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ABSTRACT
Many gastrointestinal stimuli result in gastric fundic relaxation.
This information is integrated at the interface of vagal afferents
and efferents in the dorsal vagal complex. Substance P (SP) is
present in this region, and the neurokinin1 receptor (NK1R) is
highly expressed in preganglionic neurons of the dorsal motor
nucleus of the vagus (DMN). However, its functional effects on
vagal motor output to the stomach have not been investigated.
Therefore, we determined the gastric motor effects of stereo-
taxic microinjection of SP and selective tachykinin receptor
agents into the DMN of anesthetized rats. Dose-related de-
creases in intragastric pressure and antral motility were ob-
tained on the microinjection of SP (135 and 405 pmol) into the
DMN, without cardiovascular changes. Similar decreases in
intragastric pressure were noted after the microinjection of

[Sar9,Met(O2)11]SP (NK1R agonist; 135 pmol) but not senktide
(NK3R agonist; 135 pmol) or vehicle. The gastric motor inhibi-
tion evoked by SP (135 pmol) was attenuated by prior micro-
injection of 2-methoxy-5-tetrazol-1-yl-benzyl-(2-phenyl-piperi-
din-3-yl)-amine (GR203040; 1 nmol; NK1R antagonist).
Vagotomy or hexamethonium (15 mg/kg i.v.) completely abol-
ished the gastric relaxation evoked by SP (135 pmol) microin-
jected into the DMN. We conclude that SP acts on NK1R
preganglionic cholinergic vagal neurons in the DMN, which
control enteric nonadrenergic noncholinergic motor inhibition
of the fundus. The potential relevance is that an antiemetic site
of action of NK1R antagonists may be in the DMN to prevent
excitation of neurons controlling fundic relaxation, which is an
essential prodromal component of emesis.

Many stimuli to the gastrointestinal tract result in hor-
monal (“endoneurocrine”) or neuronal feedback to other re-
gions of the gut, and the vagus nerve is intimately involved in
conveying this information to the upper gastrointestinal
tract. Integration of “long-loop” vagal afferent-efferent path-
ways from the gut occurs in the dorsal vagal complex of the
hindbrain medulla. This complex comprises the dorsal motor
nucleus of the vagus (DMN), where preganglionic motor neu-
rons innervating the gastrointestinal tract are located, and
the nucleus tractus solitarius, where primary visceral affer-
ents terminate. Preganglionic neurons in the DMN target the
stomach (Shapiro and Miselis, 1985), and much progress has
been made into the neurotransmitter candidates in this re-
gion, which can increase gastric motility and intragastric
pressure (IgP). However, there is less information on recep-
tor-mediated events at this site that result in gastric motor
inhibition and fundic relaxation. This is surprising because
fundic relaxation is a very important component of normal
gastrointestinal function, such as during ingestion of food,

during emesis, or in response to chemical signals arising
from acid or fat in more distal regions of the gut.

One candidate neurotransmitter in the dorsal vagal com-
plex that could mediate fundic relaxation is substance P (SP).
The microinjection of SP into the nucleus tractus solitarius
evokes gastric relaxation (Spencer and Talman, 1986). More-
over, SP is highly expressed in fibers in the dorsal vagal
complex of all species studied, including humans (Fodor et
al., 1994). SP has the highest affinity for the neurokinin1

receptor (NK1R), whereas neurokinins A and B (NKA and
NKB) bind to NK2R and NK3R, respectively. In the dorsal
vagal complex, the regional distribution of NK1R immunocy-
tochemical staining overlaps that of SP (Dixon et al., 1998).
Interestingly, NK1R is most highly expressed in neurons of
the DMN, and this staining (Dixon et al., 1998), as well as SP
binding (Manaker and Zucchi, 1993), is abolished by vagot-
omy. These data suggest that NK1R is synthesized by vagal
preganglionic motor neurons. In addition, ultrastructural
studies have demonstrated that NK1R is on the membrane
surface of somatic and dendritic profiles of DMN neurons but
never in axon terminals, axons, or glial processes (Baude and
Shigemoto, 1998). Finally, the NK1R is present in DMN
neurons that project onto the greater curvature of the stom-
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ach (Ladic and Buchan, 1996). Together, these data imply
that SP is intimately involved in controlling vagal output to
the stomach via NK1R on preganglionic motor neurons in the
DMN. However, to our knowledge, the functional effects of
SP or NKR ligands on vagal motor output in the DMN have
not been investigated. Therefore, the first purpose of the
present study was to determine the gastric motor effects of
microinjection of SP and selective tachykinin receptor ago-
nists into the DMN.

