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This study examined the effects of substance P (SP) and cal-
citonin gene-related peptide (CGRP) on synaptic transmission
in a pontine slice containing the parabrachial nucleus (PBN).
Stimulation of the ventral, external lateral portion of the PBN
elicited glutamate-mediated EPSCs in cells recorded using the
nystatin perforated-patch recording technique in the external
lateral, external medial, and central lateral subnuclei of the
PBN. Bath application of SP or CGRP dose-dependently and
reversibly attenuated the evoked EPSC. The attenuation of the
EPSC induced by both of these peptides was not accompanied
by changes in input resistance of PBN cells over a wide voltage
range, nor did these peptides alter the inward current induced
by a brief bath application of AMPA. The combined application
of subthreshold concentrations of these peptides revealed a
synergistic interaction in reducing the evoked EPSC. The sub-
stance P neurokinin-1 receptor antagonist CGP49823 com-
pletely and reversibly blocked both the SP- and the CGRP-

induced attenuation of the EPSC. However, the rat CGRP
receptor antagonist human-CGRP8-37 did not block the actions
of CGRP or SP on the EPSC. Using a metabolically stable
analog of SP, SP(5–11), or an endopeptidase inhibitor, phos-
phoramidon, we were able to demonstrate that CGRP en-
hances the SP effect by inhibiting an SP endopeptidase. Appli-
cation of phosphoramidon also revealed an endogenous SP
“tone” apparently made effective by blockade of the endopep-
tidase. These results suggest that SP (and CGRP indirectly
through an inhibition of the SP endopeptidase) acts on presyn-
aptic NK-1 receptors to cause an inhibition of excitatory trans-
mission in the PBN. These results indicate an important role of
endopeptidases in regulating synaptic modulation by peptides.
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Visceral afferent information is known to reach the CNS via the
vagus nerve, which projects to an important brainstem nucleus,
the nucleus of the solitary tract (NTS). The NTS, in turn, relays
this information via a direct projection to the parabrachial nucleus
(PBN), which is also an obligatory synapse between the NTS and
the thalamus (Saleh and Cechetto, 1994) in the relay of visceral
information destined for the sensory cortex. Although synaptic
transmission through the PBN appears to be glutamatergic in
nature (Zidichouski and Jhamandas, 1993; Saleh and Cechetto,
1994; Zidichouski et al., 1996), previous work in vivo has also
revealed peptidergic modulation of visceral information passing
through the PBN en route to the thalamus (Saleh and Cechetto,
1993). In studies involving the microinjection of SP and CGRP
into the PBN while recording the vagally evoked neuronal re-
sponse in the thalamus, both SP and CGRP were shown to act
synergistically to inhibit the flow of glutamatergic transmission
through the PBN in vivo (Saleh and Cechetto, 1993, 1995). Also,
Mantyh and Hunt (1985) demonstrated substance P (SP)- and

calcitonin gene-related peptide (CGRP)-immunoreactive fibers
and terminals located in nuclei along the visceral afferent path-
way. Similarly, binding sites for both of these peptides have been
localized to the PBN (SP, Quirion et al., 1983; CGRP, Kruger et
al., 1988).
Peptidergic modulation of visceral afferent transmission in the

PBN may provide a means for selectively controlling the flow of
modality-specific visceral information in the CNS. In fact, immu-
nohistochemical evidence has demonstrated that the intensity of
SP and CGRP staining in subnuclei of the PBN is changed
significantly in response to loading and unloading of the aortic
baroreceptors but not to gastrointestinal stimulation (Saleh and
Cechetto, 1996). In light of the critical role of the PBN in con-
trolling the flow of visceral information to higher central areas, as
well as a variety of studies pointing to the possible role of this
nucleus in modifying response patterns to visceral stimuli (Saleh
and Cechetto, 1993), the present investigation was performed to
determine directly the electrophysiological effects of SP and
CGRP on excitatory synaptic transmission in the PBN. Specifi-
cally, we sought to determine the identity of the receptor subtypes
involved, whether the site of action was pre- or postsynaptic, and
to examine more closely the synergistic action of SP and CGRP
using the perforated-patch recording technique in an in vitro slice
preparation.

