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Excitatory amino acid (EAA) and substance P (SP) have been known to be primary candidates for
nociceptive neurotransmitter in the spinal cord, and calcium ions are implicated in processing of the sensory
informations mediated by EAA and SP in the spinal cord. In this study, we examined how Ca>" modified
the responses of dorsal horn neurons to single or combined iontophoretical application of EAA and SP
in the rat. All the LT cells tested responded to kainate, whereas about 55% of low threshold (LT) cells
responded to iontophoretically applied NMDA. NMDA and kainate excited almost all wide dynamic range
(WDR) cells. These NMDA- and kainate-induced WDR cell responses were augmented by iontophoretically
applied EGTA, but suppressed by Ca’”, Mn’", verapamil and w-conotoxin GVTA, effect of verapamil
being more prominent and well sustained. Ca®" and Mn®* antagonized the augmenting effect of EGTA.
On the other hand, prolonged spinal application of EGTA suppressed the response of WDR cell to NMDA.
SP had triple effects on the spontaneous activity as well as NMDA-induced responses of WDR cells:
excitation, inhibition and no change. EGTA augmented, but Ca’", Mn*" and verapamil suppressed the
increase in the NMDA-induced responses and spontaneous activities of WDR cells following iontophoretical
application of SP. These results suggest that in the spinal cord, sensory informations mediated by single
or combined action of EAA and SP can be modified by the change in calcium ion concentration.
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INTRODUCTION

Curtis et al (1959) and Konishi & Otsuka (1974)
respectively reported that glutamate and substance P
(SP) produced powerful excitation of spinal neurons.
Thereafter, accumulating evidences have suggested
that excitatory amino acid (EAA) and SP play a major
role in a nociceptive transmission in the spinal cord.
Both EAA and SP are contained in small diameter
primary afferent fibers which terminate in laminae 1
and II in the dorsal horn (De Biasi & Rustioni, 1988)
and high density of their binding sites has been
demonstrated in the superficial laminae of dorsal horn
where many nociceptive afferent fibers terminate
(Marshall et al, 1996). EAA and SP are released into
the dorsal horn upon various noxious stilmuli, but not
upon innocuous stimuli (Duggan et al, 1988; Skilling
et al, 1988; Schaible et al, 1990; Kangrga & Randi¢,

Corresponding to: Hong Kee Shin, Department of Physiology,
School of Medicine, Hanyang University, Seoul 133-791, Korea

35

1991; Paleckova et al, 1992). In the immunocyto-
chemical study of the rat dorsal hom and dorsal root
ganglion (DRG) cell, glutamate was observed to be
colocalized with SP in the same axonal boutons and
DRG cells (Battaglia & Rustioni, 1988; De Biasi &
Rustioni, 1988). SP has been known to increase the
release of EAA from the primary afferent nerve
terminal (Smullin et al, 1990). Dorsal rhizotomy and
neonatal capsaicin treatment also reduce EAA and SP
release from primary afferent fibers (Jessell et al,
1979; Kangrga et al, 1990). These experimental find-
ings imply that SP and EAA are candidate neuro-
transmitters for nociceptive information which are
released from capsaicin-sensitive high threshold pri-
mary afferent fibets.

Many neurons activated by ijontophoretic admi-
nistration of EAA or SP are localized mainly in
laminae I and II of the spinal cord and receive nox-
ious inputs from afferent nerves (Randi¢ & Miletic,
1977; Schneider & Perl, 1985). SP induces slow
prolonged depolarization in the dorsal horn neurons
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while EAA excites dorsal horn neurons with rapid
onset and offset (De Koninck et al, 1992). Intrathecal
application of SP and EAA elicit behavioral responses
such as vocalization, scratching and biting of
hindlimb (Raigorodsky & Urca, 1990; Smullin et al,
1990). EAA and SP are also implicated in the
induction and maintenance of tonic pain by subcu-
taneous injection of formalin, kaolin and carrageenan
(Sluka & Westlund, 1993; Traub, 1996). On the other
hand, NMDA and non-NMDA receptor antagonists
such as MK-801, AP5 and CNQX suppress hyper-
algesia and autotomy resulting from peripheral nerve
injury (Seltzer et al, 1991; Mao et al, 1992).

