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1 Recent studies have shown antagonists at the NK1 subtype of receptor for tachykinins are anti-
emetics and suggested that this may result from blockade of tachykinin-mediated synaptic transmission
at a central site in the emetic re¯ex.

2 We have used intracellular recording in vitro to study the pharmacology of tachykinins in the nucleus
of the solitary tract (NST) and dorsal motor nucleus of the vagus (DMNV).

3 Neurones in the NST were depolarized by substance P (SP), the presumed endogenous ligand for the
NK1 receptor and these e�ects were mimicked by the NK1 agonists, SP-O-methylester (SPOMe),
GR73632 and septide; however, SP was nearly an order of magnitude less potent than the latter two
agonists.

4 In the DMNV, SP and NK1 receptor agonists evoked similar depolarising responses but SP appeared
to be more potent than in the NST and was closer in potency to the other agonists.

5 NK1-receptor antagonists blocked responses to septide and GR73632 in the NST but had little e�ect
on responses to SP and SPOMe. In contrast, in the DMNV the NK1-receptor antagonists blocked
responses to septide and GR73632 but also reduced responses to SP and SPOMe.

6 Neurokinin A (NKA) was almost equipotent with septide and GR73632 in depolarizing both NST
and DMNV neurones but these e�ects were not mimicked by a speci®c NK2-receptor agonist. Responses
to NKA were una�ected by an NK2-receptor antagonist; however, the depolarizing e�ects of NKA were
blocked by NK1-receptor antagonists.

7 Neurones in both DMNV and NST were una�ected by the endogenous NK3-receptor ligand,
neurokinin B and by a speci®c agonist for this site, senktide.

8 The results with NK1 receptor agonists and antagonists suggest that the septide-sensitive NK1 site is
involved in the excitation of both NST and DMNV neurones. The `classical' NK1 receptor may play
more of a role in the DMNV and a third unknown site may be responsible for the depolarizing response
to SP in the NST. The e�ects of NKA are best interpreted as an action at the septide-sensitive NK1 site.
This raises the possibility that anti-emetic action of the NK1 antagonists may be due to blockade of
NKA transmission at the septide-sensitive site.
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Introduction

The use of 5-hydroxytryptamine3 (5-HT3) receptor antagonists
has been a major advance in the management of nausea and
vomiting (Aapro, 1991). These agents are e�ective against the
acute phase of emesis but less so against the delayed phase that
occurs after chemo- or radiotherapy (for a review see Andrews,
1994). In addition, they do not block vagally-dependent emesis
induced by certain agents (Bhandari & Andrews, 1991) or
emesis induced by centrally acting stimuli (Bermudez et al.,
1989; Bhandari et al., 1992). Further advances in the control of
emesis are desirable and there is considerable interest in
therapies aimed at interrupting the ¯ow of sensory information
from the vagal a�erents that initiate the emetic re¯ex. One
approach which is receiving attention is the use of antagonists
of tachykinin neurotransmitters, substance P (SP), neurokinin
A (NKA) and neurokinin B (NKB). Based on rank orders of
potency, these endogenous peptides have been suggested to be
prototypic ligands for three receptor subtypes, the NK1, NK2

and NK3 receptors, respectively (Regoli et al., 1989, 1994).
This classi®cation of tachykinin receptors is currently being

revised to incorporate subtypes of receptors (see Maggi et al.,
1993; Mussap et al., 1993; Regoli et al., 1994). In particular,
discrepancies in binding and functional studies have lead to
speculation that two distinct NK1 receptors exist (Petitet et al.,
1992; Maggi et al., 1993; Meini et al., 1994).

In 1993, Bountra et al. and Tattersal et al. demonstrated
that systemic administration of CP-99,994, a speci®c antago-
nist at the NK1 receptor, reduced retching in ferrets challenged
with a range of emetogens. Gardner et al. (1994) suggested a
central site of action of this anti-emetic e�ect as the e�ects of
systemic administration were mimicked by direct injection of
the drug into the brainstem. More recently, Watson et al.
(1995) also suggested that the anti-emetic e�ects of CP-99,994
depended on blockade of NK1 receptors within the brainstem,
with the most likely site being the nucleus of the solitary tract
(NST).

It has long been suspected that the NST is involved in the
emetic re¯ex. Borison & Wang (1949, 1953) showed that vo-
miting can be induced by electrical stimulation in the solitary
complex of decerebrate cats and that lesions of this region
rendered dogs refractory to emetic agents. A recent paper
which examined the connectivity of the solitary complex in the
ferret suggested that the motor emetic centre was located in the
NST (Strominger et al., 1994). The NST is the ®rst relay of
visceral sensory a�erents in the CNS, receiving inputs from
multiple modalities, including those originating from gastro-
intestinal structures and conveyed via the vagus nerves. Such
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®bres also project to the area postrema (AP) which in turn
provides further input to the NST. The NST is therefore a
convergence point of the two inputs known to be activated by
emetic stimuli. Output from the NST diverges to many
brainstem regions including the dorsal motor nucleus of the
vagus (DMNV) which is the main source of vagal output (e.g.
see Ter Horst & Stree¯and, 1994). Although this picture is
oversimpli®ed these pathways form an `emetic loop' which
may be intimately involved in the perception of nausea and the
vomiting re¯ex.

