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To elucidate the mechanisms of antinociception mediated by the dopaminergic descending pathway in the
spinal cord, we investigated the actions of dopamine (DA) on substantia gelatinosa (SG) neurons by in vivo
whole-cell patch-clamp methods. In the voltage-clamp mode (V3 =—-70mV), the application of DA
induced outward currents in about 70% of SG neurons tested. DA-induced outward current was observed
in the presence of either Na* channel blocker, tetrodotoxin (TTX) or a non-NMDA receptor antagonist,
CNQX, and was inhibited by either GDP--S in the pipette solution or by perfusion of a non-selective K*
channel blocker, Ba®*. The DA-induced outward currents were mimicked by a selective D2-like receptor
agonist, quinpirole and attenuated by a selective D2-like receptor antagonist, sulpiride, indicating that
the DA-induced outward current is mediated by G-protein-activated K* channels through D2-like recep-
D2-like receptor tors. DA significantly suppressed the frequency and amplitude of glutamatergic spontaneous excitatory
Spinal cord postsynaptic currents (EPSCs). DA also significantly decreased the frequency of miniature EPSCs in the
All presence of TTX. These results suggest that DA has both presynaptic and postsynaptic inhibitory actions
Inhibitory descending pathway on synaptic transmission in SG neurons. We showed that DA produced direct inhibitory effects in SG neu-
rons to both noxious and innocuous stimuli to the skin. Furthermore, electrical stimulation of dopaminer-
gic diencephalic spinal neurons (A11), which project to the spinal cord, induced outward current and
suppressed the frequency and amplitude of EPSCs. We conclude that the dopaminergic descending path-

Keywords:
Dopamine
In vivo patch-clamp

way has an antinociceptive effect via D2-like receptors on SG neurons in the spinal cord.
© 2010 International Association for the Study of Pain. Published by Elsevier B.V. All rights reserved.

1. Introduction

Dopamine (DA) is well known as a neurotransmitter and neuro-
modulator in the brain, not just as a precursor in the synthesis of
other catecholamines. DA receptors are classified into two families:
D2-like, incorporating D2 and the closely-related D3 and D4 recep-
tors and D1-like which includes D1 and the closely-related D5
receptor (see reviews [33,50]). DA controls a variety of functions
including locomotors activity, cognition, emotion, positive rein-
forcement, food intake, and endocrine regulation. Compared with
the enormous literature devoted to DA actions in the brain, little
is known about the role of DA in the spinal cord.

The first-order neurons transmitting pain impulses from the
skin are of two types; small-diameter myelinated fibers of the A
group that are responsible for a fast or first pain and nonmyelin-
ated C-fibers that give rise to a slow or second, duller, more diffuse
type of pain. Noxious information is transmitted through the As-

* Corresponding author. Tel.: +81 72 453 8395; fax: +81 72 453 0276.
E-mail address: nakatsuka@kansai.ac.jp (T. Nakatsuka).

and C-fibers to the superficial dorsal horn, especially the substantia
gelatinosa (SG) neurons [26,46,55], as recently reviewed [9].
Descending pathways from the midbrain and brainstem exert an
inhibitory effect on dorsal horn transmission, which is subject to
various modulatory influences [14]. It has been well established
that the descending noradrenergic and serotonergic pathways
modulate nociceptive transmission in the spinal dorsal horn (see
reviews [32,40,54]). Compared with noradrenaline (NA) and sero-
tonin (5-HT), little is known about the roles of the descending
dopaminergic pathway. The periventricular, posterior region
(A11) of the hypothalamus is the principle source of descending
dopaminergic pathways [10,42,47]. Focal electrical stimulation in
the region of the A11 area suppresses the nociceptive responses
of neurons in the spinal dorsal horn [12]. These findings strongly
suggest that the descending dopaminergic pathway plays an
important role in the process of antinociception in the spinal cord.
In addition, behavioral studies demonstrate that intrathecal
administration of DA induced thermal antinociceptive effects
through D2-like receptors when assessed by the tail flick test
[3.22]. Whole-cell patch-clamp recordings reveal that DA produces

0304-3959/$36.00 © 2010 International Association for the Study of Pain. Published by Elsevier B.V. All rights reserved.
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hyperpolarization and an outward current in a proportion of SG
neurons in transverse spinal cord slices [48]. However, it has not
been determined whether the excitatory postsynaptic currents
(EPSCs) that are inhibited by DA in slice preparations are responsi-
ble for pain transmission. Nor have the effects of DA on EPSCs been
examined with whole-cell patch-clamp recordings in vivo. Even
though some SG neurons have been shown to spread their den-
drites more than 500 pm rostrocaudally [45], the thicknesses of
the transverse spinal cord slices are usually less than 500 um
[55]. Therefore, it is possible that the dendrites of the SG neurons
are transected and/or injured in the slice preparations, making it
difficult to evaluate the overall effect of DA on the SG neurons.
Thus, we sought to investigate the effects of DA on synaptic re-
sponses to noxious stimuli and analyze the synaptic actions of
DA on SG neurons in vivo.

