropeptide SP. Previously, we demonstrated
that the primary infection of rats with the
nematode parasite Trichinella spiralis caused an
eightfold increase in immunoreactive SP in the
proximal gut.9 SP was depleted by scorpion
venom or by capsaicin treatment, thus demon-
strating its location in capsaicin sensitive
nerves. The increase in SP was prevented by
steroid treatment of the rats during infection,
and was not observed in infected athymic rats,
indicating that the change in this important
sensory neuropeptide occurred as a result of
the inflammatory and immune response to
infection, and that T lymphocytes were critical.
Further studies in this model indicated that
infection was accompanied by a substantial
downregulation of the neuropeptide degrading
enzyme neutral endopeptidase in the gut,
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whose decrease would serve to greatly increase
the bioavailability of SP released following
stimulation of sensory nerves in the inflamed
gut.10

In the present study, we examined the
impact of inflammation induced by T spiralis
infection on pseudoaVective response. Given
the wide convergence of both vagal and
splanchnic sensory fibres onto second order
neurones at the spinal level, we elected to
measure cardiac autonomic responses follow-
ing gastric distension in the rat.4 5 Specifically,
we measured the capsaicin dependent pseudo-
aVective cardiac autonomic response, as well as
the downstream changes in SP containing spi-
nal aVerent neurones. Our results indicated
that noxious gastric distension in this model
produced a pseudoaVective cardiac autonomic
response that was shifted to the right. We also
showed that there was a significant increase in
SP, but not neurokinin 1 (NK-1, the preferred
receptor for SP) immunoreactive (IR) fibres in
the mucosa and muscle layers, and an increase
in the number of SP-IR dorsal root ganglion
(DRG) neurones in infected rats compared
with controls. However, in the dorsal horn of
the spinal cord of T spiralis infected rats, along
with an increase in SP-IR nerves, there was a
marked compensatory decrease in NK-1 re-
ceptor expression.

Materials and methods
ANIMALS AND T SPIRALIS INFECTION

Male Sprague-Dawley rats (200–250 g) (pur-
chased from Charles River Laboratories) were
kept in filtered cages under controlled ambient
temperature and light-dark cycle (14:10
hours). Rats were infected by administering 1.0
ml of phosphate buVered saline containing
7500 T spiralis larvae by gavage. The larvae
were obtained from male CD1 mice infected
30–90 days previously by T spiralis using a pre-
viously described method.11 Animals had unre-
strained access to water but were fasted for 18
hours before experiments. Rats were studied
six days after infection and age matched
non-infected animals served as controls. For
immunohistochemistry, animals were killed by
cervical dislocation. For functional studies, rats
were anaesthetised with a ketamine hydrochlo-
ride (90 mg/kg) and xylazine (20 mg/kg)
mixture given intramuscularly and were placed
on a heating pad to maintain the animal’s tem-
perature at about 36°C throughout the dura-
tion of the study. Supplemental anaesthesia
was given throughout the study as required. At
the end of the pseudoaVective response experi-
ment (see below), animals were killed by cervi-
cal dislocation. All experimental procedures
were approved by the Animal Care Committee
at McMaster University and were in accord-
ance with guidelines of the Canadian Council
on Animal Care.

PSEUDOAFFECTIVE CARDIOAUTONOMIC RESPONSE

TO GASTRIC DISTENSION

The approach has been described in detail pre-
viously, including the aVerent and eVerent
pathways involved.2 Briefly, the cardioauto-
nomic reflex response to noxious gastric

distension obtained in control animals was
compared with the response observed in age,
sex, and weight matched T spiralis infected rats
(n=6 in both groups). Following laparotomy
and duodenotomy, a 2×2 cm balloon was
inserted into the duodenum and subsequently
positioned into the stomach. The gastric
volume-cardiac response relationship was then
examined using volumes ranging from 3 to 15
ml, which were applied for a 60 second period.
The response to each volume was studied on
three separate occasions in each animal.
Continuous electrocardiographic recordings
were performed through three electrodes
applied on the right and left shoulders and the
left leg of the animal.