There is good evidence to support a role for SP in these
pathways. SP is a transmitter of vagal or glossopharyngeal
primary sensory neurones projecting to the brainstem
(Baude et al., 1989) and is present in vagal a�erent ®bres
and in axon varicosities in the NST, DMNV and AP
(Ljungdahl et al., 1978; Gillis et al., 1980; Chiba & Murata,
1982; Leslie, 1985). These regions exhibit high concentra-
tions of tachykinin receptors (Mantyh et al., 1989; Nakaya
et al., 1994; Maubach et al., 1995a; Watson et al., 1995) and
SP has been shown to be released from the NST in vivo
(Morilak et al., 1988) and in vitro (Helke et al., 1981).
Electrophysiological studies have demonstrated powerful
excitatory e�ects of tachykinins on neurones of the dorsal
vagal complex (Carpenter et al., 1983; Morin-Surun et al.,
1984; Plata-Salaman et al., 1988; Jacquin et al., 1989;
Martini-Luccarini et al., 1996). There is also evidence linking
tachykinins to the emetic re¯ex. The capsaicin analogue,
resiniferatoxin, abolished the emetic response to peripherally
and centrally-acting stimuli in ferrets and it was suggested
that this may be due to depletion of SP at a central site
(Andrews & Bhandari, 1993). Systemic administration of SP
can induce emesis in dogs (Carpenter et al., 1984) and fer-
rets (Knox et al., 1993). As already mentioned, several stu-
dies have demonstrated the anti-emetic e�ects of the NK1-
receptor antagonist, CP-99,994 (Bountra et al., 1993; Tat-
tersal et al., 1993; Watson et al., 1995).

If we are to understand further the putative role of tachy-
kinins in the emetic pathways we need to de®ne precisely the
e�ects of the peptides on neurones in the dorsal vagal complex,
the receptors involved and the likely endogenous ligand. An
array of potent and selective agonists and antagonists for
tachykinin receptors have been developed (Regoli et al., 1988;
McLean et al., 1992, 1993). We have used a number of these
agents and intracellular recording in a rat brain slice pre-
paration in vitro to investigate further the physiology and
pharmacology of responses to tachykinins in the NST and
DMNV. Some of these results have been published in abstract
form (Maubach et al., 1994a,b, 1995b).

Methods

Male Wistar rats (120 g) were anaesthetized with ketamine
hydrochloride (100 mg kg71 i.m.) and decapitated. The brain
was removed and placed in cold (48C) arti®cial cerebrospinal
¯uid (ACSF; composition in mM: NaCl 126, KCl 3.25, MgSO4

2, NaH2PO4 1.25, NaHCO3 24, CaCl2 2 and D-glucose 10). A
block of the brainstem was dissected away and coronal slices
(400 mm thick) containing the dorsal vagal complex were cut in
the dorsal to ventral direction using a Campden Vibroslice.
Five to six slices were taken starting approximately 1.5 mm
caudal to the obex and continued to approximately 1.5 mm
rostral to the obex. In this way we included most of the caudal
NST in our slices. Some of the more rostral slices would
therefore also contain rostral (gustatory) NST. The slices were
transferred directly to the recording chamber where they were
maintained at the interface between a continuous ¯ow
(1.2 ml min71) of ACSF at 348C and moistened carbogen gas
(95% O2/5% CO2). The perfusion medium was continuously
bubbled with carbogen and had a pH of 7.4 at the recording
temperature. The slices were allowed to equilibrate in the re-
cording chamber for at least 1 h before recording was com-
menced.

Conventional techniques were used to make intracellular
voltage recordings from neurones in the NST and DMNV
using electrodes (40 ± 120 megohms) ®lled with K-acetate (3 M)
and an Axoclamp 2A ampli®er in bridge mode. In the case of
NST neurones, recording were made from both medial and
lateral locations within the nucleus. Membrane potential (Em)
was continuously monitored on a digital recording oscillo-
scope, displayed on a chart recorder and recorded on digital
audio tape for subsequent analysis. In the majority of re-
cordings, negative current pulses (100 ms, 0.05 ± 0.2 nA) were
injected via the recording electrode every 2 ± 3 s. The ampli-
tude of the hyperpolarizations evoked was used to monitor
apparent input resistance.

All drugs were applied by bath perfusion by switching the
bath perfusion from drug free to drug containing ACSF.
Peptide solutions contained a cocktail of peptidase inhibitors
(phosphoramidon, bestatin, chymostatin and leupeptin, all at
1 mM) to help prevent biodegradation of peptides. A period of
1 min was required for solution changes to reach the bath.
Once the new solution reached the bath, perfusion was con-
tinued for 60 s before switching back to drug free solutions. In
this way, receptor agonists were perfused for 2 min periods. In
the majority of cases this was su�cient for any change in
membrane potential to reach a steady state. When antagonists
were applied, a period of at least 15 min was allowed for
equilibration before agonists were re-applied. To avoid inac-
curacy in calculating changes in membrane potential due to the
presence of action potentials, experiments where quantitative
comparisons were required (e.g. agonist potency estimates)
were conducted in the presence of tetrodotoxin (TTX, 1 mM).
Statistical comparisons where made where appropriate with a
Students t test.