2. Methods

All the experimental procedures involving the use of animals
were approved by the Ethics Committee on Animal Experiments,
Wakayama Medical University and were in accordance with the
UK Animals (Scientific Procedures) Act 1986 and associated
guidelines.

2.1. Preparation

The methods used for the in vivo patch-clamp recording were
similar to those described previously [13,36,44]. Male Sprague-
Dawley rats (5-7 weeks of age, 150-250 g) were anesthetized with
urethane (1.2-1.5 gkg™!, intraperitoneal). Artificial ventilation of
the pneumothorax was not performed as the rats could be main-
tained in good condition without artificial ventilation by supplying
oxygen through a nose cone (Fig. 1) [44]. If a withdrawal reflex ap-
peared, then a supplemental dose of urethane was given during
surgery and the data collection period. A heating pad was placed
beneath the rat to maintain its body temperature. The lumbar
spinal cord was exposed at the level from L3 to L5 by a thoraco-
lumbar laminectomy at the level from Th12 to L2 and the rat
was placed in a stereotaxic apparatus (Model STS-B & SR-5R-HT,
Narishige, Tokyo, Japan). Under a binocular microscope with 8x
to 40x magnification, the dura was cut and removed. Then, the
dorsal root that enters the spinal cord above the level of recording
sites was gently shifted bilaterally, using a small glass retractor, to
expose Lissauer’s tract so that a recording electrode could be ad-
vanced into the SG from the surface of the spinal cord. The pia-
arachnoid membrane was removed using microforceps to make a
window large enough to allow the patch electrode to enter the
spinal cord. The surface of the spinal cord was irrigated with 95%
0, 5% COy-equilibrated Krebs solution (10-15mlmin~') (mM:
NaCl 117, KCI 3.6, CaCl, 2.5, MgCl, 1.2, NaH,PO4 1.2, glucose 11,
and NaHCO3; 25) through glass pipettes at 36.5+ 0.5 °C. At the
end of the experiments, the rats were given an overdose of ure-
thane and then killed by exsanguination.

2.2. Patch-clamp recordings

The patch electrodes were pulled from thin-walled borosilicate
glass capillaries (o.d. 1.5 mm) using a p-97 puller (Sutter Instru-
ment, Novato, CA, USA), and were filled with a patch-pipette solu-
tion composed of the following (mM): potassium gluconate 135,
KCl 5, CaCl; 0.5, MgCl, 2, EGTA 5, ATP-Mg 5 and Hepes-KOH 5;
pH7.2. When necessary, guanosine-5'-O-(2-thiodiphosphate)
(GDP-B-S) was added at a concentration of 2 mM to the patch-
pipette solution. The electrode with a resistance of 8-12 MQ was
advanced at an angle of 30-45 degrees into the SG through the
window in the pia-arachnoid membrane using a micromanipulator

0O, Nose cone

Krebs injet

Stereotaxic apparatus

Krebs outlet

Tooth forceps
for pinch stimulaton

Fig. 1. Schematic diagrams of in vivo rat preparation. Whole-cell patch-clamp
recordings were done while supplying oxygen to a urethane-anesthetized rat
through a nose cone. The lumbar spinal cord was exposed at the level from L3 to L5
by a thoraco-lumbar laminectomy at the level from Th12 to L2, then the rat was
placed and fixed in a stereotaxic apparatus. The surface of the spinal cord was
irrigated with 95% O, 5% CO»-equilibrated Krebs solution from inlet to outlet. Drugs
were dissolved in Krebs solution and applied by perfusion. The noxious and
innocuous mechanical stimuli were applied to the receptive field of the ipsilateral
hindlimb with toothed forceps and air puffs.

(Model MWS-32S, Narishige, Tokyo, Japan). A giga-ohm seal (resis-
tance of at least 10 GQ2) was then formed with neurons at a depth
of 30-150 pm. Membrane potentials were held at —70 mV in volt-
age-clamp mode. After making a giga-ohm seal, the membrane
patch was ruptured by a brief period of more negative pressure,
thus resulting in a whole cell configuration. Signals were collected
using an Axopatch 200B amplifier in conjunction with a Digidata
1440A A/D converter (Molecular Devices, Sunnyvale, CA, USA)
and stored on a personal computer using pCLAMP 10 data acquisi-
tion program (Molecular Devices, Sunnyvale, CA, USA). They were
analyzed using Mini Analysis 6.0 software (Synaptosoft, Fort Lee,
NJ, USA) and pCLAMP 10 data acquisition program.

