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The role of substance P as a neurotransmitter in the
reflexes of slow time courses in the neonatal rat spinal
cord
Hiroyuki Akagi1, Shiro Konishi, Masanori Otsuka & Mitsuhiko Yanagisawa

Department of Pharmacology, Faculty of Medicine, Tokyo Medical and Dental University, Bunkyo-ku, Tokyo
113, Japan

1 In order to reveal the spinal reflexes involving the transmitter action of substance P (SP), the effects
of capsaicin and an SP antagonist on the isolated spinal cord of the neonatal rat were studied.
2 When a single shock stimulus was given to a dorsal root (L3-L5) or a sciatic nerve, depolarizing
responses of various time courses were recorded extracellularly from both ipsi- and contra-lateral
ventral roots of the corresponding segments. The reflex response recorded from the contralateral
ventral root consisted of fast and slow components, which will be referred to as contralateral fast and
slow ventral root potentials (v.r.ps). The latter contralateral slow v.r.p. had a time-to-peak of 2- 5 s and
lasted 10- 30 s.
3 The threshold for the contralateral slow v.r.p. was about two times higher than that for the
monosynaptic reflex, and it coincided with the threshold for activating the slow-conducting afferent
fibres.
4 The contralateral slow v.r.p. was abolished after the spinal cord was treated with capsaicin (1 tiM
for 30 min) in vitro. The contralateral slow v.r.p. was absent in the spinal cord derived from 4 day-old
rats that had received capsaicin (50mg kg- ', s.c.) on the 2nd day of life. The contralateral fast v.r.p.
and other reflexes of fast time courses remained unaltered after treatment with capsaicin in vitro or in
vivo.
5 Administration of an SP antagonist, [D-Arg', D-Pro2, D-Trp7'9 Leu']-SP in concentrations of
5- 16 jiM depressed the contralateral slow v.r.p., but did not affect the monosynaptic reflex, the dorsal
root potential and the contralateral fast v.r.p. [D-Arg', D-Pro2, D-Trp7'9, Leu"]-SP (5 11M) markedly
depressed the SP-induced depolarizing response recorded from the ventral root whereas the responses
to noradrenaline, 5-hydroxytryptamine, neurotensin and thyrotrophin releasing hormone (TRH) were
unaffected by the SP antagonist. The response of the ventral root to acetylcholine was slightly
depressed by the antagonist. The SP antagonist at 5-10IM did not exert any agonist action on the
motoneurones.
6 The present results in conjunction with those of previous studies support the hypothesis that SP
released from certain primary afferent fibres acts as a neurotransmitter, producing in dorsal horn
neurones slow excitatory postsynaptic potentials which lead to the generation of the contralateral slow
v.r.p.

Introduction

Substance P (SP) is concentrated in the axon terminals stimulation from primary afferents in a Ca2+-depen-
of certain small-diameter primary afferent fibres in the dent manner (Otsuka & Konishi, 1976a; Akagi et al.,
superficial layers of the spinal dorsal horn (Hokfelt et 1980; Yaksh et al., 1980). Furthermore, SP exerts a
al., 1975; Takahashi & Otsuka, 1975; Nagy et al., powerful excitatory action on some spinal neurones
1981). SP is released upon electrical or chemical (Konishi & Otsuka, 1974; Henry etal., 1975; Otsuka &

Konishi, 1976b; Randic & Miletic, 1977). These lines
'Present address and correspondence: Laboratory of Neuro- of evidence suggest that SP acts as a neurotransmitter
pharmacology, Mitsubishi-Kasei Institute of Life Sciences, released from certain primary afferent fibres.
11 Minamiooya, Machida-shi, Tokyo 194, Japan. However, so far the direct demonstration of SP-
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mediated excitatory postsynaptic potentials (e.p.s.ps)
has not been possible in the spinal cord mainly due to
the complexity of the neural pathways in the super-
ficial layers of the dorsal horn. In the prevertebral
ganglia of the guinea-pig, on the other hand, there is
strong evidence that SP released from axon collaterals
of visceral primary afferent fibres produces in the
ganglion cells non-cholinergic slow e.p.s.ps that last
several tens of seconds (Dun & Karczmar, 1979;
Konishi et al., 1979; 1980; 1983a; Tsunoo et al., 1982).
Therefore, it seems reasonable to suppose that similar
slow e.p.s.ps are produced in dorsal horn cells by SP
released from central terminals of certain small-
diameter primary afferent fibres.