MATERIALS AND METHODS
Slice preparation. Sprague Dawley rats (25–40 d old) were anesthetized
with halothane and decapitated. The brain was quickly removed and
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placed in ice-cold, carbogenated (95% CO2/5% O2) artificial CSF (ACSF;
pH 7.3–7.4). Coronal slices (400 mm thick) were cut with a vibratome
from a block of tissue containing the parabrachial nucleus, in cold (48C),
carbogenated ACSF. Pontine slices (bregma 29.1 to 29.8 mm; Paxinos
and Watson, 1986) containing the PBN were then taken and hemisected
along the midline and incubated in ACSF at room temperature (228C) for
at least 1 hr before recording. A slice was then transferred into a 500 ml
recording chamber where it was submerged and continuously perfused
with prewarmed ACSF (27–298C) at a rate of 2–3 ml/min. The composi-
tion of the ACSF was (in mM): NaCl 126, KCl 2.5, NaH2PO4 1.2, MgCl2
1.2, CaCl2 2.4, NaHCO3 18, glucose 11. To evoke synaptic responses, a
bipolar stimulating electrode connected to a stimulus isolation unit was
placed ventral–lateral to the PBN, close to the ventral tip of the superior
cerebellar peduncle. To examine the spontaneous, miniature EPSCs, bath
application of sucrose (30 mM) and TTX (1 mM) was used to enhance and
isolate spontaneous, presynaptic events (Bekkers and Stevens, 1989).
Nystatin-patch recording. The perforated (nystatin)-patch whole-cell

recording technique was used in this study to avoid the problems of
“washout” and rundown of responses typically encountered with whole-
cell patch recording (Blanton et al., 1989; Hamill et al., 1989; Korn and
Horn, 1989). The nystatin-patch recording technique has been shown to
provide access to the cell and a low signal-to-noise ratio comparable to
that observed with whole-cell recording (Korn et al., 1991; Rae et al.,
1991; Meriney et al., 1994). Nystatin-patch recordings from PBN neurons
were made with glass micropipettes (Garner Glass; tip resistance 4–8
MV) filled with a solution containing (in mM): K-acetate 120, HEPES 40,
MgCl2 5, EGTA 10, and 450 mg/ml nystatin in dimethyl sulfoxide
(DMSO) and Pluronic F127. High-resistance seals (1–3 GV) were made
using an Axopatch 2A patch-clamp amplifier in current-clamp mode
(Axon Instruments, Foster City, CA). The amplifier was then placed in
the voltage-clamp mode and a 220 mV step (100 msec duration) was
applied to monitor the partitioning of nystatin into the membrane. Access
to the cell (series resistance 15–25 MV) was attained in 1–15 min after
seal formation.
Data acquisition and analysis. After attaining access to the cell, the

amplifier was switched back to the current-clamp mode and the resting
membrane potential was recorded. Action potentials were generated by
continuous current injection (110 to 150 pA) and were sampled using
pClamp programs (Axon Instruments) to characterize the cells. All cells
that satisfied the established criterion of having an action potential
amplitude exceeding 90 mV (from peak to trough) were then voltage-
clamped at 265 mV (Vh). All current responses were filtered at 1 or 3
kHz; because currents were small and of slow duration, no compensation
for series resistance was done. Synaptic currents were evoked by applying
single pulses via bipolar stimulating electrodes (#10 V, 10–20 msec), and
a stimulus intensity that yielded a response 50–60% of the maximum
response was used for the remainder of the experiment. Three successive
synaptic samples were taken 10 sec apart, digitally averaged, and stored
for analysis. In all synaptic current experiments, a 220 mV, 50 msec
square pulse was applied 100 msec after synaptic stimulation to monitor
input and series/access resistance. Current–voltage relationships (I–V
curves) were generated by applying 200 msec step, square voltage pulses
from Vh to 2120 through to 220 mV (in 10 mV increments) or by
applying slow voltage ramps and recording the corresponding steady-state
current. To produce the ramp I–V curve, the voltage was gradually
ramped to 2120 mV over a 2 sec period, then ramped (over ;18 sec) to
25 mV and then back to 265 mV (Vh). In addition to the computer-
assisted pClamp data acquisition, continuous records of membrane po-
tentials and currents were made on a pen chart recorder (Gould 2400S).
All acquired data were analyzed off-line using pClamp programs and a