Our results demonstrated that SP inhibited gastric motor
activity and evoked gastric relaxation via NK1R in the DMN.
Vagally evoked gastric relaxation is mediated via postgangli-
onic/enteric nonadrenergic noncholinergic (NANC) inhibitory
motor neurons. There are two possible vagal pathways lead-
ing to motor inhibition. One involves a vagal cholinergic
preganglionic neuron synapsing, via nicotinic receptors, onto
myenteric neurons, which then release nitric oxide (NO) (De-
sai et al., 1994; Meulemans et al., 1995; Takahashi and
Owyang, 1995) and vasoactive intestinal polypeptide
(Grundy et al., 1993; Takahashi and Owyang, 1995) to evoke
smooth muscle relaxation. Gastric relaxation evoked by this
pathway would be abolished by hexamethonium. The second
possibility involves nitrergic vagal preganglionic neurons
that innervate the gastrointestinal tract (Krowicki et al.,
1997b), with a preference for the gastric fundus (Zheng et al.,
1999). Excitation of these neurons evokes a gastric relaxation
that is abolished by NO synthase inhibition but not by hexa-
methonium (Krowicki et al., 1999). Therefore, the second
purpose of this study was to determine whether SP-evoked
gastric relaxation can be abolished by hexamethonium and
vagotomy. Preliminary reports of this study have been pub-
lished elsewhere (Krowicki and Hornby, 1996, 1998).

Materials and Methods
Male Sprague-Dawley rats (200–390 g) from Charles River Labo-

ratories (Wilmington, MA) were used in all experiments. The study
was approved by the Louisiana State University Medical Center
Institutional Animal Care and Use Committee.

The animals were initially anesthetized with a ketamine and
xylazine mixture (36 and 3.6 mg/kg i.m., respectively), and separate
indwelling cannulas were placed in the left femoral artery and vein.
Then, a-chloralose (60–80 mg/kg) was administered i.v., and a tra-
cheotomy was performed to connect the animal to the small animal
respirator (Kent Scientific Corp., Litchfield, CT). A laparotomy was
performed, and an intraluminal latex balloon was inserted into the
stomach through an incision in the fundus for the recording of IgP.
The imparting pressure within the intragastric balloon was main-
tained at approximately 5 cm H2O before microinjection in all ani-
mals. A small strain gauge (Warren Research Products, Charleston,
SC) was sutured onto the surface of the distal antral region for
continuous recording of circular smooth muscle. In previous publi-
cations, we termed this the “pyloric region” but have revised our
terminology to more accurately reflect the location of the strain gage.
This is based on careful consideration of the complex organization of
muscles in the pyloric region in dogs and the lack of information
about this structure in rats, as well as the motility pattern that we
obtain, which appears to be typical of circular muscle contractions of
the terminal antrum. Rectal temperature was kept between 37.0°
and 37.5°C by radiant heat.

Microinjection Technique. Animals were placed in a stereo-
taxic apparatus (David Kopf Instruments, Tujunga, CA), and the
dorsal surface of the medulla and obex were exposed by an occipital
craniotomy. Seven-barreled micropipettes (20- to 40-mm total exter-
nal tip diameter), prepared from glass capillaries (Dagan Corp.,

Minneapolis, MN, or A-M Systems, Inc., Everett, WA), were attached
with polyethylene tubing to a pneumatic pico-pump (model PV 830;
World Precision Instruments, New Haven, CT). The micropipette tip
was stereotaxically placed in the DMN (coordinates: 0.5–0.9 mm
rostral to the obex and 0.4–0.5 mm below the surface of the obex, 0.5
mm lateral) and the nucleus ambiguus (nAmb; coordinates: 0.7 mm
rostral to the obex and 1.3 mm below the surface of the obex, 1.5 mm
lateral) according to the atlas of Paxinos and Watson (1986). Micro-
injections were delivered (at 30 psi) in a volume of 20 to 30 nl for 10
to 15 s.