In the dorsal horn neurons, SP and EAA are known
to cause an increase in intracellular concentration of
calcium ions ([Ca2+]i) (Murphy et al, 1987; Heath et
al, 1994) and induce slow inward current with
characteristics of Ca** current (Murase et al, 1986).
Both SP- and NMDA-induced increases in [Ca*"];
were supposed to result from the entry of Ca’* into
the cell from the extracellular fluid because Ca’"-free
condition abolished SP- and NMDA-induced change
in [Ca’*]i (Murphy et al, 1987; Heath et al, 1994).
Lanthanum blocks the SP-induced Ca’* entry while
AP5, MK-801 and Mg**, but not La>", antagonize
the NMDA-induced increase in [Ca’ " ]; (Murphy et al,
1987; Heath et al, 1994).

Calcium ions are involved in the control of
physiological functions, including enzyme activity,
membrane permeability, neurotransmitter release, and
synaptic transmission (Olivera, 1994). Calcium chan-
nel blockers are also effective for the treatment of
exertional angina and essential hypertension (Flecken-
stein et al, 1985), and have anticonvulsant effect and
neuroprotective action against ischemic brain damage
(Zapater et al, 1997; Zapater et al, 1998). One of the
important action of Ca’* is its involvement in the
processing of the nociceptive informations in the
spinal cord. Ca’* channel blockers antagonize no-
ciceptive responses with different origins. L-, N-, and
P-type voltage-sensitive Ca’ " channel blockers inhibit
the normal and sensitized responses of WDR cells to
C-fiber and thermal stimulation without any effect on
the response to A-fiber stimulation (Shin et al, 1997).
L-type Ca’* channel blockers and thapsigargin block
thermal hyperalgesia induced by intrathecally admi-
nistered SP (Henry et al, 1996). L-type (verapamil,
diltiazem, nifedipine) and N-type ( w-conotoxin, SNX-
111) Ca** channel blockers dose-dependently sup-
press tonic pain responses induced by acute inflam-
mation, thermal hyperalgesia and mechanical al-
lodynia resulting from peripheral nerve injury (Giirdal
et al, 1992; Chaplan et al, 1994; Malmberg & Yaksh,

1995; Neugebauer et al, 1996). It was reported that
a continuous infusion of SNX-111 for 7 days neither
developed tolerance nor reduced antinociceptive ac-
tion of the drug (Malmberg & Yaksh, 1995).

Putting all these informations described together,
we can reach the conclusion that SP and EAA are
candidate neurotransmitters for nociceptive primary
afferent fibers in the spinal cord and SP- and
NMDA-induced increase in [Ca’*]; could play an
important role in the processing of mnociceptive
responses. The present study was designed to in-
vestigate the effects of Ca’" and Ca’* channel
blockers on the responses of spinal dorsal horn
neurons to iontophoretical application of EAA and
SP.

METHODS

Sixty four adult male rats (Sprague-Dawley, 300~
450 gm) were anesthetized with urethane (1.2 gm/kg,
i. p.). External jugular vein was cannulated with
polyethylene tube (PE-60) through which pancu-
ronium bromide (0.3 mg/kg/hr) was continuously
infused to paralyze the musculature. The rats were
artificially ventilated and end-tidal CO, was main-
tained between 3.5 and 4.5%. Core temperature was
kept near 38°C by a homeothermic blanket system
(Harvard Apparatus, USA). Lumbar enlargement of
spinal cord between T13 and L3 was exposed by
laminectomy and the common peroneal and tibial
nerves were dissected from the surrounding tissues at
popliteal fossa. The exposed tissues were covered
with warm liquid paraffin to prevent drying. After
finishing all these surgical procedures, the rats were
placed in a stereotaxic apparatus.