All salts used in making the ACSF were obtained from
BDH and were of AnalaR grade or better. The peptidase in-
hibitors, phosphoramidon, bestatin, leupeptin and chymosta-
tin were obtained from Sigma Chemical Company. TTX was
obtained from Calbiochem. All tachykinin agonists and an-
tagonists were a kind gift from Glaxo Wellcome Research and
Development Ltd. Substance P, neurokinin A, neurokinin B,
substance P-O-methylester (SPOMe), septide (pGlu-Phe-Phe-
L-Pro-Leu-Met-NH2) and senktide (Succ-Asp-Phe-MePhe-
Gly-Leu-Met-NH2) were originally purchased from Peninsula
Laboratories, Europe Ltd. The compounds GR73632 (d-Ava-
Phe-Phe-Pro-MeLeu-Met-NH2), GR82334 (Gly-Ala-Asp-Pro-
Asn-Lys-Phe-Tyr-D-Pro[spiro-g-lactam]Leu-Trp-NH2), CP-
99,994 ((+)-(2S,3S)-3-(2-methoxybenzylamino)-2-phenylpi-
peridine), GR159897 ((R)-1-[2-(5-¯uoro-1H-indol-3-yl)ethyl]-
4-methoxy-4[(phenylsul®nyl)methyl]-piperidine) and GR64349
(Lys-Asp-Ser-Phe-Val-Gly[R-g-lactam]-Leu-Met-NH2) were
synthesised in the Department of Medicinal Chemistry, Glaxo
Wellcome Research and Development Ltd, Ware. All drugs
were dissolved in distilled water (unless otherwise stated),
made up to a stock concentration of 1 mM and stored as small
aliquots in a freezer (7208C) until use. SP, NKA, SPOMe and
senktide were dissolved in a minimal volume of acetic acid
(5 mM), and NKB and septide were dissolved in a minimal
volume of dimethylsulphoxide, before making up to volume
with distilled water. Stock solutions were diluted to ®nal de-
sired concentration in ACSF immediately prior to application.

Results

Neurones studied

Neurones in the AP are small and so far it has proved im-
possible to maintain impalements for periods long enough to
conduct detailed pharmacological studies; therefore, all the
studies have been conducted in the NST and DMNV. Neu-
rones in both nuclei were characterised by relatively depolar-
ized membrane potentials, fast action potentials, large and
prolonged after-hyperpolarizations, slow membrane time
constants, high apparent input resistances and a high degree of
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spontaneous activity (Bradley & Sweazey, 1990; King et al.,
1993; Tell & Bradley, 1994). Although it is likely that the
neurones studied in either nucleus formed a heterogeneous
population, no attempt has been made to separate them on the
basis of electrophysiological properties or morphology in the
present experiments. Neurones with membrane potentials po-
sitive to 755 mV and in which spontaneous action potentials
could not be prevented by the injection of small amounts of
hyperpolarizing current were excluded from analysis. Applying
these arbitrary criteria, the mean (+s.e.mean) resting EM, ac-
tion potential amplitude (from rest) and input resistance of a
sample (n=47) of NST neurones were 765.6+1.5 mV,
92.2+1.2 mV and 122.1+4.7 MO, respectively. Similar values
were seen in DMNV neurones (766.0+0.8 mV, 99.1+1.2 mV
and 105.9+4.9 MO, respectively, n=59).

E�ects of tachykinin agonists on NST neurones

NK1 receptor agonists The e�ects of SP were tested on 20
neurones in the NST and changes in membrane potential were
recorded in 15 of these (75%). In the remaining 25% even high
concentrations (up to 5 mM) had no detectable e�ect. In those
that did respond, application of SP produced a slow depolar-
ization of the membrane potential which in many cells reached
threshold for the generation of action potentials. Examples of
such responses can be seen in Figures 1 and 5. The depolari-
zation could be accompanied by an increase in apparent input
resistance although this was variable, some cells showing little
in the way of a resistance change (n=7). In a sample of eight
neurones the mean depolarization to SP at 500 nM was
4.8+0.6 mV (mean+s.e.mean) and input resistance increased
by 25.5+2.9%. Concentration ± response curves were con-
structed in three neurones (e.g. Figure 2) and from these it was

possible to estimate a mean EC50 of 773+146 nM (Figure 3).
The depolarising responses to the SP and other NK1 receptor
agonists (see below) persisted in the presence of TTX indicat-
ing a postsynaptic action. When action potential generation
was prevented by TTX there was often an apparent enhance-
ment of the depolarization due to the removal of the spikes and
their associated strong afterhyperpolarizations. Finally, there
was no evidence of desensitisation when repeated applications
were made to the same neurone.