386 PC. All data were corrected for any electrode offset observed at the
end of each recording session. Input resistances for all cells were esti-
mated from the step I–V protocol by determining the difference of the
steady-state current (measured at ;150 msec into the pulse) at 270 and
250 mV. The amplitude of the EPSC was taken as a measure of the
magnitude of synaptic strength. Data are expressed either as means of
actual currents or as mean percentage change from control values 6
SEM. Cells served as their own controls, and only cells that showed
significant recovery (.85%) from any drug effect (except in TTX exper-
iments) were included in the analysis. Statistical comparisons were per-
formed on raw data using the Student’s t test or one-way ANOVA ( p #
0.05 was considered significant).
All drugs were bath-applied by perfusion with ACSF containing the

final concentration of the drug. Appropriate stocks were made and
diluted with ACSF just before application. Drugs used were 6-cyano-7-

nitroquinoxaline-2,3-dione (CNQX), AMPA hydrobromide (both from
RBI); SP(5–11), CGRP, and HCGRP (rat CGRP receptor antagonist)
(from Bachem); CGP49823 (NK-1; SP receptor antagonist) was a kind
gift from Dr. Felix Brugger (Ciba-Geigy Limited); Pluronic F127 was
from BASFWyandotte, and bicuculline, TTX, nystatin, phosphoramidon,
and all of the salts in the ACSF were obtained from Sigma (St Louis,
MO). Stock solutions of CNQX, AMPA, SP, CGRP, and the NK-1 and
CGRP antagonists were aliquoted and then frozen at 2208C.

RESULTS
All neuronal recordings obtained in this study (n 5 79) were
located in the dorsal, central, and external lateral aspect of the
PBN. All cell characteristics recorded in the present study were
comparable to those described previously by Zidichouski and
Jhamandas (1993). Resting membrane potentials were 253 to
273 mV (mean 263 6 3.5 mV), and estimated input resistances
were 494–775 MV (635 6 38 MV, n 5 58). Stimulus intensity-
dependent EPSCs could be evoked in 79% of cells; this EPSC was
mediated predominantly by the non-NMDA receptor subtype,
because CNQX (10 mM) reduced it by 93 6 2% (n 5 12). All
EPSCs were abolished by bath application of TTX (1 mM; reduced
by 96.5 6 0.2%; n 5 22). All experiments were performed in the
presence of bicuculline (25 mM) to eliminate the possibility of
GABAA-mediated IPSC contamination, even though only
glutamate-mediated EPSCs were recorded at Vh because bicucul-
line (25 mM; n 5 8) had little effect on the amplitude of the EPSC
(reducing it by 5 6 1%).

Substance P- and CGRP-related peptide reduce the
amplitude of the EPSC
In experiments on 19 different cells, bath application of SP
(0.03–10 mM) in voltage clamp caused a reversible, concentration-
dependent decrease in the evoked EPSC with an estimated EC50
of 0.75 mM and a maximal effect at 5 mM (Fig. 1A1,A2). Figure
1A1 shows a typical example of an EPSC recorded in control and
in the presence of 5 mM SP and the recovery after a 10 min
washout. The onset of this effect was observed ;1 min after
application of SP to the bath, with a peak effect observed after 2–3
min. This SP-induced (10 mM) blockade of the EPSC was repeat-
able using multiple applications in the same cell (there was no
evidence of desensitization). Similarly, bath application of CGRP
(2.5–10 mM; n 5 16) in voltage clamp caused a reversible,
concentration-dependent decrease in the evoked EPSC with an
estimated EC50 of 6.25 mM and a maximal effect observed at 10 mM
(Fig. 1B1,B2). Figure 1B1 shows a typical example of an EPSC
recorded in control, in the presence of 10 mM CGRP and the
recovery after 10 min washout. The time taken to observe the
onset and peak effects was similar to that for SP and, again,
there was no evidence of desensitization with multiple appli-
cation of CGRP.