Spinal dorsal neurons were activated by electrical
stimulation of the exposed peripheral nerve and their
activities were extracellulary recorded with the central
barrel of seven-barreled microelectrode which con-
tained a low-impedence carbon filament. Once the
single unit activity of dorsal horn neuron was
recorded, type of the neuron was classified into wide
dynamic range (WDR) cells and low threshold (LT)
cell according to the response pattern to mechanical
stimuli applied to the receptive field. Outer barrels of
the 7-barreled microelectrode were used to apply
drugs by microiontophoresis. In this experiment, the
following substances were applied to the spinal cord
by microiontophoresis: glutamate (0.2 M), N-methyl-
D-aspartate (NMDA, 0.05 M), kainate (0.02 M), Ca**
(0.1 M), Mn>" (0.2 M), EGTA (0.1 M), verapamil
(0.03 M), and w-conotoxin GVIA (0.1 mM). All
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solutions were at pH 7.5~8.0. All drugs were pur-
chased from Sigma chemicals or Research Bioche-
micals. One outer barrel of micropipette was filled
with 0.15 M NaCl for current balance. Retaining
currents (5~10 nA) were used between drug ap-
plication to prevent drug leakage. In each figure, the
number next to the name of each substance is the
amount of ejection current. For example, Ca’" 5
means that Ca®" was ejected at the current of 5nA.
EAAs were iontophoretically applied for 5 sec every
15 or 20 sec. We first checked whether LT and WDR
cells responded to iontophoretically applied EAAs and
then observed the effects of Ca2+, EGTA, Mn2+,
verapamil and @-conotoxin GVIA on the responses
evoked by EAAs. Also studied were the effects of
Ca>", EGTA, Mn”"and verapamil on the SP-induced
changes in spontaneous activity and the responses of
WDR cell to NMDA and kainate. In a few experi-
ments, changes in the responses of WDR cell to the
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iontophoretic application of glutamate were observed
after spinal application of EGTA (20 mM).

All evoked activities were amplified (WPI, DAM-
80, USA), displayed on oscilloscope and fed into the
window discriminator whose output was used by a
computer to compile the poststimulus time histogram.
Because each unit had different threshold current and
size of the EAA-induced responses varied from one
unit to another, data were expressed as a percentage
of discharges in the control state before single or
combined iontophoretic application of SP, Ca’" and
Ca’" channel blockers.

RESULTS

The activity of 254 dorsal horn neurons was
recorded in 64 experiments. The dorsal horn neurons
included 215 WDR cells and 29 LT cells. Recordings
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Fig. 1. Response characteristics of the low threshold (LT) cell to iontophoretical application of kainate and NMDA.
T: tapping, P: pressure. Each mechanical stimulus was applied to the receptive field for 10 sec. The neurons tested
responded only to tapping stimulus A: A-fiber response induced by electrical stimulation of afferent nerves. This neuron
received only A-fiber inputs. Arrow in A indicate the time at which single stimulus was applied to afferent nerve.
All LT cell (N=10) tested responded to kainate (B). 16/29 LT cells responded to iontophoretically applied NMDA
or glutamate while 13/29 LT cells did not respond (C).
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Fig. 2. Changes in the NMDA- and kainate- induced responses of wide dynamic range (WDR) cell after single or
combined iontophoretical application of Ca’* and EGTA. The NMDA- (A) and kainate- (B) induced responses of WDR
cells were current-dependently inhibited by the jontophoretical application of Ca’". However, EGTA augmented the
NMDA (C) and kainate- (D) induced responses and the augmenting action of EGTA was antagonized by Ca’”".