In the present study we attempted to reveal in the
isolated spinal cord of the neonatal rat a reflex or
reflexes in which SP is involved as a neurotransmitter.
We anticipated that such a reflex would be elicited by
stimulation of small-diameter primary afferent fibres
with a high threshold and would be depressed by two
pharmacological agents that are known to inhibit SP-
mediated synaptic transmission: i.e., capsaicin which
causes the degeneration of the small-diameter primary
afferent fibres (Nagy, 1982), and an SP antagonist, [D-
Arg', D-Pro2, D-Trp7'9, Leu"]-SP, which has recently
been developed by Rosell and his colleagues (Rosell et
al., 1983). Preliminary accounts of this study have

been presented previously (Yanagisawa et al., 1982;
Akagi et al., 1983; Konishi et al., 1983a).

Methods

Preparation and electrophysiological experiments

Experiments were done on the isolated spinal cords of
1-4 day-old Wistar rats (Otsuka & Konishi, 1974;
Yanagisawa et al., 1982). The animals were anaesth-
etized with ether and the spinal cord below the
thoracic part was isolated without hemisection
together with the lumbar spinal nerves (Figure 1). In
some experiments (Figures 7-9) hemisected spinal
cords were also used. The cord was placed in a
0.2-0.5ml bath which was perfused with artificial
cerebrospinal fluid (CSF), at 27°C, at a rate of
3.5-6.0 ml min . The composition of the artificial
CSF was as follows (mM): NaCI 138.6, KCI 3.35,
CaC12 1.26, MgCl2 1.15, NaHCO3 20.9 NaH2PO4 0.58,
glucose 10.0. The medium was bubbled with a mixture
of 95% 02 and 5% CO2. In a few experiments, Ca2+
concentration was increased to 2.5 mM and/or Mg2+
concentration to 2- 2.5 mM. A sciatic nerve or a dorsal
root (L3 - L5) was stimulated with a suction electrode,
and the potential changes generated in the moto-

Figure 1 Diagram illustrating the experimental setup. The spinal cord of a 1 -4 day-old rat was isolated together with
the spinal nerves. The lumbar dorsal roots (L3 - L5) retained an intact connection with a sciatic nerve (SN) which was
placed in a stimulating suction electrode (S). RI, R2 and R3 are the recording suction electrodes for L4 ventral roots (RI
and R2) and L5 dorsal root (R3). DR, dorsal root; DRG, dorsal root ganglion; VR, ventral root.
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Fi Yure 2 Extracellular recordings of spinal reflexes elicited by stimulation of a dorsal root. A single shock stimulus
(10 V 0.5 ms) was given to left L4 dorsal root, and reflex responses were recorded simultaneously from the ipsilateral (a
and o and contralateral (c and d) ventral roots of the same segment with suction electrodes. (a and c) Fast components
of reflexes recorded on an oscilloscope; (b and d) the slow depolarizing responses displayed on a pen recorder.
Depolarization is upwards. In (b and d) fast component ofeach response (upward deflection) is out of scale. All records
were derived from a single preparation.

neurones were recorded extracellularly from ipsilateral
and contralateral ventral roots of the same segment
with suction electrodes (Figure 1). The tip of the
recording suction electrode was a glass capillary tube,
the inner diameter of which fitted tightly about the
recorded ventral roots (120- 180 jm). The root was
sucked into the recording electrode until the tip of the
recording electrode lightly pressed against the surface
of the spinal cord. For monitoring afferent volleys, a
dorsal root (L4 or L5) was cut at the entry into the
cord, and the propagated action potentials were
recorded with another suction electrode (Figure 1).