Attenuation of the EPSC is not postsynaptic
Under voltage clamp, steady-state I–V curves were generated and
showed that those taken in control (TTX only) were superimpos-
able on those taken in the additional presence of SP (1–10 mM) or
CGRP (10 mM) over the voltage ramp tested (2120 to 25 mV;
n 5 6 for each peptide; data not shown). The possible postsyn-
aptic action of the peptides was also investigated by bath appli-
cation of AMPA (2.5 mM in TTX for 20 sec) alone or in combi-
nation with 10 mM SP or CGRP. The magnitude of the AMPA
response was not changed significantly in the presence of SP (8 6
3% from control; n 5 4) or CGRP (6 6 2% from control; n 5 4).
Taken together, these results suggest that the effect of SP on
synaptic transmission is not postsynaptically mediated.
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SP and CGRP effects are not polysynaptic
To rule out possible polysynaptic pathways in the actions of the
peptides, we decided to test whether either of these peptides
affected the appearance of mEPSCs in voltage clamp. In 4 cells
voltage-clamped at 265 mV and bathed in sucrose (30 mM) and
TTX (1 mM) to eliminate action potential-driven EPSCs, bath
application of either SP or CGRP reduced, in a reversible man-
ner, the frequency of mEPSCs (by 69 6 6 and 65 6 5%, respec-
tively; cutoff 8 pA). At the end of each experiment, we verified
that the mEPSCs were non-NMDA receptor-mediated by com-
pletely blocking them with CNQX (20 mM).

The CGRP-induced effects on the EPSC are not
mediated by a classical CGRP receptor
To characterize further the CGRP-induced effect on the EPSC,
the selective and reversible rat CGRP receptor antagonist
HCGRP (Mimeault et al., 1991) was bath-applied in the presence
of CGRP. HCGRP (100 mM) alone had no effect on the evoked
EPSC or on the membrane conductance [Fig. 2 (1)], nor did it
block the CGRP-induced (5 mM) attenuation of the evoked EPSC
[n 5 4; Fig. 2 (2, 3)].

The SP- and CGRP-induced synaptic depression is
blocked by the NK-1 receptor antagonist
Because SP has been shown to act at NK-1 receptors, we
examined the effect of a selective and reversible NK-1 receptor
antagonist, CGP49823 (5–100 mM), on the SP-induced attenu-
ation of the EPSC. Bath application of CGP49823 (n 5 12)
alone had no effect on the evoked EPSC or on the membrane
conductance because no change in resting current at Vh was
observed (data not shown). The SP-induced (1 mM) attenuation
of the EPSC was completely abolished in the presence of
CGP49823 at concentrations of .20 mM [n 5 4 at each con-
centration; Fig. 3A1–A4 (left), B].
In testing the selectivity of CGP49823 for the SP NK-1 receptor,

we examined whether it would affect the CGRP response. Sur-
prisingly, the CGRP (5 mM)-induced blockade of the EPSC was
completely, and reversibly, attenuated by coapplication of
CGP49823 at concentrations of .20 mM [n 5 4 at each concen-
tration; Fig. 3A1–A4 (right), B] in a manner identical to that seen
with SP. However, in the converse experiment, application of
HCGRP did not significantly change the SP-induced attenuation
(1 mM) of the EPSC (data not shown).