were generally obtaind from 500 xm to 1000 xm
below the surface of the spinal cord, suggesting that
the cell bodies were located in laminae IV - VI. The
LT cells tested responded only to tappings applied to
the receptive field without any response to pressure.
Of the 29 LT cells, 16 cells (55.1%) responded to
iontophoretically applied glutamate or NMDA where-
as 13 cells did not. However, all the LT cells tested
(N=10) showed the response to kainate. The LT cells
that responded to excitatory amino acids (EAA) had
the same response characteristics to Ca>* and Ca®*
channel blockers as those of WDR cells, and so
figures were not given to avoid the repeated pre-
sentation of the figures with the same pattern. Of the
215 WDR cells recorded, the response characteristics
of 114 WDR cells were more carefully investigated.
81 WDR cells received C-fiber inputs. Only 7/114
units did not respond to NMDA, glutamate or kainate.
No differences in the EAAs-induced responses were
observed between WDR cells with and without C-
fiber inputs. Glutamate has been known to have a
similar affinity both to NMDA and non-NMDA
receptors but we could not find apparent differences

in the responses to NMDA and glutamate in this
study and both data were pooled.

Iontophoretically applied Ca’* current-dependently
suppressed both NMDA- and kainate-induced re-
sponses of WDR cells (Fig. 2A & B) while Ca’"
chelating agent, EGTA, strongly augmented the
responses to NMDA and kainate (Fig. 2C & D). The
augmenting effect of EGTA was greatly reduced by
Ca’". A decisive data are not presented here because
there was a great difference in threshold current for
each WDR cell (this principle is applied to all other
cases). Ca™* ejected at the current of 5 nA inhibited
NMDA-induced responses to about 49.81+7.5% of
the control and iontophoretic application of EGTA
with the ejection current of 20 and 40nA augmented
NMDA-induced responses to about 166.4+14.8%
and 239.8+22.5% of the control, respectively.

Fig. 3. shows inhibitory effect of non-selective
voltage-dependent Ca’" channel blocker, Mn2+, on
the NMDA-induced responses. Inhibitory action of
Mn’" on the WDR cell responses to NMDA was
current-dependent. When Mn’" was iontophoretically
applied at the ejection current of 10 nA, NMDA-
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Fig. 3. Effects of iontophoretically applied manganese
ions on the NMDA-induced responses of wide dynamic
range (WDR) cells. Manganese ions current-dependently
suppressed the NMDA-induced responses of WDR cells
(A). EGTA-evoked augmentation of NMDA-induced
responses was antagonized by manganese ions (B).
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induced response was attenuated to 57.4+5.2% of the
control. Mn”>" also suppressed the augmenting effect
of EGTA on the NMDA-induced responses of WDR
cell to 24.3+7.1% of the EGTA-augmented response.

In a few experiments (N=5), we observed the effect
of EGTA applied onto the spinal cord for a longer
duration (Fig. 4). For about 700~ 800 sec after spinal
application of EGTA, the responses of WDR cell to
iontophoretical application of NMDA were augmented
and thereafter gradually inhibited. The NMDA-
evoked responses were almost completely suppressed
about 1200 sec after spinal application of EGTA.

In Fig. 5, inhibitory effects of N-type and L- type
Ca’" channel blockers on the glutamate- and kai-
nate-induced responses of WDR cells are shown. In
general, N-type Ca>" channel blocker, ¢-conotoxion
GVIA, had weaker inhibitory action and needed
higher ejection current for inhibition (200~300 nA)
(Fig. 5A & C). Therefore, we observed mainly the
effect of L-type Ca’" channel blocker in the fol-
lowing experiments. w@-conotoxin inhibited NMDA-
induced responses by about 60.4 +5.4% when ejected
at the current of 200 nA. However, L-type Ca’"
channel blocker, verapamil, had strong and long-
lasting inhibitory action on the EAA-induced re-
sponses of WDR cell. The NMDA - induced response
was suppressed to about 34.4+10.3% of the control
by verapamil ejected at the current of 15~20 nA and
also kainate-induced responses were inhibited to a
similar degree.