The NK1 receptor agonist, GR73632, was more e�ective
than SP and depolarized 36 of 40 neurones (e.g. see Figures 1,
5). As with SP, the depolarisation readily reached threshold for
action potential generation and was accompanied by an in-
crease in apparent input resistance in many neurones. GR73632
was at least an order of magnitude more potent than SP, gen-
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Figure 1 E�ects of tachykinin agonists on NST neurones. The traces
are chart recordings of membrane potential from four di�erent
neurones. The downward de¯ections are responses to injection of
negative current pulses used to monitor neuronal input resistance.
The large de¯ections superimposed on some of the depolarizing
responses (e.g. in the third line) are action potentials which have been
truncated by ®ltering of the chart recorder. Agonists were applied by
bath perfusion. The bars below the traces represent the time from
which the drug solution reached the bath to the time when the return
to drug free solution began.
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Figure 2 Concentration ± response curves to septide (&), NKA (*)
and SP (~) constructed on a single NST neurone. Responses were
quanti®ed by measuring the peak amplitude of depolarizations evoked
in the presence of TTX to prevent the generation of action potentials.
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Figure 3 Comparison of EC50 values for tachykinin agonists on
NST neurones. Values were calculated from concentration ± response
curves (see Figure 2) in a number (indicated in parentheses) of
neurones and an average value determined.
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erating a depolarization of 9.3+0.7 mV at 50 nM (n=27). The
EC50 for GR73632 calculated from concentration ± response
curves in four neurones was 40+13 nM (Figure 3). The di�er-
ence in potency between SP andGR73632 was highly signi®cant
(P50.001). Septide was tested on eight neurones and depolar-
ised seven (Figure 1). The characteristics of the responses were
similar to those described for SP and GR73632. Like the latter,
septide was more potent than SP and this is illustrated by the
concentration ± response curves in Figure 2. Similar depolariz-
ing responses were also evoked by SPOMe (Figures 1, 5). This
agonist was less potent than GR73632 and septide, but more
potent than SP. EC50 values calculated from concentration ±
response curves (Figure 2) were 18 and 23 nM for septide (n=2)
and 120 and 500 nM for SPOMe (n=2). Mean EC50 values are
illustrated in Figure 3 and suggest a rank order of potency for
depolarization of NST neurones by NK1 receptor-selective
agonists of septide5GR736324SPOMe5SP.

NK2 and NK3 receptor agonists GR64349, the selective NK2-
receptor agonist, had no e�ect over the concentration range
tested (0.1 ± 5 mM) on nine NST neurones (Figure 1). Surpris-
ingly, NKA, which has long been accepted as the endogenous
ligand for the NK2 receptor, was very e�ective (see Figure 1). It
depolarised 16 of 18 neurones (89%) and evoked a depolari-
sation of 9.8+1.9 mV at 100 nM (n=5). The EC50 value
(167+44 nM, n=6) was signi®cantly less than that of SP
(P50.001) but greater than that of GR 73632 (P50.05)
(Figures 2, 3).

NKB and the NK3-receptor agonist, senktide were tested on
four and seven neurones, respectively. NKB (0.1 ± 3 mM) failed
to alter membrane potential or input resistance (Figure 1) and
likewise senktide (0.1 ± 3 mM) was without e�ect (data not
shown). Thus, of the agonists tested on NST neurones, the rank
order of potency can be summarised as: GR736325septide
4NKA4SPOMe5SP44GR64349= senktide=NKB.

E�ects of tachykinin agonists on DMNV neurones

NK1 receptor agonists SP produced a concentration-depen-
dent depolarization of membrane potential in 24 of 40 neu-
rones (e.g. Figure 6) and had no e�ect in the remainder (up to
3 mM). The mean depolarisation to SP (500 nM) in 16 neurones
was 6.3+0.5 mV. Again, the depolarization could be accom-
panied by an increase in input resistance (+20.6+2.8%,
n=8). Concentration ± response curves (n=6) gave an EC50 of
140+41 nM. There was no apparent di�erence in the form of
responses to SP in the DMNV compared with the NST but it
was more potent (P50.01) in the former (Figures 3, 4).

Other NK1 receptor-selective agonists also depolarised
DMNV neurones. GR73632 was extremely e�ective and de-
polarised 42 of 48 neurones (see Figure 6) with only six un-
a�ected. As in the NST, GR73632 was more potent than SP
(P50.005), generating a mean depolarisation of 9.8+0.9 mV
at 50 nM (n=29) with an EC50 estimated from concentration ±
response curves in 10 neurones of 34+10 nM. Septide was
tested on six neurones and depolarised all of them. Although
the EC50 for septide (102+21 nM, n=3) was signi®cantly
greater than that of GR73632 (P50.005) it was not signi®-
cantly di�erent to SP. SPOMe depolarised 9 of 13 neurones
tested (69%). EC50s estimated in two neurones were 29 and
320 nM. Thus, in contrast to the NST, NK1 receptor agonists
were very similar in their ability to depolarize DMNV neu-
rones. Examples of responses to these agonists can be seen in
Figure 6 and these results are summarized in Figure 4.

As in the NST, there was little evidence of any desensiti-
zation to any of the NK1-receptor agonists, repeated applica-
tions evoking responses of similar amplitude and duration.
Again, suppression of action potentials by TTX (1 mM) could
result in an apparent enhancement of the underlying depo-
larisation induced by tachykinin receptor agonists.