2.3. Stimulation protocols

The noxious and innocuous mechanical stimuli were applied to
the receptive field of the ipsilateral hindlimb using toothed forceps
or air puffs (Pressure system Ile, Toohey Company, Fairfield, NJ,
USA), respectively. To keep a fixed strength noxious stimulation,
the toothed forceps was clamped during skin pinching.

2.4. Electrical stimulation of A11

The methods used for electrical stimulation of the brain during
in vivo patch-clamp recording on SG neurons were similar to those
described previously [23]. A burr hole was made in the skull, and
the 26 gauge (0.46 mm outer diameter (OD)) guide cannula was in-
serted 2 mm above the A11 and fixed to the skull by dental cement.
A concentric bipolar stimulating electrode (0.2 mm OD; model
IMB-9002; Inter Medical Company, Nagoya, Japan) was inserted
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through this guide cannula. The stimulating sites were aimed at
A11 (stereotaxic coordinates: 3.0-3.5 mm posterior to the bregma
and 0.5 mm lateral, 8.0 mm ventral to the dura) [37]. The stimulat-
ing electrode was equipped with stoppers to extend 2 mm beyond
the tip of the guide cannula. The electrical stimulation was per-
formed with rectangular pulses (duration, 100 ps; intensity,
100 pA; frequency, 10 Hz).

2.5. Drug application

Drugs were dissolved in Krebs solution and applied by perfusion
via a three-way stopcock without any change in the perfusion rate

DA (100 u M)

or the temperature. The time necessary for the solution to flow
from the stopcock to the surface of the spinal cord was approxi-
mately 10s. The drugs used in this study were DA, SKF38393,
sulpiride, tetrodotoxin (TTX) (Wako, Osaka, Japan), quinpirole, bar-
ium chloride dihydrate, 6-cyano-7-nitroquinoxaline-2,3-dione
(CNQX) and GDP-p-S (Sigma, St Louis, MO, USA). Sulpiride and
CNQX were first dissolved in dimethyl sulfoxide (DMSO) at 1000
times the concentrations to be used. DA, TTX, barium chloride
dihydrate, SKF38393 and quinpirole were first dissolved in distilled
water at 1000 times the concentrations to be used. These drugs
were diluted to the final concentration in Krebs solution immedi-
ately before use.

B e e
T

P

20 DA (100 1 M)

EPSC frequency

001234567891011

Times

[min]

50 pA

1 min

100 pA

02s

[pAl
30 DA (100 g M)

—
S
=
£ 20
Q.
£15
©
¢ 10
D os
oy

0t 2342567889 1011

Times {min]

Fig. 2. DA induces an outward current and decreases the frequency and amplitude of EPSCs in SG neurons. (A) In voltage-clamp mode (V}; = -70 mV), bath application of DA
(100 pM) produced an outward current in 155 out of 219 (70.8%) neurons recorded, The neuronal activity in this figure shows a typical response to DA. In this and subsequent
figures, a bar shown above the recording indicates the period during which drugs were superfused. The three traces, shown in an expanded scale in time, indicate that the
frequency and amplitude of EPSCs are clearly reduced during DA perfusion compared with those of the controls. (B) The frequency and amplitude of EPSCs following the
application of DA (100 uM), plotted against time. Each bar indicates data calculated from the EPSCs measured for 30 s. (Same neuron as in Fig. A).
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2.6. Statistical analysis

All numerical data were expressed as the mean + S.E.M. Statisti-
cal significance was determined as P < 0.05 using Student’s t test
and Student’s paired t test. In electrophysiological data, n refers
to the number of neurons studied. The membrane potentials were
not corrected for the liquid junction potential between the Krebs
and patch-pipette solutions.

3. Results

An animal preparation could be maintained in a stable condi-
tion for over 10 h, which was comparable to that maintained in
previous experiments using an artificial ventilator. Whole-cell
patch-clamp recordings were made from 272 SG neurons. All neu-
rons studied had membrane potentials more negative than
-50mV. The membrane potentials were —61.7+0.5mV
(n=166). All SG neurons tested exhibited EPSCs at a holding poten-
tial (Vi) of =70 mV where no inhibitory postsynaptic currents (IPS-
Cs) were observed, because the reversal potential for IPSCs was
near -70 mV [57].