Figure 1. Effects of the peptides sub-
stance P (SP) and calcitonin gene-related
peptide (CGRP) on EPSC responses in
the PBN. In this and all subsequent fig-
ures, stimulus intensities were in the
range of 0.2–2.0 V, intensities that
yielded EPSC responses 50–60% of
maximum. A1, The synaptic response of
a PBN neuron in voltage-clamp experi-
ments (Vh 5 265 mV). SP (5 mM) atten-
uated the evoked EPSC with no change
in input resistance as monitored by a 20
mV, 50 msec hyperpolarizing pulse. A2,
Dose-dependent attenuations in the
EPSC amplitude with an estimated EC50
of 0.75 mM (n 5 4–9 cells at each dose).
B1, In the same cell (Vh 5 265 mV),
CGRP (10 mM) attenuated the EPSC with
no change in input resistance as monitored
by a 20 mV, 50 msec hyperpolarizing pulse.
B2, Dose-dependent attenuations in the
EPSC amplitude with an estimated EC50
of 6.25 mM (n 5 4–9 cells at each dose).
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We tested the specificity of the NK-1 receptor antagonist for
the NK-1 receptor in blocking the SP- or CGRP-induced decrease
of the EPSC. In voltage-clamp experiments (n 5 8), dose–
response curves for SP and CGRP were generated alone and in
the additional presence of the NK-1 receptor antagonist at three
concentrations (10, 25, and 50 mM; Fig. 4A1,B1). In the presence
of the NK-1 receptor antagonist, the SP dose–response curves
were shifted to the right (Fig. 4A1). Using the estimated ED50 of
each dose–response curve, we constructed Schild plots for each
peptide using the equation log(dr 2 1) 5 log[B] 2 log KB
(Kenakin, 1987). The slope of the Schild plot is;1.1 for SP, which
indicates that CGP49823 is a competitive antagonist of the SP
NK-1 receptor (Fig. 4A2). In contrast, the slope of the Schild plot
constructed for CGRP is ;0.65, which is significantly different
from 1.0; this indicates that CGP49823 may interact in a noncom-
petitive manner with CGRP at the NK-1 receptor (Fig. 4B2) or
that CGRP is acting on a heterogeneous receptor population.

SP and CGRP interaction
Bath application of a threshold dose of SP (0.05 mM) reduced the
magnitude of the EPSC by only 5 6 2% (n 5 9; Fig. 5B,E).
Similarly, in the same cells, bath application of a threshold con-
centration of CGRP (0.1 mM) reduced the magnitude of the EPSC
by only 2 6 2% (n 5 9; Fig. 5A,E). However, coapplication of SP
and CGRP at their respective threshold concentrations reduced

the amplitude of the EPSC by 27 6 9% (n 5 4; Fig. 5C,E).
Furthermore, this synergistic reduction in the EPSC amplitude
was reversibly blocked by the NK-1 antagonist CGP49823 [10 mM
(n 5 5; data not shown) or 100 mM (n 5 4); Fig. 5D]. In addition,
this synergism with a subthreshold concentration of CGRP (0.1
mM) was observed along the entire dose range of SP used (0.05–10
mM; Fig. 5E; n 5 4).
An interesting mechanism of interaction for SP and CGRP is

suggested by in vitro observations that CGRP competes for the
neutral endopeptidase responsible for SP degradation (Le Greves
et al., 1985). Therefore, to determine whether this was a possible
mechanism for the interaction between SP and CGRP in our
study, we used the metabolically stable methylester analog of SP,
SP(5–11) (Urban et al., 1994). Bath application of SP(5–11)
produced a dose–response curve that had an estimated ED50 of
0.1 mM (Fig. 6A; ;10-fold more potent than SP; n 5 4). This
curve, in contrast to the SP dose–response curve, was not affected
by the additional presence of CGRP (0.1 mM) along the entire
concentration range of SP(5–11) used (Fig. 6A; n 5 4).
A second way to test the hypothesis that CGRP was inter-

acting with an SP endopeptidase was to bath-apply a neutral
endopeptidase inhibitor, phosphoramidon (10 mM; Fig. 6B)
(Chiba and Misawa, 1995) to the slice, which reduced the
amplitude of the EPSC by 89 6 3% (n 5 4; Fig. 6B1). The
phosphoramidon-induced synaptic depression was blocked by
the NK-1 receptor antagonist CGP49823 (100 mM; Fig. 6B2;
n 5 4), suggesting a tonic release of SP. Coapplication of
CGRP (0.1 mM) with phosphoramidon (10 mM) did not further
enhance the phosphoramidon-induced attenuation of the
EPSC (n 5 4; Fig. 6B3,B4). However, when the phosphoram-
idon concentration was lowered to 5 mM, the EPSC was atten-
uated (68 6 3%; n 5 4; Fig. 6B3), and this attenuation in the
EPSC was reduced further by CGRP (by 14 6 5%; giving a
combined attenuation of 82 6 5%; Fig. 6B3,B4).