Drug administration

Drugs were dissolved in artificial CSF and applied by
perfusion for periods of 5- 30 min or injected into the
perfusion system using brief pulses of 0.1-2s dura-
tion, by the use of solenoid valves driven by pulse

b

generators (for details see Otsuka & Yanagisawa,
1980). For the in vivo treatment with capsaicin, the
drug (50 mg kg- ') was injected subcutaneously into 2
day-old rats. Control littermates received an equal
volume of vehicle (10% Tween 80, 10% ethanol in
0.9% w/v NaCl solution, v/v). Two days after the
injection, the spinal cords with nerve roots attached
were isolated from the animals for the electro-
physiological experiments and/or the analysis of the
SP content. The SP antagonist, [D-Arg', D-PrO2, D-
Trp7'9, Leu"]-SP, was kindly donated by Prof. S.
Rosell (Karolinska Institute) and Dr M. Fujino
(Takeda Chemical Industries, Ltd.).

Determination of the concentration ofSP in the spinal
cords and dorsal roots

The spinal cords with the nerve roots attached were
isolated from the rats treated with capsaicin or vehicle,
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Figure 3 Responses evoked by weak and intense stimuli applied to the right sciatic nerve in a spinal cord preparation
from a 3 day-old rat. Duration of stimulation pulses was 0.2 ms, and the intensity was 4.5 V for the upper records (a -c)
and 9 V for the lower records (d -f). (a and d) The monosynaptic reflex recorded extracellularly from the right L4
ventral root. (b and e) The contralateral fast and slow ventral root potentials (v.r.ps) recorded from the left L4 ventral
root; (c and f) afferent spike potentials recorded from the right L5 dorsal root. The distance between the site of
stimulation and the site of recording was about 8 mm in (c and f). Note the concomitant appearance of the slow-
conducting afferent spikes (arrow in f) and the contralateral slow v.r.p. (arrow in e).
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Figure 4 Relationships between stimulus intensity and
the amplitudes of spinal reflex responses. A single shock
stimulus of0.1 ms duration and varied intensity was given
to the L4 dorsal root every 80 s in a spinal cord
preparation from a 4 day-old rat. Each point represents
the relative amplitude of the evoked reflex response
expressed as a percentage of the maximal response and is
plotted against stimulus intensity (logarithmic scale). (0)
Amplitude of the monosynaptic reflex recorded from the
ipsilateral L4 ventral root; (0) amplitude of the con-
tralateral slow ventral root potential recorded from the
contralateral L4 ventral root.

placed on dry ice, and dissected to obtain the tissue
samples of dorsal roots and the dorsal and ventral
halves of the spinal cords of the L3-L5 segments.
Each sample was homogenized in 100 ttl of 2 M acetic
acid with a dental drill, and the homogenate was
heated in boiling water for 5 min to inactivate pep-
tidases. After centrifugation (2000g for Omin), an
aliquot ofeach supernatant was used for radioimmuno-
assay (RIA) of SP (Jessell et al., 1979). The procedures
and the specificity of RIA for SP have already been
described (Yanaihara et al., 1976).

Results

Electrophysiological properties ofreflexes ofslow time
courses evoked by stimulation ofprimary afferents