IMMUNOHISTOCHEMISTRY

Specimens of jejunum, DRG (T1-L1), and
spinal cord obtained from T spiralis infected
and control rats (n=6 each group) were rapidly
removed and processed for either routine
histology or immunohistochemistry. For the
latter, tissues were fixed by immersion in 4%
paraformaldehyde in 0.1 M phosphate buVer,
pH 7.4, for 6–8 hours at 4°C and subsequently
placed in 25% sucrose in 0.1 M phosphate
buVer for cryoprotection until sectioning.
Specimens were cut with a cryostat at 10–12
µm, mounted onto chrome-alum gelatin coated
slides, and processed with the immunofluores-
cence method, as previously described.12 The
antibodies used included a rabbit polyclonal
antibody anti-SP, directed against the C termi-
nal portion of the tachykinin amino acid
sequence (antibody code 8701, diluted
1:500),12 13 and a rabbit polyclonal anti-NK-1,
directed against the C terminus of the
intracellular loop of the receptor sequence
(diluted 1:1000).14

Specificity studies included control experi-
ments commonly applied in immunohisto-
chemical protocols.12–14

Sections were analysed by a Leitz Orthoplan
microscope equipped with a Ploem epi-
illumination system with “I2” or “L2” filter
cubes to detect fluorescence.

IMMUNOREACTIVE PATTERNS AND QUANTITATIVE

ANALYSIS OF SP IMMUNOLABELLED GANGLION

CELL BODIES

Tissue sections from both infected and con-
trols rats were processed for immunohisto-
chemistry simultaneously. Comparison be-
tween infected and control sections was
performed in parallel by two examiners (RDeG
and GB) in a blinded fashion.

The number (mean (SEM)) of immuno-
labelled SP neural cell bodies per section in
each DRG (from T1 to L1) was evaluated by
counting the labelled perikarya by means of
direct microscopic analysis. This analysis was
performed on 12 consecutive sections per each
DRG of infected and control rats.

STATISTICAL ANALYSIS

All studies involved at least four rats. For quan-
titative analysis of SP labelled DRG neural
cells, the Mann-Whitney test for unpaired data
was used. Change in heart rate was expressed
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as per cent change in heart rate compared with
the immediately preceding 60 second control
period before distension. The Student’s t test
and ANOVA (one and two way, and repeated
measures) were used as appropriate. Statistical
significance was determined at p<0.05.

Results
PSEUDOAFFECTIVE CARDIAC RESPONSE TO

GASTRIC DISTENSION

In control animals, as previously documented,
gastric distension elicited a volume dependent
pseudoaVective decrease in heart rate which
was first present with volumes of 6 ml and
maximal with volumes ranging from 9 to 15 ml
(p<0.05 v resting heart rate). T spiralis
infection did not change resting intraballoon
pressures. In T spiralis infected animals (fig 1),
there also was a similar volume dependent
pseudoaVective cardioautonomic reflex re-
sponse but while the magnitude of the response
was comparable, there was a significant right-
ward shift in T spiralis infected animals.

JEJUNUM

Specificity was demonstrated by lack of immu-
noreaction in sections in which the primary
antisera preadsorbed with the appropriate pep-
tides.

In the jejunum of control rats, SP-IR (fig 2)
was identified in varicose nerve endings target-
ing the diVerent layers of the gut wall as well as
in myenteric and submucosal ganglion cell
bodies. In particular, nerve processes positive
for SP-IR supplied the muscularis externa, the
submucosal vasculature, and the mucosa (fig
2A). A rather dense network of SP labelled
processes was found in the deep muscular
plexus, the lining situated between the inner
part of the muscle layer, and the submucosa of
the jejunum. SP containing nerve fibres were
also identified around stained and unstained
ganglion cells of the submucosal and, to a lower
extent, myenteric plexus (fig 2C). NK-1-IR (fig
3) was identified mainly in myenteric and sub-
mucosal neurones of the rat jejunum as well as
in nerve fibres occasionally identified either
within the myenteric plexus or distributed in
the muscular layer. No NK-1 immunolabelling
was identified around blood vessels in the sub-
mucosa or in the mucosa of the jejunum. How-
ever, in the deep muscular plexus of the
jejunum, NK-1 staining was localised to
non-neuronal cells whose appearance was that
of the interstitial cells of Cajal (fig 3A).