3.1. Pre- and postsynaptic DA actions in SG neurons

In the voltage-clamp mode, perfusion with DA (100 uM) in-
duced a clear outward current in 155 out of 219 (70.8%) neurons
recorded (Fig. 2A). The average amplitude of the DA-induced out-
ward currents was 19.5+ 1.6 pA (n=64). In 19 of 219 neurons
tested, an inward current was observed (data not shown). When
DA was applied repeatedly at 5-min intervals, it produced similar
responses with similar amplitudes (Fig. 3A). Furthermore, an out-
ward current did not show any attenuation during the 10 min con-
tinuous application of DA (Fig. 3B). During the simultaneous
application of TTX (1 uM), a Na” channel blocker, DA (100 uM) also
induced outward currents (13.3 + 2.3 pA; n = 10) (Fig. 3C). All of the
neurons examined exhibited miniature EPSCs (mEPSCs) that were
completely blocked by a non-NMDA receptor antagonist, CNQX
(10 uM), and in its presence DA generated an outward current
(n=5) (Fig. 3D). DA sometimes decreased the frequency and
amplitude of EPSCs (65.2 +6.3% of the control frequency and
75.1 £3.2% of the control amplitude; n = 19, Fig. 2B). The frequency
and amplitude of EPSCs were suppressed by the application of TTX
(73.1 £10.0% of the control frequency and 74.9 + 5.6% of control
amplitude; n=10) within 30s, suggesting that a substantial
amount of EPSCs initiated by action potentials from interneurons
or primary afferents were included under these in vivo conditions.
Moreover, in the presence of TTX, DA significantly decreased the
frequency of mEPSCs compared with that of TTX alone
(73.6 £9.4%; n=10, P<0.05).

3.2. Pharmacological analysis of the DA-induced responses

Bath application of the K* channel blocker Ba®* (1 mM) alone in-
duced a small inward current (Fig. 4A), which seems to be due to
inhibition of K™ channels [55]. The average of the DA-induced out-
ward currents in the presence of Ba>* was 6.3 + 1.8 pA (n = 8) and it
significantly decreased to 34.7 + 7.8% of the controls (18.9 £ 3.3 pA;
n =28, P<0.05) (Fig. 4A). To examine the involvement of G-proteins
in the DA-induced outward current, GDP-B-S (2 mM), a non-hydro-
lysable analogue of GDP that competitively inhibits G-proteins,
was added to the pipette solution. When DA (100 uM) was applied
just after establishing the whole-cell configuration with pipettes
containing potassium gluconate and GDP-B-S, an outward current
was clearly observed (19.4 + 2.5 pA; n = 8). When DA was again ap-
plied 30 min later, it was significantly suppressed (4.3 +1.6 pA,
22.3 £ 8.9% of the control amplitude; n = 8, P < 0.01) (Fig. 4B). These

A
DA (100 M)

DA (100 ¢« M)

50 pA

B DA (100 ¢ M)
Vi

2 min

c

DA (100 M}

TTX (1 uM)
DA (100 u M}

D

CNQX {10 u M)
Drpesm———————

DA (100 u M) DA {100 u M)

gj 3 min

Fig. 3. Characterization of the DA-induced outward currents. (A) When DA
(100 pM) was repeatedly applied at 5-min intervals, it produced similar outward
currents. (B) DA (100 uM) application for 10 min induced an outward current
without desensitization. (C) During the simultaneous application of TTX (1 uM), DA
(100 puM) also induced outward currents (13.3 +2.3 pA; n = 10). (D) In the presence
of CNQX (10 pM), DA (100 uM) induced an outward current without any decrease
in the amplitude.

findings suggested that the DA-induced outward current was med-
iated by K* channels through activation of G-proteins.

3.3. Effects of DA receptor agonists and antagonists

We further examined which subtype of DA receptors is involved
in the DA-induced outward currents by using DA receptor agonists
and antagonists. SKF38393 (100 uM), a D1-like receptor agonist,
induces little or no outward current (1.9 + 0.6 pA; n=9) (Fig. 5B),
while quinpirole (100 pM), a D2-like receptor agonist, produced a
clear outward current (15.7+2.0pA; n=9) (Fig. 5A). The
SKF38393-induced outward current was significantly lower than
either the DA- or quinpirole-induced outward current (P <0.01).
There was no significant difference between DA-induced outward
current and that of quinpirole (P> 0.05) (Fig. 5D). When a D2-like
receptor antagonist, sulpiride (30 pM), was administrated 5 min
prior to the DA application, the average amplitude of the
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A
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B DA (100 uM)
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Controli & 0 s 5 e
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cop-8-s [
(30 min Iater)b - . = " 3 [pA]

Qutward current

Fig. 4. Inhibition of DA-induced outward current by Ba** and GDP-B-S. (A) DA (100 uM) was administrated in the absence and presence of Ba** (1 mM). The outward current
was significantly reduced in the presence of Ba®" (34.7 + 7.8% of the controls; n = 8; P < 0.05). (B) An outward current was recorded with potassium gluconate pipette solution
containing GDP-B-S. DA produced an outward current just after establishing whole-cell recording, but it was markedly attenuated when DA was again applied 30 min later
(22.3 + 8.9% of control amplitude; n = 8; P< 0.05). (C) Summary of DA-induced outward current in the presence of Ba?* or intracellular injection of GDP--S, relative to the
control. In this and subsequent figures, horizontal lines accompanied by bars indicate S.E.M.; statistical significance (P < 0.05) between data shown by bars is indicated by an

asterisk (*); n.s.: not significant.