Initially, L-glutamate (7.5 nmol) microinjection was used to pre-
cisely localize the DMN, where brief (,2 min) but marked increases
in IgP and antral motility were obtained. Once the placement of the
pipette tip in the DMN was ensured by the expected gastric motor
responses, microinjections of SP and NKR-selective agents were
made, after an interval of at least 15 min. This protocol has reliably
resulted in microinjections in which the tip of the pipette is located
within the DMN (Krowicki et al., 1997).

SP (Sigma Chemical Co., St. Louis, MO), [Sar9,Met(O2)11]SP
(NK1R agonist; Research Biochemicals Inc., Natick, MA), senktide
(NK3R agonist; Research Biochemicals Inc.), and 2-methoxy-5-tetra-
zol-1-yl-benzyl-(2-phenyl-piperidin-3-yl)-amine (GR203040, an
NK1R antagonist; Glaxo-Wellcome, Stevenage, UK) were dissolved
in saline with 0.1% BSA and 2% ascorbic acid (as an antioxidant). At
15- to 30-min intervals, vehicle and SP were microinjected unilater-
ally into the DMN (n 5 6) and nAmb (n 5 5). A dose range of 35 to
405 pmol of SP was selected, and on the basis of these results, 135
pmol was selected as submaximum for the gastric relaxation re-
sponse in the DMN. This dose was used to determine the receptor
selectivity of the response. An electrophysiological study has demon-
strated that SP and NK1R agonists were equipotent to depolarize
DMN neurons (Maubach and Jones, 1997). Therefore, NK agonists
[Sar9,Met(O2)11]SP and senktide were microinjected into the DMN at
a dose of 135 pmol (n 5 5). Vehicle and SP were microinjected into
the DMN before and after microinjection of GR203040 (1 nmol; n 5
7).

To determine the pathways responsible for NK-evoked gastric
responses, SP was microinjected into the DMN at the maximal dose
(405 pmol) before and after hexamethonium bromide (15 mg/kg i.v.;
n 5 5) or vagotomy (n 5 4). Bilateral vagotomy was performed by
avulsion during the experiment using a suture loosely looped around
the vagi at midcervical level.

At the end of each experiment, 1% pontamine sky blue was mi-
croinjected into the DMN in a volume of 20 to 30 nl, and the animal
was administered a bolus i.v. injection of pentobarbital sodium
(60–80 mg/kg). Then, brains were removed, fixed in 4% paraformal-
dehyde, sectioned at 50 mm, and counterstained with neutral red.
The placement of the microinjection tips in the DMN was subse-
quently confirmed histologically. Only the animals with appropri-
ately placed microinjection sites were used for data analysis.

Peak decreases (nadir) in IgP were determined after microinjec-
tion and compared with preinjection levels. However, if no peak was
noted, mean pressure was calculated over a 2-min period before and
after microinjection. The area under the curve (AUC) (i.e., total
decrease in IgP) after microinjection was calculated using a com-
puter imaging program (Imaging Research Inc., St. Catherine’s,
Ontario, Canada). Minute Motility Index was calculated for antral
motility for the 2-min period before and after microinjection (Orms-
bee and Bass, 1976).

The differences between groups were assessed by one-way
ANOVA followed by the Student-Newman-Keuls or Dunn’s multiple
comparisons test. Values of P , .05 were considered to be statisti-
cally significant.

Results
Figure 1 demonstrates the compiled data on microinjection

of SP (35–405 pmol) into the DMN. There are significant
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decreases in IgP (both peak and total AUCs) and antral
motility at 135 and 405 pmol of SP (Fig. 1); however, there
are no significant effects on mean arterial pressure or heart
rate (Table 1). Figure 2 illustrates the location of the micropi-
pette tips when 135 pmol of SP (n 5 6) was microinjected in
these experiments. Microinjections are generally placed on
the ventral border of the DMN, rostral to the obex (according
to Paxinos and Watson, 1986). The spread of the dye encom-
passes the DMN and part of the hypoglossal nucleus in some
cases, but very little dye extended into the nucleus tractus
solitarius. Figure 3 is a sample chart recording illustrating
that, on microinjection of 135 pmol of SP into the DMN, there
is a rapid decrease in IgP of approximately 2 cm H2O, which
returns to baseline within 6 min. Similarly, antral contrac-
tility is inhibited during this time, but there are no apparent
changes in cardiovascular indices in this case.