NK2 and NK3 receptor agonists The e�ects of the NK2-recep-
tor agonist, GR64349, was tested on 12 neurones and the NK3

agonists, NKB and senktide on seven and nine neurones, re-
spectively. These agonists had virtually no e�ect over the con-
centration range tested (up to 3 mM). In contrast, NKAwas very
e�ective, depolarizing 18 of 22 neurones (e.g. Figure 8) and
evoking a mean response of 6.9+0.6 mV at 100 nM (n=10).
The EC50 for NKA (123+9 nM, n=4) was similar to that of the
NK1 receptor agonists and very similar to that observed in the
NST. The potency di�erences between these agonists on
DMNV neurones is shown in Figure 4. The EC50 for NKA was
not signi®cantly di�erent from that of SP or septide but sig-
ni®cantly greater than that of GR73632 (P50.001).

E�ects of tachykinin receptor antagonists on NST
neurones

To examine the e�ects of antagonists against a range of con-
centrations of di�erent agonists on the same neurone is not
feasible in intracellular studies due the long duration of re-
cording which would be necessary to achieve this. Therefore, we
employed the alternative, although less satisfactory approach,
of testing the antagonists against single submaximal concen-
trations of agonists which evoked similar responses. During
perfusion with antagonists of eitherNK1 orNK2 receptors there
were no discernible direct e�ects on membrane potential or
input resistance of either NST and DMNV neurones.

NK1-receptor antagonists GR82334, a peptide NK1-receptor
antagonist, signi®cantly reduced responses to GR73632. The
agonist (50 nM, n=6) evoked a mean depolarization of
8.7+0.6 mV in the absence of the antagonist. During perfu-
sion with GR82334 (5 mM) this was reduced to 1.4+0.5 mV
(P50.005). The antagonist had similar e�ects on responses to
septide (50 nM, n=3). The mean response amplitude before
GR82334 was 7.0+0.6 mV and this was reduced to
0.4+0.4 mV in the presence of the drug (P50.005). Thus,
responses to both agonists were almost abolished by this
concentration of antagonist.

In contrast, GR82334 (5 mM) had little e�ect on responses
to SPOMe (500 nM, n=3, Figure 6). Mean depolarizations in
the absence and presence of the antagonist were 5.3+0.3 mV
and 5.1+0.5 mV, respectively. Likewise, the antagonist failed
to a�ect responses to SP (500 nM) in two neurones. Figure 5a
shows a study where GR82334 abolished the response of an
NST neurone to GR73632 with little alteration in responses to
either SP or SPOMe.

We have also tested the non-peptide NK1 receptor antago-
nist, CP-99,994 (5 mM), and in all respects its e�ects resembled
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those of GR82334. In three neurones GR73632 (at 50 nM)
evoked a mean depolarisation of 8.7+0.3 mV and this was
reduced to 1.6+0.9 mV in the presence of CP-99,994
(P50.005). Similar e�ects were seen when responses to septide
(50 nM) were challenged with CP-99,994 (n=2). Before the
addition of the antagonist the response amplitude was 8 (7, 9)
mV and this was reduced to 2.8 (2.5, 3) mV in the presence of the
antagonist. CP-99,994 had no discernible e�ect on responses to
SPOMe (n=2) or SP (n=2). An example is shown in Figure 5b
where responses to GR73632 were abolished by the antagonist
but those to SPOMe and SP were unaltered. Thus, in the NST
neither NK1-receptor antagonist reduced responses to SP and
SPOMe. This contrasts with their e�ects on responses to
GR73632, septide and NKA which were all reduced to similar
extents. These e�ects are summarized in Figure 7a.

BothCP-99,994 andGR82334 also reduced responses toNKA
(100 nM). In the control situation, NKA evoked a mean depo-
larization of 7.5+0.3 mV (n=4). In the presence of GR82334
(5 mM) this was reduced to 1.4+0.7 mV (P50.005). With CP-
99,994, the depolarizing response was reduced from 6.5+0.3 mV
to 1.9+0.1 mV (P50.005, n=5). Similar e�ects were seen in the
DMNV (see below) and are illustrated in Figure 8.

NK2-receptor antagonist The e�ect of the NK2-receptor an-
tagonist, GR159897 (5 mM), was studied on responses to
GR73632 (50 nM, n=4), septide (50 nM, n=2), SP (500 nM,
n=2) and SPOMe (500 nM, n=2). Responses to all four NK1-
receptor agonists were una�ected by the antagonist.
GR159897 was also tested on responses of three NST neurones
to NKA. The responses to NKA were una�ected by the an-
tagonist (Figures 7a and 8a).