DA-induced outward currents was 5.4+ 1.9 pA, n=6 (Fig. 5C),
34.1 £10.0% of that in the absence of sulpiride (P < 0.05).

3.4. Effects of DA on the responses to noxious stimuli

All 33 SG neurons examined responded to noxious (pinch) or
innocuous (air puff) mechanical stimuli. In the voltage-clamp
mode, either pinch or air stimuli applied to the ipsilateral hindlimb
elicited a barrage of EPSCs; these disappeared within 1 s after the
stimuli were terminated (Fig. 6A and B). The limb point most sen-
sitive to stimulation was different for each cell tested. Stimulating
the contralateral hindlimb did not elicit any synaptic responses
(data not shown). The peak amplitudes were not determined, be-
cause multiple summations resulting from the high-frequency
bursting of EPSCs made it difficult to obtain an accurate estimation.
So, we investigated the change of frequency and area surrounded
by the baseline and border of EPSCs (Fig. 7A). It was considered

significant if EPSCs decreased or increased by more than 10%. The
pinch stimulus initially produced large and summated EPSCs that
were followed by a barrage of EPSCs, and again large EPSCs at
the end of the stimulus (Fig. 6A). When DA (100 uM) was applied
to the surface of the spinal cord, the area of the evoked EPSCs de-
creased in 4 of 6 neurons tested (74.6 + 7.5% of the control; n= 6,
P<0.05) (Fig. 7B), although the amplitudes of the large EPSCs at
the beginning and end of stimulation were not affected (Fig. 6A).
Similarly, the frequency of EPSCs decreased in 4 of 6 neurons tested
(78.0 = 8.0% of the control; n =6, P< 0.05) (Fig. 7B). The barrage of
EPSCs induced by pinch again appeared after the washing-out of
DA. The area of the evoked EPSCs by innocuous (air puff) mechan-
ical stimuli decreased as much as with the pinch stimuli (Fig. 7B).
The area of the evoked EPSCs after an air puff decreased in 14 of 18
neurons tested (70.9 £ 11.0% of the control; n=18, P<0.01) and
the frequency of EPSCs after an air puff decreased in 11 of 18
neurons tested (80.6+6.3% of the control; n=18, P<0.01)
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Fig. 5. Effect of DA receptor agonists and antagonists on the DA-induced outward currents. (A) Quinpirole (100 uM), a D2-like receptor agonist, mimicked the DA-induced
outward current. (B) SKF 38393 (100 uM), a D1-like receptor agonist, induced no outward current, whereas quinpirole (100 pM) induced an outward current in the same
neuron. (C) In the presence of a D2-like receptor antagonist, sulpiride (30 uM), a DA-induced outward current was markedly attenuated (34.1 + 10.0% of that in the absence of
sulpiride; n=6; P <0.05). (D) An SKF38393-induced outward current was zero or very low (1.9 + 1.7 pA; n = 9). In contrast, quinpirole-induced outward current amplitude
was 15.7 £ 3.9 pA (n = 9) which was similar to DA-induced outward currents (19.5 + 12.4 pA; n = 64). The SKF38393-induced outward current was significantly lower than a
DA- or quinpirole-induced outward current (P < 0.01). There was no significant difference between a DA-induced outward current and that of quinpirole.
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Fig. 6. Reduction of pinch and air puff evoked firing in SG neurons by DA. (A) EPSCs elicited by pinching in voltage-clamp mode (Vi = —70 mV) in the control (left). DA
(100 uM) suppressed repeated EPSCs during pinching in a reversible manner without affecting amplitude of large EPSCs evoked at the beginning and end of pinch stimulus
(middle and right). (B) EPSCs elicited by air puff in voltage-clamp mode (Vy = ~70 mV) in the control (left). DA (100 uM) suppressed repeated EPSCs during air puff (right). (C)
Pinch stimuli applied to the ipsilateral hindlimb produced a barrage of EPSPs accompanied by action potentials under a current-clamp condition (left). DA (100 uM)
hyperpolarized membrane of SG neuron and inhibited the action potentials in a reversible manner (middle and right).