DISCUSSION
The results of this study demonstrate that the peptides SP and
CGRP reversibly depress excitatory synaptic transmission in the
PBN in a dose-dependent manner in vitro. The data presented
here are consistent with the conclusion that the inhibitory effects
of SP occur via presynaptically located NK-1 receptors. The
mechanism of the CGRP-induced attenuation of the EPSC ap-
pears to be through a novel mechanism involving competition for
an SP degrading enzyme, the neutral endopeptidase, to increase
the availability of SP.

SP and CGRP act presynaptically to reduce EPSCs
The dose-dependent, potent actions of SP and CGRP on the
evoked EPSC most likely have a presynaptic locus of action.
These peptides had no postsynaptic actions on input resistance, on
holding current at 265 mV, or on currents generated by a voltage
ramp between2120 and25 mV. An interaction with the postsyn-
aptic AMPA receptors underlying excitatory transmission in the
area (Zidichouski et al., 1996) also appears unlikely, because
currents elicited by exogenously applied AMPA were unaffected
in the presence of maximal concentrations of the peptides. Thus,
although we cannot rule out additional postsynaptic actions, evi-
dence supports a presynaptic locus. This is consistent with obser-
vations in other brain areas of a presynaptic action of SP (Shapiro
and Hille, 1993; Len et al., 1994; Tremblay et al., 1994) and CGRP
(Schworer et al., 1991; Nuki et al., 1994). Additional anatomical
evidence supporting a presynaptic action would be the localization

Figure 2. Effect of the CGRP receptor antagonist human-CGRP8-37
(HCGRP) on CGRP actions. 1, Application of HCGRP alone does not
affect the size of the evoked EPSC. 2, The reduction in the amplitude of
the EPSC produced by application of an EC50 dose of CGRP (5 mM),
which is not significantly affected by the CGRP receptor antagonist
(HCGRP; 100 mM; 3).
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of receptors on presynaptic terminals in the PBN; although auto-
radiographic studies have identified receptors for both SP
(Quirion et al., 1983) and CGRP (Kruger et al., 1988) in the PBN,
the cellular locus for them has not been identified. Such a local-
ization on a presynaptic terminal would also eliminate the possi-
bility that these peptides are acting on interneurons that, via
release of another transmitter, presynaptically inhibit glutamate
release from the excitatory afferents activated in this experiment.
However, it is unlikely that there is a GABAergic intermediary
because bath application of SP(5 mM) caused an equal attenuation
in the size of the EPSC as that reported in this paper, even in the

additional presence of the GABAB receptor antagonist
CGP36742 (data not shown).

Do SP and CGRP act at the same receptor?
Dose–response studies of the peptide effects on the EPSC re-
vealed classical sigmoid-shaped curves for both peptides. It was
interesting that the EC50 for SP was ;10-fold lower than that for
CGRP, raising the possibility that the CGRP has a much lower
affinity for its receptor than does SP. To investigate more thor-
oughly the receptors mediating the effects on the EPSC, we used
receptor antagonists to block the peptide actions. SP is thought to

Figure 3. Blockade of SP- and CGRP-
induced synaptic depression with the
NK-1 receptor antagonist CGP49823.
CGP49823 attenuated and, at higher con-
centrations, blocked the inhibition of the
evoked EPSC induced by SP (1 mM, left)
and CGRP (5 mM, right) in the same cell
(A1–A4, B). Application of CGP49823 (5–
100 mM) alone had no observable effect on
the EPSC (data not shown). B, A graph
illustrating that the inhibitory effects of SP
(1 mM) or CGRP (5 mM) are blocked in an
identical manner by CGP49823 at all con-
centrations used (n 5 4 at each concen-
tration for each peptide). Bars represent
mean 6 SEM.
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act on the NK-1 receptor, and when the slice was pretreated with
the NK-1 receptor antagonist, we found that it displaced the
dose–response curve for SP to the right in a dose-dependent
manner. Based on these data, we constructed a Schild plot, which
enabled us to conclude that the shift was attributable to a com-
petitive action by the antagonist at the NK-1 receptor.
In contrast to what was seen with SP, CGRP action on the