In contrast to the situation for the DMN, microinjection of
SP (35–405 pmol) into the nAmb significantly increased peak
IgP, at doses of 135 and 405 pmol, and total IgP at a dose of
135 pmol (Table 2). The antral motor responses were variable
and did not attain statistical significance overall. The loca-
tion of the microinjection sites of the 135-pmol dose in these
animals is generally in the region of the nAmb (Fig. 2). A

Fig. 1. Compiled data showing the decrease in IgP (both peak and total IgP) and antral motility on microinjection of vehicle and SP (35–405 pmol)
into the DMN. *P , .05 compared with saline. Number above x-axis refers to n.

TABLE 1
Effect of vehicle, SP (135 pmol), and GR203040 microinjected into the DMN on peak IgP response and total AUC as well as antral motility (MMI),
mean arterial pressure (MAP), and heart rate (HR)
Values indicate the change from baseline.

Treatment n Peak IgP Total IgP MMI MAP HR

cm cm2 mm Hg beats/min

Vehicle 7 0.1 6 0.1 0.0 6 0.0 0.2 6 0.2 0 6 0 0 6 0
SP 7 21.4 6 0.1* 21.2 6 0.3* 25.3 6 1.5* 26 6 8 24 6 14
GR203040 7 20.5 6 0.3 20.2 6 0.1 20.7 6 0.5 21 6 2 24 6 6
SP after GR203040 7 20.9 6 0.2*,** 20.4 6 0.2** 22.6 6 0.8*,** 21 6 1 7 6 3

* P , .05 compared with vehicle.
** P , .05 compared with SP before GR203040.

Fig. 2. Spatial dissection of the location of the tip of the micropipette for
microinjections (135 pmol of SP) into the region of the DMN and nAmb.
Sections were drawn by use of a drawing tube attached to a Nikon
Labophot microscope and are arranged from most caudal (top left) to most
rostral (bottom right). AP, area postrema; cc, central canal; IO, inferior
olive; mlf, medial longitudinal fasciculus; nROb, nucleus raphe obscurus;
nTS, nucleus of the solitary tract; P, pyramid; RVL, rostroventrolateral
medulla; XII, hypoglossal nucleus.
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typical chart recording shows that SP at 135 pmol evokes a
rapid transient increase in IgP that lasts for approximately
1.5 min (Fig. 4). In this particular instance, antral motility

was also slightly increased. It appears that both motility and
IgP exhibit a poststimulation rebound inhibition, but this
was not quantified. There was a transient decrease in heart
rate and a small increase in blood pressure in this animal.

Significant decreases in IgP (peak and total AUCs) and
antral motility were observed after microinjection into the
DMN of NK1R agonist [Sar9,Met(O2)11]SP but not after
NK3R agonist senktide (Fig. 5). A typical trace recording
demonstrates that after the microinjection of
[Sar9,Met(O2)11]SP, there is a rapid decrease in baseline IgP
and antral motility that is sustained for approximately 6 min
(Fig. 6A). Microinjection of senktide has no apparent effects
on gastric motor function (Fig. 6B). Microinjection into the
DMN of an NK1R antagonist, GR203040, alone did not sig-
nificantly change gastric motor function, mean arterial pres-
sure, or heart rate. However, this pretreatment attenuated
the decrease in IgP evoked by microinjection of 135 pmol of
SP into the DMN (Table 1).

The inhibition of gastric motor function evoked by micro-
injection of SP into the DMN was completely abolished by
vagotomy (Table 3). Hexamethonium, administered at a dose
of 15 mg/kg i.v. 10 min before microinjection of SP, abolished
the expected decrease of total AUC IgP and inhibition of
motor activity (Table 3). There still was a small but signifi-
cant decrease in peak IgP compared with vehicle microinjec-

Fig. 4. Representative chart recording showing the effect of microinjec-
tion of 135 pmol of SP into the nAmb on IgP, antral motility, heart rate,
and blood pressure.

Fig. 3. Representative chart recording showing the effect of microinjection of 135 pmol of SP into the DMN on IgP, antral motility, heart rate, and
blood pressure. p, cannula flushes that are unrelated to the microinjection.

TABLE 2
Effect of vehicle or SP (135–405 pmol) microinjected into the nucleus ambiguus on intragastric peak IgP response, total AUC IgP, and antral
motility (MMI)
Values indicate the change from baseline.