E�ects of tachykinin receptor antagonists on DMNV
neurones

NK1-receptor antagonists GR82334 (5 mM) reduced responses
to GR73632 (50 nM) from a mean of 7.2+0.8 mV to
1.2+0.6 mV (P50.0005, n=5). Similar e�ects were seen in
two neurones when responses to septide (50 nM) were chal-
lenged with GR82334. Response amplitudes were 6 mV and
8 mV in the control situation and in both cases the responses
were abolished by the antagonist. CP-99,994 (5 mM) also re-
duced responses to GR73632 and septide. In the presence of
CP-99,994 a mean depolarization of 7.5+0.7 mV to GR73632
was reduced to 3.7+0.3 mV (P50.01). CP-99,994 reduced
responses to septide in a single DMNV neurone from 6.0 mV
to 1.5 mV. Examples are shown in Figure 6 and results are
summarized in Figure 7. Both antagonists also proved e�ective
against responses to NKA. GR82334 reduced responses to
NKA in four neurones from 7.8+0.8 mV to 0.7+0.7 mV
(P50.0005). Similarly, CP-99,994 reduced responses from
7.0+1.0 mV to 2.0+0.4 mV (P50.05, n=3) (see Figure 8b).

In contrast to the NST, the NK1 antagonists also reduced
responses to SP and SPOMe in the DMNV. GR82334 reduced
the response to SP (500 nM) from 5.3+0.7 mV to 2.9+0.6 mV
(P50.01, n=3). Similarly, the responses to SP were reduced
from 6.3+0.9 mV to 4.3+0.6 mV (P50.05, n=3) by CP-
99,994. Responses to SPOMe were reduced by GR82334 in one
neurone from 8 mV to 3 mV and in a further two neurones by
CP-99,994 (6 mV and 8 mV to 3 and 5 mV, respectively;
Figure 6, summarized in Figure 7b). Thus, these results have
highlighted a di�erence between the two brainstem nuclei, with
responses to SP and SPOMe being reduced by the NK1-re-
ceptor antagonists in the DMNV, but not in the NST. As the
e�ects of both antagonists were similar we have pooled the
data with the two in order to make a comparison between
DMNV and NST. The mean amplitude of responses to GR
73632 (as a percentage of control) during perfusion with NK1-
receptor antagonists in NST was 15.8+4.8% (n=9) and
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Figure 5 E�ect of NK1-receptor antagonists on responses of NST
neurones. (a) Responses to GR73632 were abolished by the peptide
antagonist, GR82334, while depolarizations evoked by SP and
SPOMe were apparently una�ected. The antagonist had been perfused
for 19 min prior to the retesting of GR73632. (b) Similar study on a
second neurone using the non-peptide antagonist, CP-99,994. The
latter was perfused for 17 min prior to the re-testing of SPOMe.
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Figure 6 E�ect of NK1-receptor antagonists on responses of
DMNV neurones. (a) Responses to septide and GR73632 were
clearly reduced by GR82334 and the smaller response to SP was also
reduced. (Note di�erent order of agonist applications in presence of
antagonist). (b) The non-peptide antagonist, CP-99,994, had a very
similar e�ect, reducing responses to both GR73632 and SP and also
to SPOMe on this occasion.
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29.1+7.4% in the DMNV (n=9) and the di�erence was not
signi®cant. Likewise the reduction of septide responses was not
signi®cantly di�erent in the two nuclei (18.8+8.7% vs
8.3+10.2%, n=5 and 3, respectively) nor was the e�ect on
NKA responses (23.4+5.1% vs 17.6+6.9%, n=8 and 7, re-
spectively). In contrast, there was a signi®cantly (P50.005)
greater e�ect of the antagonists on SP responses in the DMNV
(62.2+8.9%, n=6) compared with NST (98.4+1.1%, n=4).
Finally, a similar picture was seen with SPOMe (DMNV:
49.3+7.8%, n=4: NST: 95.8+4.9%, n=3: P50.001).

NK2-receptor antagonist Results with the NK2-receptor an-
tagonist were the same as in the NST. Thus, GR159897 (5 mM)
failed to a�ect depolarizations evoked by GR73632 (n=2),
septide (n=1), SP (n=3) or SPOMe (n=3). In addition, the
NK2 antagonist again had no e�ect on responses to NKA in
two DMNV neurones. An example is shown in Figure 8a.
Results from these antagonist studies are summarized in Fig-
ures 7b and 8c.

Discussion

Responses of NST and DMNV neurones to SP

The activation of both NST and DMNV neurones by SP seen
in our experiments is in agreement with previous reports

(Morin-Surun et al., 1984; Plata-Salaman et al., 1988; Jacquin
et al., 1989; King et al., 1993; Martini-Luccarini et al., 1996).
Our data suggested that SP was around ®ve fold more e�ective
at depolarizing neurones in the DMNV than in the NST (see
later for Discussion). The excitatory e�ects of SP (and other
tachykinins) were, in all likelihood, due to a direct postsy-
naptic action on the recorded neurones as they were not
blocked by TTX. An alternative explanation would be that SP
was causing the release of another excitatory transmitter from
presynaptic terminals and it has become clear in recent years
that a large proportion of spontaneous release of transmitter
from presynaptic terminals is TTX resistant. The most likely
candidate would be glutamate which has a widespread role as
an excitatory transmitter in the NST and DMNV (see An-
dresen & Kunze, 1994). However, the excitatory responses to
SP were una�ected by glutamate antagonists (data not shown)
and indeed, TTX resistant, spontaneous release of glutamate in
the NST is una�ected by SP (Maubach et al., 1995c).