EPSC was not antagonized by the specific rat CGRP antagonist
HCGRP. Because there is evidence in the literature for another,
yet unidentified CGRP receptor (Dennis et al., 1990), such a
receptor could be mediating or contributing to the inhibitory
effects of CGRP on synaptic transmission.
The observation that the CGRP-induced inhibition of the

evoked EPSC was completely and reversibly blocked by the NK-1
receptor antagonist CGP49823, but not a by specific CGRP re-
ceptor antagonist, raises the alternate possibility that the CGRP
effect may involve SP which, in turn, acts at NK-1 receptors to
inhibit neurotransmitter release. This is supported by the obser-
vation that the blockade of CGRP effect by CGP49823 was

identical to that of SP at each of six concentrations of the antag-
onist tested. Nonetheless, when Schild plots were carried out on
the CGRP–NK-1 antagonist interaction, the slope of the line was
significantly less than 1, indicating that something other than a
competitive interaction with only this NK-1 receptor underlies this
antagonism. The complexity of the CGRP–CGP49823 interaction
is underlined further by the fact that the pA2 value (estimated as
the x-axis intercept from Shild plots in Fig. 5) for the antagonist is
different from that calculated for an SP–CGP49823 interaction.
We cannot at present fully explain this difference, but it does raise
the possibility that there are additional subtypes of receptors
responsive to these peptides in the PBN.

SP–CGRP interactions
Additional evidence that the action of CGRP may involve an
SP-dependent mechanism comes from our results indicating that
the SP inhibitory action on the EPSC can be potentiated by a
subthreshold dose of CGRP. Because this action of CGRP po-
tentiating SP can be blocked by the NK-1 antagonist, how might

Figure 4. The CGP49823 block of the SP- and CGRP-induced effects show different pharmacological profiles. A1, Dose–response curves for SP alone
and in the presence of CGP 49823 at three concentrations (10, 25, and 50 mM). The ED50 values of all curves were estimated and used to calculate the
dose ratio that was used for Schild plots. A2 shows the Schild plots obtained from these estimates with a slope of 1.1, indicating competitive antagonism
between SP and CGP49823 at the NK-1 receptor. B1, CGRP dose–response curves in control (CGRP alone) and in the presence of CGP 49823 under
the same conditions as in A. B2 shows the Schild plot obtained for the CGRP–CGP49823 interaction. The slope of 0.65 indicates a noncompetitive
antagonism.
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it be working? One possibility is that CGRP stimulates the release
of SP by acting at a novel CGRP receptor not susceptible to
antagonism by the CGRP antagonist HCGRP. A second possibil-
ity is that CGRP may not be acting via a “classical receptor,” and
a mechanism for its action is suggested by previous findings (Le

Greves et al., 1985; Schaible et al., 1992) that CGRP can interfere
with SP degradation by competing with SP for the endopeptidase.
This would make more SP available for binding to its receptor and
thereby “potentiate ” its action. If this, indeed, were the case, the
action of CGRP would be dependent on an endogenous, tonic SP