Substance P (SP) had variable actions on the
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Fig. 4. Effects of spinal application of EGTA on the NMDA-induced responses of wide
dynamic range (WDR) cells. WDR cells were excited by iontophoretical application of
NMDA for 5 sec every 20 sec. EGTA (20 mM) was applied onto the spinal cord at arrow.
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Fig. 5. Changes in the NMDA- and kainate-induced responses of wide dynamic range (WDR) cell after iontophoretical
application of w -conotoxin GVIA (CTX) and verapamil (VERA). Both responses induced by NMDA (A) and kainate
(C) were inhibited by CTX but a little high current was required for the induction of inhibition. However, verapamil
induced a long-lasting inhibition of the responses of WDR cells to NMDA (B) and kainate (D).

NMDA- and kainate-induced responses of WDR
cells. Predominant action of SP was excitatory on the
NMDA-induced response. Action of SP had very
slow onset and offset. The excitatory effect of SP
reached the peak level at least 60 sec after beginning
iontophoretical application of SP. Of the 66 cells
tested, following the iontophoretical application of SP
at the ejection current of 50 nA, the NMDA-induced
response of WDR cell was augmented to 1859+
9.9% (115.5~274.9%) of the control in 35 cells and
was inhibited to 54.9+4.8% of the control in 13
cells. In remaining 18 cells, the NMDA-induced
responses were not changed by SP. SP had a similar
effect on the kainate-induced responses. However,
kainate-induced responses were inhibited in a higher
proportion of WDR cells (13/30 cells) whereas the
responses were potentiated in 8/30 cells by SP. Figure
6 shows typical examples of the NMDA-induced
responses of WDR cell which were excited or
inhibited by iontophoretical application of SP.
Because we could not find any difference in the

effects of Ca’™ and Ca®” channel blockers on the
excitatory action of SP on NMDA- and kainate-
induced responses, we describe only NMDA-induced
response. As shown in Fig. 7, iontophoretically
applied Ca>*, Mn>" and verapamil inhibited the SP-
augmented responses of WDR cells by 70.4+5.2%,
74.3+6.5% and 73.21+4.6%, respectively. Inhibitory
actions of Ca>” and Mn®" were short-lasting but that
of verapamil was very long-lasting. The excitatory
effect of SP was further increased after iontopho-
retical administration of EGTA (Fig. 7B).

We examined the effects of SP on the spontaneous
activities in 25 WDR cells. SP augmented the spon-
taneous activities by 78.2+22.6% in 13 cells while
inhibited by 69.2+6.2% in 6 cells (Fig. 8A & B).
The spontaneous activities were not changed in 6
cells even after iontophoretical application of SP.
Excitatory effect of SP on spontaneous activity was
also suppressed by Ca’*, Mn’" and verapamil. The
action of verapamil was very strong and long-lasting
(Fig. 8C & D).
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Fig. 6. Typical examples of the NMDA-induced re-
sponses of WDR cells which were excited or inhibited
by iontophoretical application of substance P (SP). The
NMDA-induced responses were more strongly excited
(A) or inhibited (B) when ejection current increased. SP
had very slow onset and offset.

DISCUSSION

Many experimental findings suggest that NMDA
and SP are implicated in the processing of nociceptive
informations in the spinal cord. The evidence which
supports this contention includes 1) high density of
their binding sites in superficial layers of dorsal horn
where the nociceptive primary afferent fibers ter-
minate (Henley et al, 1993; Marshall et al, 1996), 2)
an increase in the release of SP and NMDA from
capsaicin-sensitive fine afferent fibers by the noxious
stimulation (Duggan et al, 1988; Kangrga et al, 1990;
Kangrga & Randi¢, 1991), and 3) the excitation by
NMDA and SP of dorsal horn neurons which receive
noxious inputs from the peripheral receptors and are
located mainly in laminae I and II (Randi¢ & Miletic,
1977; Schneider & Perl, 1985). The evoked release
of SP and EAA greatly increases in the spinal cord
when cutaneous inflammation and arthritis are in-
duced by formalin (Skilling et al, 1988), carrageenan
(Schaible et al, 1990) and complete Freund’s adjuvant
(Southall et al, 1998). The SP and EAA receptor
antagonists also suppress the inflammation-induced