Responses to other tachykinin receptor agonists

Neurones in both the NST and DMNV were also depolarized
by other tachykinin receptor agonists but there were di�erences
in relative potencies in the two nuclei. In the DMNV SP,
SPOMe and septide were approximately equipotent and
GR73632 was generally more e�ective. In the NST, while
septide and GR73632 were equipotent they were nearly an
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order of magnitude more e�ective than SP. A recent study
(Martini-Luccarini et al., 1996) has examined responses of
DMNV neurones to tachykinin agonists and also found that
were there not huge di�erences in potency between SP, septide
and another NK1 agonist, [Sar

9,Met(O2)
11]SP. Like us, they

reported that NKA also depolarized neurones although, in
contrast to us they found that a speci®c NK2 agonist was also
active. Furthermore, Martini-Luccarini et al. (1996) reported
that an NK2 antagonist could (partially) block the e�ects of
NKA whereas we found blockade of NKA responses with an
NK1 but not an NK2 antagonist. We suggest that NKA is
acting as an NK1 agonist in DMNV (and NST, see below)
whereas Martini-Luccarini et al. (1996) propose that both NK1

and NK2 receptors can mediate excitation in the DMNV. We
are not sure why our results di�er from theirs although di�erent
agonists and antagonists have been used in the two studies and
there is a need to cross-check results with the relevant com-
pounds. The studies are in agreement that the lack of e�ect of
NKB and, in our case senktide, showed that NK3 receptors are
unlikely to be involved in direct excitatory transmission in ei-
ther the NST or DMNV even though there are dense concen-
trations of receptors to be found there (Ding et al., 1996).

The NK1 agonists that we used do not appear to exhibit
large di�erences in potency in other tissues (e.g. Dion et al.,
1987; Hall & Morton, 1992) and our results in the DMNV
agree with this. In the NST there were considerable di�erences
between agonists and this was greater than expected for an
action at the classical NK1 receptor (Regoli et al., 1989). This
discrepancy is unlikely to be due to a higher susceptibility to
enzymatic destruction as a cocktail of peptidase inhibitors was
included in all drug solutions. Peptidase inhibition did po-
tentiate the responses to SP (data not shown), but the potency
of SP never approached that of GR73632 or septide. Also,
under similar conditions there were no great potency di�er-
ences in the DMNV. Overall, our rank orders of potency,
based on studies in other preparations (Regoli, 1988, 1989),
suggest that the NK1 receptor is the predominant receptor
involved in excitation in both NST and DMNV although the
discrepant potencies of SP and SPOMe compared with
GR73632, septide and NKA raise some interesting possibili-
ties.

A septide-sensitive NK1 receptor in the brainstem?

The reduced potency of SP and SPOMe compared with septide
and GR73632 on NST neurones could be the result of a lower
a�nity of the former compared with the latter for the same
recognition site. They could also be indicative of the existence
of an NK1 receptor subtype. This failure of the NK1-receptor
antagonists to block responses to SP and SPOMe in the NST
may be evidence in support of this view. There is evidence from
studies in other tissues for an NK1 receptor which is distinct
from the `classical' NK1 receptor and which has been termed
the septide-sensitive NK1 receptor (see Glowinski, 1995). For
example, Petitet et al. (1992) found that septide was equipotent
to other NK1-receptor agonists in contracting the guinea pig
ileum but was a much weaker inhibitor of the binding of
[3H][Pro9]SP sulfone (i.e. NK1 binding). They also showed that
the NK1-receptor antagonist GR71251 (Petitet et al., 1992)
was more e�ective at blocking concentrations induced by
septide than those induced by [Pro9]SP. These ®ndings have
been con®rmed and extended to other preparations (Maggi et
al., 1993; Meini et al., 1994). The anomalies in the pharma-
cology of septide, which were not easily accommodated in the
pharmacology of the `classical' NK1 receptor, led to the pro-
posal that two NK1 receptor exist, one recognized with high
a�nity by SP and the other with a high a�nity for septide. The
work of Meini et al. (1995) in rat urinary bladder indicated
that GR73632, the NK1 agonist used extensively in the present
study, was a preferential agonist at the septide-sensitive re-
ceptor.

It should be pointed out that there is an alternative view of
the above ®ndings, i.e. that septide and SP are acting at dif-

ferent sites on the same receptor, perhaps activating di�erent
G-proteins (see Glowinski, 1995). Whatever the interpretation,
the rank order of agonist potencies we found in the NST
clearly suggests that the septide-sensitive receptor mediates
direct excitation of neurones in this nucleus. The presence of
this receptor would also explain the potent e�ect of septide and
GR73632 in the DMNV. The relatively greater potencies of SP
and SPOMe in DMNV compared with NST and the results
with NK1-receptor antagonists in the two nuclei are more
di�cult to ®t into the overall picture.