Treatment n Peak IgP Total IgP MMI

cm cm2

Vehicle 7 0.0 6 0.1 0.0 6 0.0 0.2 6 0.3
SP 35 pmol 4 1.2 6 0.2 0.1 6 0.0 0.7 6 0.5
SP 135 pmol 5 3.2 6 1.1* 0.7 6 0.2* 2.0 6 0.4
SP 405 pmol 4 1.7 6 0.2* 0.4 6 0.2 1.7 6 1.1

* P , .05 compared with saline.
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tion, although this response is significantly attenuated com-
pared with the effect of SP before hexamethonium (Table 3).

Discussion
The results of this study demonstrate for the first time that

the functional sequelae of activation of NK1R on vagal neu-
rons in the DMN is a marked inhibition of IgP and gastric

motility. This effect seems to be mediated through a cholin-
ergic vagal pathway that involves a nicotinic receptor, pre-
sumably at the vagal-enteric NANC interface. Here, we dis-
cuss several technical and interpretative issues; these
include the rationale for assuming that microinjections of SP
and NK1R agonist act primarily on neurons in the DMN and
the receptor selectivity of the response. The implications of
these data are discussed in terms of the role of SP in reflex

Fig. 5. Compiled data showing the decrease in IgP (both peak and total IgP) and antral motility on microinjection into the DMN of [Sar9,Met(O2)11]SP,
an NK1R agonist (135 pmol), but not senktide, an NK3R agonist (135 pmol). *P , .05 compared with saline.

Fig. 6. Sample trace recording showing that the NK1R agonist (A) but not the NK3R agonist (B) decreases IgP and reduces antral motility.
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control of gastric relaxation and the antiemetic site of action
of NK1R antagonists.

The conclusion that NK1R-evoked gastric inhibition occurs
via a direct action on vagal motor neurons is based on both
anatomical and physiological data, as follows. First, the
NK1R is prevalent in preganglionic neurons of the DMN
(Baude and Shigemoto, 1998; Dixon et al., 1998). Second,
NK1R is present in some (7%) neuronal cell bodies in the
DMN that project onto the greater curvature of the stomach
(Ladic and Buchan, 1996). These investigators did not look at
the percentage of NK1R-expressing cells that project to the
fundus (a region where gastric relaxation is accomplished); it
is possible that a higher percentage of NK1R-expressing cells
project to this region. Altogether, these data indicate that
NK1R is intimately involved in the control of vagal motor
output to the stomach. However, NK1R is also highly ex-
pressed in subnuclei of the nucleus tractus solitarius (Dixon
et al., 1998), and SP is present within some vagal primary
afferents (Sykes et al., 1994) and descending projections
(Thor and Helke, 1989). In addition, SP evokes gastric relax-
ation when injected into the nucleus tractus solitarius (Spen-
cer and Talman, 1986) and increases the firing rate of neu-
rons in this nucleus in brain slice neonate preparations
(Yuan and Lowell, 1997). Therefore, it could be argued that
the gastric effects of SP and NK1R agonist in the present
study are due to actions on the neurons of the nucleus tractus
solitarius and/or preganglionic neurons of the DMN. We
counter this as follows. First, spatial dissection of the effec-
tive microinjection sites illustrates that the micropipette tips
are located within or immediately below the DMN. Since we
recognize that spread of the injectate to the nucleus tractus
solitarius could still occur, there are two additional lines of
evidence. We use L-glutamate microinjection to functionally
locate the DMN before microinjection of test agents. In-
creased gastric motor activity is noted only on stimulation of
DMN neurons (Ormsbee et al., 1984; Raybould et al., 1989;
Sivarao et al., 1999), whereas decreased motor activity occurs
after chemical stimulation of the nucleus tractus solitarius
(Raybould et al., 1989). This protocol has been used in pre-
vious studies (Krowicki et al., 1997a; Sivarao et al., 1999) and
allows us to be more confident that the functional site of
microinjection is in the DMN. Finally, SP microinjected into
the DMN had no effect on heart rate and blood pressure,
whereas microinjection of SP (Spencer and Talman, 1986)
and NK1R agonist (Feldman, 1995) into the nucleus tractus
solitarius decreases blood pressure. Feldman (1995) also

noted that microinjections of SP and NK1R agonist into DMN
resulted in no significant cardiovascular changes. Thus, in
our experiments, it is unlikely that the observed primary
effects are due to a site of action on neurons of the nucleus
tractus solitarius. Consequently, the results of the present
study cannot address the mechanism of action by which SP in
the nucleus tractus solitarius evoked gastric relaxation in the
study of Spencer and Talman (1986).