and neuropathic pains (Seltzer et al, 1991; Mao et al,
1992; Sluka & Westlund, 1993; Traub, 1996). All
these results imply that SP and EAA may play a key
role in the nociceptive sensory transmission in the
spinal cord. In this experiment, we found that LT
cells as well as WDR cells are excited by ionto-
phoretically applied NMDA and kainate and that LT
cells activated by EAAs had the same response
characteristics to Ca’" and Ca’" channel blockers as
those of WDR cells. Our finding that LT cells were
excited by EAA does not agree with the view that
EAA functions as a nociceptive neurotransmitter.
Although we can not reach a definite conclusion from
the result of this experiment,- the activation of LT
cells as well as WDR cells by EAA seems to be
related with the localization of the site stimulated by
noxious stimulations.

The EAA-induced responses of WDR cell were
current-dependently inhibited by iontophoretically ap-
plied Ca®" while they were augmented by EGTA.
The augmented WDR cell responses to EGTA were
suppressed by Ca*™ or Mn’*. These results are in a
sharp contrast with other worker’s fingings that
intracerebroventricular (i.c.v.) administration of Ca**
produced hyperalgesia while i.c.v. or intrathecal
EGTA induced dose-dependent analgesia (Schmidt &
Way, 1980; Kim et al, 1991). On the other hand, we
observed biphasic effects of EGTA on NMDA re-
sponses after spinal application: initial augmentation
and later suppression. For about 700~800 sec after
spinal application of EGTA the NMDA responses of
WDR cells were potentiated and thereafter the aug-
mented responses were attenuated. These differences
in the effects of Ca’” and EGTA can be attributed
to how much changes in Ca’" concentration in ECF
were induced by iontophoretical or spinal application
of Ca’* or EGTA. Local and small increase in Ca®"
concentration by iontophoretical application of Ca*"
can reduce the membrane excitability whereas low
Ca®" concentration can decrease the threshold for
excitation and then increase the spontaneous dis-
charges (Frankenhaeuser, 1957; Frankenhaeuser &
Meves, 1958). Curtis et al (1960) also reported that
iontophoretical application of calcium chelators ex-
cited spinal neurons by reducing Ca’" concentration
in ECF and by removing Ca’* combined with
membrane protein. However, the NMDA responses of
WDR cells in this study appears to be strongly
suppressed because Ca’" concentration in both ECF
and ICF was greatly reduced after longer spinal
application of EGTA. Iontophoretical or spinal ap-
plication of calcium ions and EGTA seem to induce
nonspecific action on the spinal neurons which vary
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Fig. 7. Ca“, EGTA, Mn®* and verapamil modified the NMDA-induced responses of WDR cell which were augmented
by iontophoretical application of substance P (SP). Ca*' (A), Mn’" (C) and verapamil (D) strongly suppressed
SP-evoked augmentation of the responses of WDR cell to NMDA whereas EGTA further increased augmenting effect

of SP (B).

with the induced changes of calcium concentration in
ECF and neuronal membrane.