The distribution pattern of both SP and
NK-1-IRs was not modified in T spiralis
infected rats. However, in infected rats, SP
containing nerves showed an increased number
and staining intensity in the muscularis externa
and mucosa (fig 2B) compared with controls
(fig 2A). Also, SP-IR was markedly increased in
submucosal and myenteric neurones (fig 2D)
in the small intestine of infected animals in
comparison with controls (fig 2C). In contrast,
NK-1-IR displayed a reduction in staining
intensity both in enteric neurones (that is,
myenteric and submucosal plexus) and par-
ticularly in the interstitial cells of Cajal (fig 3B)
compared with controls (fig 3A).

DRG

SP immunolabelling was localised to small and
medium sized neuronal cell bodies and nerves
from T1 to L1 of control animals (fig 4A). In
infected animals, SP-IR cell bodies showed
increased density and staining intensity (fig

Figure 1 Volume dependent pseudoaVective increase in
heart rate associated with gastric distension in control and
Trichinella spiralis infected rats. Data are presented as
mean (SD) per cent decrease in heart rate compared with
resting heart rate immediately before distension. *p<0.05
versus resting heart rate; †p<0.05 versus control animals.
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Figure 2 Representative photomicrographs showing substance P (SP) immunoreactivity
in the control (A, C) and Trichinella spiralis infected (B, D) jejunum. Note the marked
increase in the density and staining intensity of the SP-immunoreactive (IR) nerve
processes running throughout the villi in the inflamed jejunum (B) in comparison with
controls (A). An increase in SP-IR was also found in myenteric neurones of the inflamed
jejunum (D) in comparison with controls (C). cm, circular muscle; lm, longitudinal muscle;
mp, myenteric plexus. Calibration bar, 25 µm.
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4B). As shown in fig 5, these findings were
confirmed by quantitative analysis which dem-
onstrated a significantly increased number of
SP containing neurones in infected compared

with control rats (57 (8) v 23 (7) positive cell
bodies, respectively; p<0.05). No NK-1-IR
ganglion cell bodies were observed in any
infected or control rats.

SPINAL CORD

In the spinal cord of control rats, SP (fig 6A, B)
and to a minor extent NK-1 (fig 6C, D)
labelled nerve processes were seen predomi-
nantly in the outermost laminae of the dorsal
horn. Conversely, in infected rats, there was a
marked increase in the density and staining
intensity of SP containing nerves in the dorsal
horn (fig 6B) whereas NK-1-IR was undetect-
able (fig 6D).

Discussion
In the present study, we have used the
pseudoaVective cardioautonomic response to
gastric distension as an index of the intensity of
the autonomic reflex response to a noxious vis-
ceral stimulus. This response is primarily
mediated through capsaicin sensitive vagal and
splanchnic (sympathetic) visceral aVerent
pathways. We have recently shown that disten-
sion of the rectum also elicits a similar volume
dependent reflex bradycardia in rats, although
the primary aVerents involved are exclusively
sympathetic.15

Neonatal capsaicin prevents the pseudo-
aVective cardioautonomic response to either
gastric or colonic distension,2 16 indicating the
essential role of SP in this response. In the
present study, we observed a rightward shift in
the pseudoaVective response to gastric disten-
sion in T spiralis infected animals. We interpret
this finding as a consequence of altered SP
content expression in dorsal horn neural
networks.