When a dorsal root (L3 -L5) was stimulated with a
single shock, the reflex responses of various time
courses were recorded from the ipsilateral and con-
tralateral ventral roots of the corresponding segment
(Figure 2). Preliminary experiments revealed that the
potential changes recorded extracellularly from a
ventral root reflect closely the intracellular potentials
recorded from the motoneurone cell bodies of the
same side and of the same segment (unpublished
observation). Single shock stimulation ofa dorsal root
or a sciatic nerve elicited in the ipsilateral ventral root
ofthe same segment the monosynaptic and polysynap-
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Figure 5 Effects of in vitro treatment with capsaicin on the reflex responses evoked by dorsal root stimulation and
recorded from the ventral root. (A) Amplitudes of the reflexes plotted against time. The spinal cord of a 3 day-old rat
was perfused with artificial CSF, and capsaicin (1 ,uM) was added to the perfusion medium during the period indicated
by a black horizontal bar. A supramaximal square pulse stimulus (10 V, 0.5 ms) was given to the L4 dorsal root every
60 s to evoke the reflex responses which were recorded from the ventral roots of the both sides of the same segment. (A)
The amplitudes of the monosynaptic reflex; (0) the amplitude of the contralateral fast ventral root potential (v.r.p.);
(-) the amplitude of the contralateral slow v.r.p. Each point represents the relative amplitude of a response expressed
as a percentage of the control obtained before the administration ofcapsaicin. (B) Extracellular recordings from the L4
ventral root. The contralateral L4 dorsal root was stimulated at triangles with single shocks (10 V, 0.5 ms), (a) in normal
medium; (b) at the arrow the perfusion with capsaicin (1 gM) was started and continued for 30 min; (c) 60 min after
washing out capsaicin. The same experiment as shown in (A).
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tic reflexes (Figure 2a), which were followed by a slow
depolarizing response lasting 10- 30 s (Figure 2b). The
latter slow response will be referred to as ipsilateral
slow ventral root potential (v.r.p.). The responses
evoked by the same stimulus and recorded from the
contralateral ventral root of the same segment consis-
ted of two components, fast and slow (Figure 2c and
d). The fast component, the contralateral fast v.r.p.,
reached its peak about 70 ms after the stimulus. The
slow component, the contralateral slow v.r.p., had a
time-to-peak of 2-5 s and lasted 10-30 s.
When the intensity of the stimulus was gradually

increased, the spinal reflexes of fast time courses were
elicited in the ipsilateral and contralateral ventral
roots at a relatively low threshold (Figure 3a and b).
Further increases in the stimulus intensity resulted in
the generation of the ipsilateral and contralateral slow
v.r.ps (Figure 3e). As shown in Figure 4, the threshold
for the contralateral slow v.r.p. was about twice as
high as that for the monosynaptic reflex, and it
coincided with the threshold for slow-conducted
afferent spikes recorded from the adjacent dorsal root
(Figure 3f). The conduction velocity of these slow-
conducted afferent spikes was about 0.4m s' (Figure
3f). When the stimulus intensity was altered, the
amplitude of the contralateral slow v.r.p. and that of
the slow-conducted afferent spikes changed in parallel
(not illustrated).

Effects ofcapsaicin on spinal reflexes

Figure 5 shows the effects of in vitro treatment with
capsaicin on various types of spinal reflexes. Bath-
application of capsaicin (1 jiM) produced a sustained
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depolarization, as recorded extracellularly from the
ventral root (Figure 5Bb; Theriault et al., 1979), and
during the continued presence of capsaicin for 30 min
the depolarization subsided gradually. The con-
tralateral slow v.r.p. was completely abolished during
the application ofcapsaicin (Figure 5Bb), and after the
removal of the drug no recovery occurred during the
subsequent period of2 h even though the d.c. potential
recorded from the ventral root retumed to the original
level within 30 min (Figure 5Bc). Ipsilateral slow v.r.p.
was also depressed by the capsaicin treatment but the
degree of suppression was slight compared with that of
the contralateral slow v.r.p. The monosynaptic reflex
and the contralateral fast v.r.p. were transiently
depressed by capsaicin probably because of the de-
polarization of spinal neurones, but after washing out
capsaicin they recovered to their original sizes (Figure
5A).
The in vivo treatment of animals with capsaicin also

caused a selective suppression ofthe contralateral slow
v.r.p. When single shock stimulation was given to a
dorsal root (L4 or L5) of the spinal cord preparation
derived from the 4 day-old rats that had received a
subcutaneous injection of capsaicin (50 mg kg-') on
the 2nd day of life, the contralateral slow v.r.p. was
virtually absent (Figure 6). By contrast, the amplitudes
of the monosynaptic reflex and the contralateral fast
v.r.p. in the spinal cords of the capsaicin-treated rats
were not appreciably different from those observed in
the spinal cords of the control animals. The injection
of vehicle alone did not cause any noticeable changes
in the sizes of fast and slow reflexes. The selective
suppression of the contralateral slow v.r.p. was
observed in 2 other capsaicin-treated rats. Analyses