Ca’" influx through voltage sensitive Ca>" chan-
nels as well as EAA receptor is assumed to play an
important role in the EAA-induced responses of
WDR cells. The responses of WDR cells to NMDA
and kainate were suppressed by iontophoretical
application of Mn’*, verapamil and w-conotoxin
GVIA. Of these three Ca’* channel blockers, vera-
pamil produced most strong and sustained inhibition
of the EAA-induced responses of WDR cells. EAA
has been known to induce an increase in [Ca’*]; in
hippocampal, striatal and spinal neurons, which was
antagonized by AP5 (2-amino-5-phosphonovalerate)
and removal of external Ca’" (Murphy et al, 1987;
Mayer et al, 1987). Murphy et al (1987) reported that
the NMDA- and kainate-induced increase in [Ca2+]i
was not blocked by lanthanum, a non-selective
voltage-dependent Ca’* channel blocker. These ex-
perimental findings suggest that Ca’® enters the
neuronal cell only through NMDA receptors and in
this respect do not agree with our results, that calcium

entry through voltage sensitive calcium channels,
especially L-type, played an important role in the
NMDA- and kainate-induced responses of WDR
cells.

As reported by others, SP had triple effects on
spontaneous activity and EAA-evoked responses of
WDR cells in the present study. The mechanism by
which SP induces an inhibitory action remains to be
clarified. Excitatory action of SP on the EAA re-
sponses has been studied in behavioral and elec-
trophysiological experiments (Smullin et al, 1990;
Dougherty et al, 1993). In the present study, ex-
citatory action of SP was observed in more than 50%
of WDR cells activated by NMDA or those cells with
spontaneous activities. This excitatory action was
strongly suppressed by iontophoretic application of
Ca®*, Mn’" and verapamil, suggesting that ca**
entry through voltage sensitive Ca®" channels plays
an important role in the excitatory effect of SP on the
NMDA responses. In a single isolated rat dorsal horn
neuron, [Ca2+]i of dorsal horn neuron activated by SP
was increased and the increase in [Ca’’]; was
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Fig. 8. Changes in the spontaneous activities after single or combined administration of substance P (SP), Ca™",
verapamil and Mn®*. Iontophoretical application of SP increased (A) or decreased (B) the spontaneous activities of
WDR cells. The increased spontaneous activities by SP were attenuated after iontophoretical application of Cca’t (©),

verapamil (C) and Mn®* (D).

antagonized by LaCls, verapamil and Ca’" free
medium (Heath et al, 1994; Murase et al, 1986).
These results well agree with our finding that the
SP-induced excitatory effects were strongly anta-
gonized by Ca’* channel blockers, especially L-type
blocker.

The EAA- and SP-induced increase in [Ca®™]; may
cause 1) an activation of protein kinase C which
induces sustained alternations in the cellular mem-
brane, 2) the production of inositol 1,4,5-trisphos-
phate (IP;) which causes further release of calcium
from intracellular stores within the endoplasmic re-
ticulum, 3) the formation of arachidonic acid products
by the activation of phospholipase A, and 4) the
activation of nitric oxide (NO) synthase and liberation
of NO (Coderre, 1992; Rodriguez-Alvarez et al,
1996). These factors act together and then may lead
to the central sensitization and hyperalgesia. For the
following reasons, authors believe that SP may
function as a neuromodulator rather than neuro-
transmitter in the processing of nociceptive infor-
mations in the spinal cord. SP and EAA are
colocalized in the same terminals of primary afferent

fibers (Battaglia & Rustioni, 1988; De Biasi &
Rustioni, 1988) and they are released simultaneously
by the same noxious stimuli (Duggan et al, 1988;
Kangrga & Randi¢, 1991; Paleckova et al, 1992).
EAA has rapid onset and offset while SP induced
slow and prolonged depolarization. In the present
study, more than 60 sec was needed for the effect of
SP to reach the peak after iontophoretic application
and the SP-evoked effect was very long-lasting. It
was well documented that SP increases the release of
EAA from primary afferent fiber (Smullin et al,
1990), and also augments behavioral and electro-
physiological responses induced by EAA (Smullin et
al, 1990; Dougherty et al, 1993). Putting all these
reports together, we can conclude that EAA with
rapid onset first excites dorsal horn neurons and then
the evoked responses of dorsal horn neuron and the
release of EAA are continuously potentiated by SP
with slow onset. These mutual action of SP and EAA
can lead to the sustained activation of dorsal horn
neurons.
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