(Figs. 6B, 7B). In the current-clamp mode, pinch stimuli elicited a
barrage of excitatory postsynaptic potentials (EPSPs), some of
which were accompanied by an action potential (Fig. 6C). The
evoked EPSPs disappeared within 1s after the stimulation, and
did not show any desensitization of the responses. Perfusion with
DA caused a slight hyperpolarization of the membrane and sup-
pressed action potentials in a reversible manner (Fig. 6C). Evalua-
tion by frequency and area was also used in the current-clamp
mode. DA decreased the area of action potentials or EPSPs during
pinching the skin in all the neurons tested (42.7 £ 6.9% of the con-
trol; n=9, P<0.01) and the frequency of action potentials or EPSPs
with pinch decreased in 7 of 9 neurons tested (70.2 + 12.4% of the
control; n=9, P<0.05) (Fig. 7B).

3.5. Effect of electrical stimulation of A11

The region of A11 is the principle source of descending dopami-
nergic pathways. We investigated whether antinociceptive actions

were induced in SG neurons by focal electrical stimulation (ES) of
A11. Schematic diagrams of A11-ES are shown in Fig. 8A. A11-ES
induced outward currents in 36 of 50 (72%) neurons recorded
(Fig. 8B), with an average amplitude of 7.5 + 1.6 pA (n = 36). More-
over, A11-ES decreased the frequency and amplitude of EPSCs
(Fig. 8C). Our definition of significance was if the frequency or
amplitude of EPSCs decreased by more than 10% compared with
those of the control. The frequency was decreased in 39 of 46
(84.7%) neurons (average of 61.9 +3.0%, n =39, of the controls)
by A11-ES. The amplitude was decreased in 24 of 46 (52.2%) neu-
rons (average 82.2 + 1.5%, n = 24, of the control) by A11-ES. We also
examined whether the D2-like antagonist, sulpiride, blocked these
A11-ES effects (Fig. 8D). In the presence of sulpiride (100 uM), the
A11-ES induced outward current was blocked, and its average
amplitude was only 1.6 + 0.6 pA (n = 16). The frequency and ampli-
tude by A11-ES under sulpiride were 91.3 +4.7% and 98.7 + 3.3%
(n=17), respectively, of the controls. These results were signifi-
cantly lower than that in the absence of sulpiride (P < 0.01).
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Fig. 7. Analysis of the responses to the noxious and innocuous stimuli. (A) Schematic diagrams of area. Analysis of area surrounded by the baseline and border of EPSCs was
done by using software (clampfit10). (B) Analysis about the frequency and area of EPSCs, EPSPs and action potentials, which were induced by noxious and innocuous stimuli
to the ipsilateral hindlimb. The frequency and area significantly decreased during DA perfusion compared with the controls in the absence of DA. These results were showed

when either noxious or innocuous stimuli to the skin were given.

4. Discussion

The descending inhibitory system of nociceptive information is
important for the control of excessive pain. Compared with the
large quantity of literature on NA and 5-HT as the descending
inhibitory systems, there is little on the analgesic effect of DA. Sev-
eral reports have described the direct actions of supraspinal DA on
nociceptive responses in regions of the brain [39], such as the
striatum [1,31,38] and in review, [19], the basal ganglia [17],
the nucleus accumbens [25,49], the anterior insular cortex [8],
the anterior cingulated cortex [30] and the ventrolateral orbital
cortex [41]. However, there have been no pharmacological studies
using agonists and antagonists for DA receptor subtypes of the
superficial dorsal horn in whole-cell patch-clamp recordings under
in vivo conditions. In the present study, the effects of DA on SG
neurons were tested using the in vivo patch-clamp recording tech-
nique that enabled us to examine the effect of drugs on synaptic
responses evoked by noxious (pinch) and innocuous (air puff)
stimuli applied to the skin. In addition, we investigated whether
antinociceptive actions were induced in SG neurons by A11-ES.

4.1. Pre- and postsynaptic actions and character of D2-like receptors in
SG neurons

The application of DA induced outward currents or hyperpolar-
ization in about 70% of SG neurons tested in the present study. The
DA-induced outward current is observed in the presence of TTX
(Fig. 3C). DA also significantly decreases the frequency of mEPSCs
in the presence of TTX. Furthermore, mEPSCs are completely
blocked by CNQX (Fig. 3D), but the DA-induced outward current
is observed in the presence of CNQX. These results suggest that
DA has both presynaptic and postsynaptic actions to inhibit