b

Figure 6 Effects of in vivo treatment with capsaicin. Rats were treated with capsaicin (50 mg kg-', s.c.) or vehicle on
the 2nd day of life. Two days after the injection the spinal cords of control and capsaicin-treated animals were isolated
for electrophysiological experiments. The dorsal root (L4) was stimulated with single supramaximal shocks (1OV,
0.5 ms). (a and b) Responses recorded from the spinal cord of a control animal treated with vehicle alone; (c and d)
those recorded from the spinal cord ofa capsaicin-treated animal. Reflex responses were simultaneously recorded from
the ipsilateral L4 ventral roots (a and c) and the contralateral L4 ventral roots (b and d).
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Table 1 Effects of neonatal capsaicin treatment on the amount of substance P (SP) in the spinal cords

SP content
(pg mg- ' protein)

Ventral spinal cord

Dorsal spinal cord

Dorsal root

Control (n = 8)
Capsaicin treatment (n = 8)
Control (n = 5)
Capsaicin treatment (n = 5)
Control (n = 4)
Capsaicin treatment (n = 4)

Rats were treated with capsaicin (50 mg kg ', s.c.) or vehicle on the 2nd day of life, and killed 2 days after the treatment.
The isolated spinal cords with nerve roots attached were placed on dry ice and divided to obtain tissue samples ofdorsal
roots and the dorsal and ventral halves of the spinal cords. Tissue samples were derived from the spinal segments
L3-L5. Each value represents the mean ± s.e.mean. n = number of animals. *P <0.01 when compared with the
control values (Student's t test).

with RIA revealed that the concentration of SP in the
dorsal halves of the spinal cord and the dorsal roots
was markedly reduced in these capsaicin-treated rats 2
days after the injection (Table 1; cf. Gamse et al., 1981;
Nagy et al., 1981). Thus, it is likely that the con-
tralateral slow v.r.p. is produced by the activation of
small-diameter primary afferent fibres that are sen-
sitive to the action of capsaicin.

A

Effects of[D-Arg', D-Pro2, D-Trp7"9, Leu"]-SP on the
responses to SP and other drugs

We have examined the specificity of the SP antagonist,
[D-Arg', D-Pro2, D-Trp7'9, Leu"1]-SP. In the experiment
illustrated in Figure 7, SP (1 pM), applied by brief
pulses (0.6 s), produced depolarizing responses of the
ventral roots. The duration of the pulses was chosen so
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Figure 7 Effects of [D-Arg', D-Pro2, D-Trp7'9, Leu'I-substance P (SP) on the depolarizing responses to SP of the
ventral root. Extracellular recording from L5 ventral root of a hemisected spinal cord preparation which was perfused
with artificial CSF containing 1.26 mM Ca2+ and 2mM Mg2+. SP (1 giM) was dissolved in artificial CSF and applied by
brief pulses at 5 min intervals. [D-Arg', D-Pro2, D-Trp7'9, Leu' ]-SP, 5 JAM, was applied by perfusion during the period
indicated by black horizontal bars. (A) The d.c. records of the responses to SP of the L5 ventral root. (a) SP was applied
using a 1.6 s pulse at the time indicated by (A). (b) The record taken during the periods indicated by broken lines in (B).
SP was applied using 0.6 s pulses at (A). Note that the control responses to SP shown in (b) are submaximal. (c) The
record taken 30 min after the removal of the antagonist as indicated by arrow in (B). (B) The amplitudes of the
responses to SP given by 0.6 s pulses were plotted against time. The same experiment as illustrated in (Ab and c).