Figure 5. Synergistic interaction between SP and CGRP on the magnitude of the EPSC. A and B illustrate the effect of subthreshold doses of CGRP
(0.1 mM) and SP (0.05 mM), respectively, on the evoked EPSC. C, Combined application of both peptides at these concentrations resulted in an attenuation
of the EPSC amplitude. D, This synergistic interaction on the evoked EPSC by coapplication of SP and CGRP was reversibly blocked by CGP49823 (100
mM). E, The synergism between SP and CGRP can be seen at all doses along the dose–response curve for SP (n 5 4 at each dose).
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Figure 6. CGRP reduces the EPSC by inhibiting an SP endopeptidase. A, Dose–response curve generated by application of several doses of the
metabolically stable methylester analog of SP, SP(5–11). This dose–response curve is unaffected by coapplication of CGRP (0.1 mM; n 5 3 or 4 cells for
each point). B1, Addition of the SP endopeptidase inhibitor phosphoramidon (10 mM) attenuates the amplitude of the EPSC by 89 6 3% (peak effect).
B2, This phosphoramidon-induced effect on the EPSC is blocked by the NK-1 antagonist. B3, Addition of phosphoramidon (5 mM) attenuates the
amplitude of the EPSC by 68 6 3% (peak effect), and the addition of CGRP (1 mM) enhances this effect by 14 6 5% (peak effect; n 5 3 to 4 for each
point). B4, Bar graph summarizing the effects of the NK-1 receptor antagonist and CGRP (1 mM) in the presence of phosphoramidon (10 and 5 mM) on
the magnitude of the EPSC.
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release in this nucleus. Our observations that the SP receptor
antagonist alone had no effect on the size of the EPSC does not
provide any evidence for this scenario. However, an endogenous
SP release could still be present but not unmasked by the NK-1
antagonist if a very effective endopeptidase action was constantly
removing SP from the synapse. This scenario is supported by our
experiments using the endopeptidase inhibitor phosphoramidon.
Phosphoramidon (10 mM) reduced the amplitude of the EPSC by
89 6 3%, an effect that was reversed by the NK-1 receptor
antagonist. This indicates that SP is tonically released. Further-
more, in these experiments, CGRP was ineffective in enhancing
this effect on the EPSC, indicating that phosphoramidon occluded
the CGRP effect. However, when the phosphoramidon concen-
tration was lowered to 5 mM and the resulting attenuation of the
EPSC was 68 6 3%, CGRP was able to enhance the synaptic
depression by another 14 6 5%. This result strongly suggests that
CGRP requires sufficient functional endopeptidase to affect the
EPSC on its own or to enhance the SP effect.

Functional considerations
At the cellular level, we have uncovered evidence for an endog-
enous release of SP that appears to be functionally ineffective
because of the presence of a highly active endopeptidase. If these
findings in slice are representative of what is seen in the intact
brain, one might question why this seemingly ineffective release of
SP should occur. An answer may be found in an understanding of
the localization of SP in afferents in the PBN. In the brain and
spinal cord, it appears that SP is colocalized with glutamate
(Penny et al., 1986; De Biasi and Rustioni, 1988; Copray et al.,
1990). While recognizing that release characteristics for amino
acids and peptides could be different (Iverfeldt et al., 1989), it is
possible that some SP is released concurrently with glutamate.
Under basal conditions, it can be appreciated that one might want
fidelity of transmission at the glutamergic synapse; concurrent
activation of presynaptic SP receptors would interfere with this by
reducing the quantity of glutamate released. A highly efficient
endopeptidase would prevent this by inactivating the SP co-
released with glutamate (Fig. 7, left). This situation could be
different if the afferents are activated at very high frequency, for
example, during intense visceral activation; experiments in vivo
suggest that under such situations, NMDA receptors underlie the
excitatory transmission in the PBN (Saleh and Cechetto, 1994).
Given the possible excitotoxic effects of large amounts of gluta-
mate acting at these receptors, it would be advantageous for the
coreleased SP to reduce the amount of glutamate released. This
could happen if sufficient SP is released to overwhelm the endo-
peptidase (Fig. 7, right) and thereby permitting SP to bind to the
presynaptic receptor. Although such a scenario is speculative, it is
open to experimental verification using dialysis monitoring of
extracellular glutamate.
The participation of CGRP in this scenario could also be

related to a protective action of SP. Cell bodies giving rise to the
CGRP-positive afferents in the PBN are thought to lie in the
central nucleus of the amygdala (Honkaniemi et al., 1990). There
is a population of neurons in the amygdala that are activated
under conditions of intense visceral activation (Anton et al., 1991;
McKitrick et al., 1993); if there were CGRP-positive cells in this
population, release of CGRP in the PBN would add to the
effectiveness of the SP in this nucleus by competing for the
endopeptidase (Fig. 7, right). Whatever the relevance of this
interaction to the physiological state, it points to the care that

must be taken in interpreting the action of certain peptides on
cellular responses.
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