We were initially surprised that SP and NK1R activation in
the DMN resulted in gastric relaxation. We wondered if this
was a phenomenon of SP related to all vagal motor neurons,
including those in the nAmb, which also innervate the stom-
ach (Shapiro and Miselis, 1985). Agents applied to the nAmb
evoke gastric motor responses (Garrick et al., 1989). In con-
trast to the case for the DMN, microinjection of SP into the
nAmb significantly increased gastric motor activity. The
functional significance of this effect is not clear. It has been
noted that the application of NK1R antagonists to the region
of the subcompact nAmb in decerebrate dogs attenuates
emetic responses (Fukuda et al., 1999), although we cannot
predict how gastric contractility evoked at this site in rats
relates to emetic responses.

The fact that opposite gastric motor sequelae results from
SP microinjected into the DMN and the nAmb suggests that
the ligand may be acting on different populations of neurons
in these regions. This is because, in general, SP (Plata-
Salaman et al., 1989) and NK1R agonists (Martini-Luccarini
et al., 1996) depolarize vagal motor neurons. Hyperpolariza-
tion occurred in fewer than 10% of DMN neurons in response
to SP and never in response to NK1R-selective agonists (Mar-
tini-Luccarini et al., 1996). Therefore, for SP and NK1R in the
DMN to evoke gastric relaxation, the most plausible expla-
nation is that the receptor is activated on vagal pathways
that control enteric inhibitory motor neurons.

The term NANC refers to the neurochemistry of the post-
ganglionic/enteric nerves. The preganglionic neurons in this
NANC pathway are cholinergic and act via nicotinic syn-
apses at the ganglia to cause the release of NO (Desai et al.,
1994; Meulemans et al., 1995; Takahashi and Owyang, 1995)
and vasoactive intestinal polypeptide (Grundy et al., 1993;
Takahashi and Owyang, 1995), which evoke smooth muscle
relaxation. In addition to this NANC pathway, there are NO
synthase-containing preganglionic neurons (Krowicki et al.,
1997b) that project selectively to the fundus of the stomach
(Zheng et al., 1999). Stimulation of these nitrergic neurons
evokes gastric relaxation that is not abolished by hexame-

TABLE 3
Effect of vagotomy and hexamethonium (HEX; 15 mg/kg) on the inhibition of Peak IgP response, total AUC, and antral motility (MMI) evoked by
SP (405 pmol) microinjected into the DMN
Values indicate the change from baseline.

Treatment n Peak IgP Total IgP MMIa MAP HRa

cm cm2 mm Hg beats/min

Vagotomy
Vehicle 4 0.2 6 0.1 0.0 6 0.0 0.7 6 0.4 0 6 0 0 6 0
SP before vagotomy 4 21.3 6 0.1* 22.0 6 0.6* 22.8 6 0.9* 4 6 2 7 6 7
SP after vagotomy 4 0.0 6 0.0** 20.0 6 0.0** 0.3 6 0.3** 4 6 4 3 6 3

HEX
Vehicle 5 0.0 6 0.0 0.0 6 0.0 0.3 6 0.2 1 6 1 0 6 0
SP before HEX 5 21.4 6 0.1* 22.8 6 0.3* 25.1 6 1.8* 210 6 10 214 6 13
SP after HEX 5 0.6 6 0.1*,** 0.2 6 0.1** 0.6 6 0.9** 26 6 4 2 6 2

a n 5 3.
* P , .05 compared with vehicle.
** P , .05 SP before treatment versus SP after treatment.