The role exerted by SP on the perception of
potentially noxious visceral stimuli in the
present model of intestinal inflammation is also
likely related to modulation of NK-1, and pos-
sibly NK-2 and NK-3, tachykinin receptors in
the spinal cord. This possibility has previously
been raised by others who have suggested a role
for tachykinin receptors (particularly NK-2
and NK-3 receptors) in the altered visceral
perception associated with zymosan colitis in
the rat colon.17 The present results suggest that

Figure 3 Neurokinin 1-immunoreactivity (NK-1-IR) in
the jejunal deep muscular plexus of Trichinella spiralis
infected (B) and control (A) rats. NK-1 receptor
immunolabelling was identified in non-neuronal elements
with the appearance of interstitial cells of Cajal (arrows in
A). In inflamed jejunum (B), NK-1 immunostaining
localised to the interstitial cells of Cajal (arrows) was
markedly decreased in comparison with controls. cm,
circular muscle; sm, submucosa. Calibration bar, 25 µm.

Figure 4 Photomicrographs showing substance
P-immunoreactive (SP-IR) neurones of the dorsal root
ganglia (DRG) in Trichinella spiralis infected (B) and
control (A) rats. Note the increased SP-IR in the
small-medium sized DRG neurones of T spiralis infected (B)
in comparison with controls (A). Calibration bar, 25 µm.

Figure 5 Mean (SEM) number of substance
P-immunoreactivity (SP-IR) dorsal root ganglia (DRG)
neurones in the Trichinella spiralis infected and control rats.
Neurokinin 1 (NK-1) is also shown, although this
tachykinin receptor was not detected in any ganglion cells of
either infected or control rats. *p<0.05 versus controls.
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similar modulation of tachykinin receptor
expression may occur in response to nematode
induced enteritis.

Inflammatory conditions of the gastro-
intestinal tract are associated with increased
visceral perception and nociception both in
human and animal models.6 7 18 As it is
generally believed that SP plays a crucial role in
the transmission of nociceptive sensory stimuli
along visceral aVerent pathways, we examined
SP-IR and NK-1-IR in the DRG. We found a
significant increase in SP-IR in DRG cell bod-
ies, consistent with a previous report in
Clostridium diYcile toxin enteritis in rats.19 We
have previously shown attenuation of increased
SP-IR in aVerent nerve fibres of either steroid
treated or athymic T spiralis infected rats,9 indi-
cating that it is the immune response rather
than the parasite per se that is responsible for
SP neuronal changes. Furthermore, cytokines
such as interleukin 1â20 and tumour necrosis
factor á,21 whose gene expression is enhanced
during T spiralis infection, may also contribute
to the increase in SP.

Tissue inflammation is known to alter aVer-
ent visceral function, leading to hyperalgesia.
While SP is recognised as an important sensory
neurotransmitter, the precise role of SP and
NK-1 receptors in inflammation induced
hyperalgesia is poorly understood. Using a spe-
cific antibody, we found a distribution of NK-1
receptor in fibres and neurones throughout the
dorsal horn of control animals, a finding which
confirms previously published data.22–24 The
increased SP-IR observed in T spiralis infected
rats was accompanied by a decrease in NK-1
receptors in nerve fibres and neurones of the

dorsal horn. This finding likely reflects inter-
nalisation of the NK-1 receptor, a cellular
process leading to desensitisation (and thereby
to resensitisation), which is relevant to the
regulation of neural excitability.25 For example,
in spinal cord neurones, SP release from
sensory endings has been shown to induce
NK-1 receptor internalisation.26 27 In animal
models of somatic inflammation, such as that
of persistent hindpaw inflammation, it has been
recently demonstrated that the inflammatory
stimulus alone determines upregulation of
NK-1 receptors in dorsal horn neurones.26 28

However, in this setting, addition of noxious
and non-noxious mechanical or thermal stimu-
lation determined increased internalisation of
NK-1 receptors. If a parallel between somatic
and visceral sensory pathways exists, then our
finding of a marked decrease in NK-1 receptor
expression would imply the presence of addi-
tional stimuli (that is, mechanical and/or
chemical) arising from the inflamed gut. In
support of this hypothesis, studies from this
and other laboratories have shown profound
changes in secretory and motor function in the
nematode model of intestinal inflammation.29
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