Decrease
(%)

673 ± 38
720 ± 68
1977 ± 252
760 ± 96*
634 ± 123
165 ± 27*

61.6

74.0

U -



SUBSTANCE P AND SLOW SPINAL REFLEXES 669

A

a b c 2mV

~~~ u~~~~~~ 7i~~~~1mv
* A A ~~A AA

B
a b C 2 mmV

Figure 8 Effects of [D-Arg', D-Pro2, D-Trp7'9, Leu"]-substance P on the depolarizing responses of the ventral root (L5)
to neurotensin and thyrotrophin releasing hormone (TRH). The hemisected spinal cord preparation was perfused with
artificial CSF containing 2 mm Mg2+ The peptides were applied by brief pulses. (A) Neurotensin (2 luM) was applied
using a 2 s pulse at (*), a 0.7 s pulse at (A) and 0.5 s pulses at (A). (B) TRH (1 AM) was applied using a 1.6 s pulse at
(-), a 0.7 s pulse at (A) and 0.4 s pulses at (A). The substance P (SP) antagonist, 5 jAM, was applied during the periods
marked with black horizontal bars. All records were taken from a single preparation. Note that the responses to the
peptides given at (A) are submaximal.

that the response to SP was submaximal (cf. Figure antagonist at 5 pM (Figure 8). Noradrenaline and 5-
7Aa). The response to SP was markedly depressed hydroxytryptamine applied using brief pulses also
during perfusion with [D-Arg', D-Pro, D-Trp79, produced depolarizing responses recorded from the
Leu"]-SP, 5 JAM, and after the removal of the SP ventral root, but these responses were not affected by
antagonist the size of the response recovered with a the SP antagonist (Figure 9A and B). The response to
relatively slow time course. The submaximal responses acetylcholine was slightly reduced by the SP antagon-
to neurotensin and thyrotrophin releasing hormone ist at 10 1M (Figure 9C).The SP antagonist by itself
(TRH), by contrast, were not affected by the SP exerted no noticeable depolarizing action on the
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Figure 9 Effects of [D-Arg', D-Pro2, D-Trp7'9, Leu' '-substance P on the depolarizing responses to substance P (SP),
noradrenaline, 5-hydroxytryptamine (5-HT) and acetylcholine. The d.c. potentials were recorded extracellularly from
L4 or L5 ventral root of hemisected spinal cord preparations. (A) SP (1 AM) was applied using brief pulses of 0.7 s
duration with 10 min intervals at (A), and noradrenaline (0.1 mM) was alternately applied using 0.75 s pulses at (A). (a)
Control record in normal artificial CSF; (b) in the presence of the SP antagonist (10 AM); (c) 10 min after the removal of
the antagonist. (B) 5-HT, 0.2 mM, was applied using 0.6 s pulses with 7 min intervals at (A). (C) Acetylcholine, 0.5 mM,
was applied using 1.8 s pulses with 6 min intervals at (A). Artificial CSF with 1.26mM Ca2+ and 2.5 mM Mg2+ was used
in (A), with 1.26 mm Ca2+ and 2 mm Mg2+ in (B), and with 0.1 mM Ca2+ and 2 mM Mg2' in (C). The SP ant'agonist
(1O AM) was applied by perfusion during the periods marked with black horizontal bars in (B and C).
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Figure 10 Effects of [D-Arg', D-Pro2, D-Trp7'9, Leu ']-substance P (SP) on the contralateral slow ventral root potential
(v.r.p.). (A) Sample records of reflex responses. Single shock stimulus (1O V, 1 ms) was given to L4 dorsal root every
120 s and the reflex responses were recorded extracellularly from L4 ventral root of the contralateral side. (a) At the
arrow the perfusion with artificial CSF containing [D-Arg', D-Pro2, D-Trp7'9, Leu"]-SP (51M) was started and
continued for 6 min. (b) About 50 min after the removal of the SP antagonist. (B) The peak amplitudes of the
contralateral slow v.r.p. were plotted from the same experiment as illustrated in (A). The SP antagonist was applied
during the period marked with a black horizontal bar.

ventral root in concentrations of 5-10pM. To sum-
marize, the SP antagonist at relatively low concentra-
tions (5- 10 JM) exhibited a considerable, though not
absolute, specificity towards SP.

Effects of[D-Arg', D-Pro2, D- Trp7 9, Leu"]-SP on