synaptic transmission in SG neurons. The DA-induced outward
current was completely blocked by GDP-B-S in the pipette solution
(Fig. 4B). The perfusion of a non-selective K* channel blocker, Ba",
also inhibited the outward currents induced by DA (Fig. 4A). Since
these DA-induced outward currents were mimicked by a selective
D2-like receptor agonist, quinpirole, and attenuated by a selective
D2-like receptor antagonist, sulpiride (Fig. 5A, 5C), it is suggested
that the DA-induced outward current is mediated by G-protein-
activated K* channels through D2-like receptors. Thus, DA acts
directly on D2-like receptors in the postsynaptic membrane of SG
neurons. The DA-induced outward currents and hyperpolarization
were induced by D2-like receptor-mediated activation of K" chan-
nels, which have been reported in various neurons other than SG
neurons, such as the substantia nigra pars compacta [27], striatal
neurons [18,51], ventral tegmental area [34] and pituitary cells
[7.11]. A previous study has shown that glutamatergic fibers that
terminate onto ventral tegmental dopaminergic neurons possess
D2-like receptors, activation of which inhibits glutamate release
by reducing Ca?" influx [24]. Similarly, these presynaptic D2-like
receptors activate glutamate release onto postsynaptic
neurons. However, further investigations will be required to clarify
the role of presynaptic dopaminergic receptors in the spinal dorsal
horn.

In the present study, an inward current was observed in 19 neu-
rons of 219 recorded SG neurons (9%). D1-like receptor-mediated
postsynaptic excitation by inhibiting K* conductance or activating
cation conductance has been reported in striatal cholinergic inter-
neurons [2]. Although an autoradiographic study has demon-
strated that both D1-like and D2-like receptors are densely
localized in the superficial laminae of the spinal dorsal horn [28],
the effect of D1-like receptor agonist on membrane currents was
not detected in the present study. Thus, further investigations will
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Fig. 8. A11-ES induced antinociceptive effects through activation of D2-like receptor in SG neurons. (A) Schematic diagrams of A11-ES during in vivo patch-clamp recordings
on SG neurons. (B) A11-ES induced outward currents immediately in 36 of 50 (72%) neurons recorded. The average amplitude was 7.5 + 1.6 pA; n = 36. (C) A11-ES decreased
the frequency and amplitude of EPSCs. The frequency was decreased in 39 of 46 (84.7%) neurons (61.9 + 3.0% of the control; n = 39). The amplitude was decreased in 24 of 46
(52.2%) neurons (82.2 £ 1.5% of the control; n = 24). (D) In the presence of sulpiride (100 M), A11-ES induced outward current was blocked, and its average amplitude was
only 1.6 £ 0.6 pA (n = 16). The frequency and amplitude by A11-ES under sulpiride (n = 17) were 91.3 + 4.7% and 98.7 + 3.3%, respectively, of the control. These results were

significantly lower than those in the absence of sulpiride (P <0.01).

be required to clarify the role of D1-like receptors in the spinal dor-
sal horn.

4.2. DA produced analgesic effects in SG neurons for both noxious and
innocuous stimuli to the skin

In this study, the pinch-evoked action potentials and EPSPs
were attenuated in frequency and area by the application of DA,
probably due to the hyperpolarization of membrane (Figs. 6C,
7B). In the voltage-clamp mode, the pinch-induced EPSCs were also
markedly attenuated in frequency and area by the application of
DA (Fig. 7B). The EPSCs evoked by an innocuous (air puff) mechan-
ical stimuli were decreased in frequency and area by the applica-
tion of DA, as with the pinch stimuli (Fig. 7B). This shows that
DA has inhibitory effects in the spinal cord to both noxious and
innocuous stimuli to the skin. As shown in Fig. 2A, spontaneous
EPSCs are observed in a substantial number of SG neurons
in vivo, while spontaneous EPSCs are hardly recorded in slice prep-
arations [56]. Both the frequency and amplitude of EPSCs observed
in the in vivo preparations are markedly depressed by DA (Fig. 2B).

These results may be due to the membrane hyperpolarization in
interneurons or presynaptic depression of transmitter release by
DA acting at the terminals of the primary afferents. It is suggested
that the DA-induced blockade of noxious transmission is at least
partly mediated by the actions of DA on the presynaptic site, sup-
pressing the evoked EPSCs, thereby reducing the number of action
potentials in SG neurons during pinching.

4.3. DA in the dorsal horn is projected from dopaminergic neurons in
the region of A11

Previous studies have demonstrated that the intrathecal admin-
istration of DA and/or D2-like agonist have attenuated pain related
behavior which was induced by thermal stimuli [3,22,29]. Simi-
larly, intrathecal administration of DA induces mechanical antino-
ciception when assessed by withdrawal thresholds [48]. This
antinociceptive action of DA agonists is selectively blocked by
D2-like antagonists, but not by D1-like antagonists [3,29]. Further-
more, it was previously reported that intrathecal administration of
not only D2-like receptor agonists but also high doses of a D1-like
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receptor agonist produced the analgesic effect in carrageenan in-
duced chronic inflammation [15,16], or haloperidol-induced dopa-
mine-supersensitivity [4]. Thus, D2-like receptors within the spinal
dorsal horn may play a significant regulatory role in a variety of
pain sensations and D1-like receptors could have some of an anal-
gesic action affecting morbidity after chronic inflammation or
dopamine-supersensitivity.