E�ects of tachykinin antagonists

Results with GR159897 were straightforward. The failure of
this compound to a�ect responses to NK1 agonists in NST or
DMNV demonstrate that the excitatory responses were not
mediated by an action at NK2 receptors. Its failure to block
responses to NKA demonstrate that NK2 receptors are also
unlikely to be involved in the e�ect of the endogenous ligand
(see below). The results with NK1 antagonists, however, pre-
sented a confusing picture. Although e�ective against septide
and GR73632 in both NST and DMNV, they were inactive
against SP and SPOMe in NST but partially reduced responses
to both agonists in the DMNV. It is di�cult to explain these
®ndings without postulating multiple sites of action of ago-
nists/antagonists. The relatively similar potencies of SP,
SPOMe, septide or GR73632 in the DMNV and the reduction
of responses to all four by GR82334 and CP-99,994 could
indicate that the depolarizations are mediated primarily by a
combination of the `classical' and the septide-sensitive recep-
tor, both of which can be blocked by the antagonists. In the
NST, however, the reduced potency of SPOMe and SP and
lack of e�ect of the antagonists on responses to them might
indicate the presence of an unknown `atypical' site. It would be
necessary to postulate that the classical NK1 receptor would
play a minor role as the antagonists were e�ective only against
septide and GR73632.

What the atypical site would be is a matter for conjecture. It
could represent a previously undescribed receptor for SP.
There are both inter- and intraspecies di�erences in NK1 re-
ceptors (e.g. Beresford et al., 1992; Clerc et al., 1992) and the
antagonists used in our studies have a higher a�nity for the
human/guinea pig receptor than the rat/mouse NK1 receptor
(Snider et al., 1991). The concentrations of antagonists used
(5 mM) should have been su�cient to block the action of SP at
the rat receptor (McLean et al., 1993). It is interesting that a
recent study (Lepre et al., 1996) has shown e�ects of SP on
spinal motorneurones which are mimicked by an NK1 agonist
but are insensitive to blockade by NK1 antagonists. In auto-
radiographic studies we have shown that the NST/DMNV
area in the rat displays SP binding which is insensitive to dis-
placement by CP-99,994 (Maubach et al., 1995a). This could
conceivably represent the atypical SP site responsible for de-
polarization. An alternative explanation could be that the re-
sponses in the NST represent an anomalous e�ect of SP which
is not mediated via a member of the tachykinin receptor
family. There are indications that SP can interact with the
nicotinic acetylcholine receptor (Min et al., 1994) and with
receptors for the neuropeptide, bombesin (Jensen et al., 1984).
We have no evidence for e�ects of SP being mediated via either
receptor but these studies do indicate a promiscuity of the
peptide and suggest that atypical actions are not without
precedent.

Responses to NKA

NKA preferentially interacts with NK2 receptors but neither
NK2 binding sites nor the mRNA encoding for the NK2 re-
ceptor have been convincingly identi®ed in the adult brain
(Guard & Watson, 1991). Both NST and DMNV neurones
were strongly depolarized by NKA but our studies with
GR159897 and GR64349 provide convincing evidence that
NK2 receptors were not directly involved. Instead, the re-
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sponses were readily blocked by the NK1 receptor antagonists
suggesting that the latter sites were the more likely target for
NKA. A number of studies using various agonists and an-
tagonists on spinal cord neurones have suggested that excita-
tory e�ects of NKA are mediated via the NK1 rather than the
NK2 receptor (Guo et al., 1993; Hosoki et al., 1994; Otsuka et
al., 1994) and similar conclusions were reached in a study of
coeliac ganglion neurones (Zhao et al., 1995). On the basis of
our results it would not be unreasonable to suggest that NKA
rather than SP might be the endogenous ligand mediating ta-
chykinin transmission, particularly in the NST. Furthermore,
it may be that NKA could exert its e�ects via the septide-
sensitive site on the postsynaptic neurones. In the DMNV, the
situation may be di�erent as the potencies of SP and NKA
were more similar and the antagonists were e�ective against
both endogenous peptides.

Relevance to emesis

CP-99,994 is an e�ective anti-emetic agent against a range of
emetogenic stimuli and recent studies have speculated that the
NK1-receptor antagonists mediate their anti-emetic e�ects via
a central site of action in the region of the solitary complex
(Gardner et al., 1994; Watson et al., 1995). The present study
provides a basis for this speculation and furthermore indicates
that blockade of receptors within either the NST or DMNV or
both could be involved in the anti-emetic e�ects of CP-99,994.

We would suggest that NKA may play a more predominant
role as the endogenous mediator in tachykinin pathways in the
NST. Furthermore, as CP-99,994 inhibits the responses to
NKA in the NST and DMNV, it is possible that CP-99,994
exerts its anti-emetic properties by inhibiting the action of
NKA rather than SP and that this may occur via an action at
the septide-sensitive receptor. It is possible that development of
agents which speci®cally target this site or which can speci®-
cally interact with the e�ect of NKA at this site might prove a
fruitful approach to anti-emetic treatment. If SP were the en-
dogenous transmitter rather than NKA then our data would
suggest that the anti-emetic e�ect of CP-99,994 would be un-
likely to depend on blockade of tachykinin transmission in the
NST but could be due to reduction of the motor output from
the DMNV. This may indicate that the use of NK1 antagonists
at anti-emetics may be less attractive than initially thought.
They could prevent vomiting by suppressing motor output
without a�ecting nausea which would require also suppression
of sensory input to the NST.
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