spinal reflexes

Figure 10 shows the effects of [D-Arg', D-Pro2, D-
Trp7,9, Leu"]-SP on the contralateral fast and slow
v.r.ps. The size and the duration of the contralateral
slow v.r.p. were markedly reduced by the SP antago-
nist in a concentration of 5 JAM. The effects of the SP
antagonist on the contralateral slow v.r.p. outlasted
the period of application but gradually disappeared
20-40min after the removal of the drug (Figure 10,
see also Yanagisawa et al., 1982). At a higher concen-
tration (16 JM) of the SP antagonist, the effect on the
contralateral slow v.r.p. was more pronounced (Yan-
agisawa et al., 1982), but at this concentration, the SP
antagonist often slightly depressed the responses to
neurotensin and TRH. The ipsilateral slow v.r.p. was
slightly but consistently depressed by the SP antago-
nist (5-16 JM). The monosynaptic reflex and the
polysynaptic reflexes of fast time course, the dorsal
root potential and contralateral fast v.r.p. were not

affected by the SP antagonist even at a concentration
of 16I1M.

Discussion

The present study showed that stimulation of high-
threshold and slow-conducting (therefore probably
small-diameter) primary afferent fibres induces in the
contralateral ventral root of the rat isolated spinal
cord preparation a reflex of slow time course which we
have called contralateral slow v.r.p., and the reflex is
depressed by two pharmacological tools, capsaicin
and the SP antagonist, [D-Arg', D-Pro2, D-Trp7'9,
Leu' ]-SP. These results taken together with other
lines of evidence (see Introduction), suggest that SP is
involved, as a neurotransmitter, in the contralateral
slow v.r.p.
The present results obtained in the isolated spinal

cord of newborn rats form a striking parallel with
those obtained in the prevertebral ganglia of the
guinea-pig where SP acts as a neurotransmitter of a
non-cholinergic slow e.p.s.p. that is recorded from
principal ganglion cells (Konishi et al., 1979; 1980;
1983b; Tsunoo et al., 1982). In both places, the slow
synaptic responses lasting tens of seconds elicited by

b
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stimulation of primary afferent fibres were depressed
by capsaicin and the SP antagonist, [D-Arg', D-Pro2,
D-Trp7'9, Leu']-SP. Therefore, it seems reasonable to
suppose that a slow e.p.s.p. similar to that observed in
the guinea-pig prevertebral ganglia is produced by SP
released from certain small-diameter primary afferent
fibres in the dorsal horn neurones of the spinal cord of
the newborn rat.
However, it should be noted that the two phar-

macological tools used in the present study are by no
means absolutely specific. Recent immunohisto-
chemical studies (Jancso et al., 1981) suggested that
capsaicin depletes not only SP but also other peptides
such as somatostatin, vasoactive intestinal polypep-
tide (VIP) and gastrin/CCK in the nerve terminals of
primary afferents in the dorsal horn. Therefore, it is
conceivable that some of these peptides are also
involved in generation of the contralateral and
ipsilateral slow v.r.ps. However, in the rat isolated
spinal cord the action of somatostatin appears to be
inhibitory (Suzue et al., 1981; Murase et al., 1982). In
fact, the contralateral slow v.r.p. was markedly de-
pressed by a low concentration of somatostatin
(1-10 tM), which produced no depolarizing effect on
motoneurones (unpublished observation). The action
of VIP is excitatory but relatively weak on the spinal
neurones of the newborn rat (unpublished observa-
tion) and furthermore the action of VIP is probably
not antagonized by the SP antagonist, [D-Arg , D-Pro ,
D-Trp7'9, Leu' ']-SP (see below; Jensen et al., 1984). The
recent experiments of Schultzberg et al. (1982) and
Marley et al. (1982) showed that CCK-octapeptide
does not exist in the axon terminals ofprimary sensory