2000 NK1 Receptor in Dorsal Vagal Complex 219

 at A
SPE

T
 Journals on O

ctober 6, 2016
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


thonium (Krowicki et al., 1999). Therefore, we used hexame-
thonium and vagotomy to test whether gastric relaxation was
a result of activation of NK1R located on cholinergic or ni-
trergic neurons in the DMN that ultimately control enteric
NANC inhibitory neurons. Both vagotomy and ganglionic
blockade with hexamethonium largely abolished the gastric
relaxation in response to SP microinjection in the DMN. This
suggests that the NK1R is on cholinergic neurons (which
control NANC motor inhibitory pathways) rather than the
hexamethonium-resistant pathway involving preganglionic
nitrergic neurons. This also concurs with the anatomical
observation that NK1R was very rarely colocalized with NO
synthase in neurons in the DMN (Dixon et al., 1998). We are
able to conclude, therefore, that SP-evoked gastric relaxation
is mediated primarily by classic vagal-enteric NANC path-
ways involving cholinergic preganglionic neurons. Because
NK1R is present only in a subpopulation of neurons in the
DMN (Ladic and Buchan, 1998), this leads to the intriguing
speculation that NK1R may provide a marker for identifying
cholinergic vagal neurons that control NANC inhibitory neu-
rons. In addition, if NK1R selectively activates neurons that
initiate fundic relaxation, then reflexes, such esophageal or
colonic distention-evoked gastric relaxation, may utilize the
NK1R at this site. Because reflex fundic relaxation could be
accomplished by inhibition of vagal cholinergic excitatory
output or excitation of vagal-enteric NANC inhibitory path-
ways to the fundus, these results imply that SP/NK1R is a
mechanism for selectively activating inhibitory vagal-enteric
NANC inhibitory pathways.

In the DMN, SP and NK1R agonists were equipotent to
evoke similar depolarizing responses (Maubach and Jones,
1997). In the present study, similar doses of SP and NK1R
agonist in the DMN evoked comparable gastric motor inhi-
bition. The response to SP was significantly attenuated by a
prior microinjection of the selective NK1R antagonist
GR203040. Together, these data indicate that SP mediates
its effects primarily on the NK1R in the DMN. Gastric acid
secretion is also inhibited by microinjection of SP or an NK1R
agonist into the dorsal vagal complex (Yang and Tache,
1997). It has also been reported that DMN neurons highly
express NK3R (Carpentier and Baude, 1996), and therefore
we investigated the gastric motor effects of microinjection of
the NK3R agonist senktide. The fact that senktide microin-
jected into the DMN had no functional effect on IgP or mo-
tility in our experiments supports electrophysiological data
that neurons in DMN were unaffected by both NKB, an
NK3R ligand (Martini-Luccarini et al., 1996; Maubach and
Jones, 1997), and senktide (Maubach and Jones, 1997).
Therefore, the functional significance of NK3R in the DMN
remains to be elucidated. Although NKA has been reported to
depolarize DMN neurons (Martini-Luccarini et al., 1996),
these effects were not mimicked by a specific NK2R agonist
(Maubach and Jones, 1997). Therefore, we did not investigate
any role of NK2R drugs.

NK1R antagonists have been shown to be antiemetic in
pigs (Grelot et al., 1998) and in some studies in humans
(Navari et al., 1999). The antiemetic properties of NK1R
antagonists are thought to be due to a site of action in the
dorsal vagal complex (Watson et al., 1995; Tattersall et al.,
1996; Rudd et al., 1999). Because fundic relaxation is a pro-
dromal event essential for emesis, it is attractive to speculate
that NK1R antagonists inhibit emesis by blocking NK1R on

preganglionic neurons in the DMN. However, one study re-
ported that an NK1R antagonist, GR-205171, which abol-
ished retching in response to vagal stimulation, apparently
had no effect on corpus and antral relaxation (Furukawa et
al., 1998). These investigators then concluded that
GR-205171 acts on a vagal afferent pathway. However, the
NK1R antagonist did not affect the response of medial nu-
cleus tractus solitarius neurons to vagal stimulation (Fukuda
et al., 1998). Another NK1R antagonist, CP-99,994, did not
prevent loperamide-induced c-fos expression in the nucleus
tractus solitarius, although retching and vomiting were abol-
ished (Zaman et al., 2000). Thus, NK1R antagonists are un-
likely to prevent emesis at the level of the primary afferent
inputs to the nucleus tractus solitarius. It was subsequently
suggested that the site of the antiemetic action of NK1R
antagonists is in the central pattern generator for vomiting
or in the pathway connecting the nucleus tractus solitarius to
this region (Fukuda et al., 1999). In summary, the antiemetic
site of action of NK1R antagonists in the dorsal vagal com-
plex is elusive and may involve multiple sites. The results of
the present study suggest that the antiemetic action of NK1R
antagonists may be partially mediated in the DMN through
the inhibition of preganglionic vagal cholinergic neurons that
control enteric NANC inhibitory motor pathways to the fun-
dus.
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