neurones. Taken together, it is likely that SP, but not
somatostatin, VIP and CCK-octapeptide, plays an
important role as an excitatory transmitter initiating
the contralateral slow v.r.p. in the isolated spinal cord
of the newborn rat.

After the subcutaneous injection of capsaicin, the
contralateral slow v.r.p. was abolished when the SP
content of the dorsal spinal cord of the neonatal rat
has been reduced by 62%. By contrast the SP content
of the ventral spinal cord was not altered by the
capsaicin injection (Figure 6 and Table 1, see also
Nagy et al., 1981). These results suggest that the SP-
releasing terminals which are involved in the con-
tralateral slow v.r.p. are probably located in the dorsal
horn. Capsaicin is known to cause a selective degen-
eration of small-diameter primary afferent fibres
(Nagy, 1982). Gilbert et al. (1982) have shown that
about 25% of the SP contents in the dorsal horn and
about 90% ofthe SP contents in the ventral horn are of
supraspinal origin, and this may explain at least partly
the remaining SP contents of the ventral and dorsal
spinal cord after the capsaicin injection.
The new SP antagonist, [D-Arg', D-Pro2, D-Trp7'9,

Leu11]-SP, exhibited a considerable degree of

specificity in the ileum and the sympathetic ganglia of
the guinea-pig (Rosell et al., 1983; Konishi et al.,
1983b). Recently, Jensen et al. (1984) have shown that
this SP antagonist inhibits the stimulation of amylase
release from dispersed pancreatic acini by SP and
bombesin but not CCK-octapeptide and VIP. The
specificity of [D-Arg', D-Pro2, D-Trp7'9, Leu"]-SP was
extensively examined in the rat spinal cord in the
present study. The SP antagonist at low concentra-
tions (5-10ILM) depressed the response to SP, but not
the responses to neurotensin, TRH, noradrenaline, 5-
hydroxytryptamine (Figures 7, 8 and 9) and y-amino-
butyric acid (GABA) (Yanagisawa et al., 1982).
However, the SP antagonist at 1OgM slightly reduced
the action of acetylcholine (Figure 9C). The anti-
cholinergic action of the SP antagonist may reflect a
similar action of SP on Renshaw cells (Ryall, 1982)
and adrenal chromaffin cells (Clapham & Neher,
1984). These cholinergic mechanisms are probably not
involved in the contralateral slow v.r.p., because the
slow reflex was not affected by the cholinergic
antagonists, atropine (O.1IlM) and dihydro-p-eryth-
roidine (4 IM) (unpublished observation).

Recently, Matsuto et al. (1984) showed that [D-
Arg', D-Pro2, D-Trp7', Leu 1]-SP depressed the respon-
ses of the ventral root to neurokinin A and neurokinin
B (for nomenclature of the peptides, see Iversen, 1985).
Neurokinin A (also known as substance K or
neuromedin L) and neurokinin B (neuromedin K) are
particularly interesting because they have been shown
to occur in mammalian spinal cord (Kangawa et al.,
1983; Kimura et al., 1983; Maggio et al., 1983; Nawa et
al., 1983). In addition, Minamino et al. (1983; 1984)
demonstrated the occurrence of two bombesin-like
peptides in porcine spinal cord (neuromedin B and
neuromedin C). Therefore, some of the endogenous
neuropeptides other than SP may also play a
physiological role similar to that of SP. However,
Akagi et al. (1980) showed, by the use of high-
performance liquid chromatography combined with
RIA for SP, that the immunoreactive SP released from
the spinal cord of the newborn rat consists mainly of
the undecapeptide SP. Therefore, the undecapeptide
SP is no doubt released from certain primary afferent
fibres, although other neuropeptides such as neuro-
kinin A might also be released from some primary
afferents (cf. Nawa et al., 1983). To examine whether
other neuropeptides are also involved in the genera-
tion of the contralateral slow v.r.p., further im-
provement of SP antagonists and other neuropeptide
antagonists with respect to specificity is desirable.
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