The dopaminergic A11 neurons in the periventricular, posterior
region of the hypothalamus are a major source of descending dopa-
minergic projections to the spinal cord [5,20,43]. Focal electrical
stimulation of A11 neurons produce an antinociceptive effect in
the spinal dorsal horn, and which is reversed by the spinal admin-
istration of a D2-like receptor antagonist [12,52]. A D2-like agonist
administered onto A11 neurons produces attenuation of neuro-
pathic hypersensitivity, and this effect is reversed by intrathecal
administration of an o-adrenoceptor antagonist or a 5-HTia
receptor antagonist but not by a D2-like antagonist [52]. These
findings suggest that activation of the dopamine D2 receptor in
A11 neurons may selectively suppress neuropathic hypersensitiv-
ity, owing to mechanisms that involve descending noradrenergic
pathways acting on spinal a,-adrenoceptor, and 5-HT;4 receptor.
This action is probably different from the antinociception induced
by electrical stimulation of A11 neurons, because our results con-
firm a direct inhibition of SG neurons in the spinal cord by activa-
tion of dopamine D2-like receptors.

Dopaminergic innervation of the spinal cord is largely derived
from the brain. A previous study reported that there are no dopa-
minergic cell bodies in the spinal cord and that only fibers and ter-
minals are immunoreactive for DA [21]. Therefore, the potential
origin of endogenous DA appears to be from dopaminergic neurons
in the region of A11. On the other hand, it has been reported that
there is a small population of DRG neurons that exhibits a clear
DA-immunoreactivity [53]. However, in that report, the amount
of DA in DRG is about 10-fold lower than the levels found in dorsal
horn of spinal cord. Moreover, in another recent report, tyrosine
hydroxylase (TH) was expressed in small DRG neurons in the adult
mouse, but aromatic amino acid decarboxylase was rare and did
not colocalize with TH [6]. In addition, our previous study showed
that stimulating a dorsal root either singly or repetitively does not
evoke a slow current in SG neurons [35]. Therefore, it is possible
that DA is not released from the central terminal of primary affer-
ents innervating SG neurons. Although the possibility cannot be
completely excluded that DA is released from the peripheral nerve
terminals, it is reasonable to consider that most of dorsal horn DA
arises from projections of dopaminergic neurons in the region of
Al1l. Since we demonstrate that A11-ES induced antinociceptive
effects in SG neurons are similar to those following perfusion of
DA in the spinal cord, it is suggested that DA in the dorsal horn
originates from dopaminergic neurons projected from the A11 re-
gion as a descending inhibitory system.

In conclusion, the present study using the in vivo patch-clamp
technique indicates that the antinociceptive effects of DA originat-
ing from the descending dopaminergic pathway are mediated by
the actions on both presynaptic and postsynaptic sites, reducing
glutamate release onto SG neurons. The postsynaptic SG neurons
induce hyperpolarizations by interacting with D2-like receptors
and G-protein-mediated activation of K' channels. These findings
suggest that the dopaminergic descending pathway has an antino-
ciceptive effect and it may be of use in the understanding of intrac-
table pain.
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BESEHESTINCLI2GMBIBICHE T LRI N

KEY WORDS @ RERIM, SHA%. VR h RSFL, NuF oS T ML+ T REBR

32U &I

PYEEH AT K D #UNIE (P78 S ol
) 43, SRk - BPRE - T 1w iR -
FHRIAL TP OISR, $H12 Hig
PHEERMICH L TSR ENTW S, M
Ea &, MEOR E G UHEIR OB, Wikl
Lzl b s FRAET B8 THL BRAT
HD. TOIFAEITILRFER O [ BMLLABY L
T3, CRPS (Complex regional pain synd-
rome), LIREHL, HHRGEIBE ARG, fRRIR S
FiERA, BEPRRERL O UM, ARG, BRI

fEEER, HIV MEMRE I PR, S st
WRELHLMEL R TS, £/ TFHINSHK
FOED HEEPIHEER ST TR <, N—J v -5
PO e E O i A% 9% 7 40 Failed Back Sur
gery Syndrome IZ X M FEMIZHIEHENT
Wa, ZO&DIC, FHEKEEERIERAT D
A FAERZe8IN A (NSAIDS) REILEREED
ST MW HNI ML THHTH B &5,
ZOHERMBFINROBREERZ <5
&R AN T &

T XU R K SRR B E Y s M T
A= ¥iz, Meyerson SIETFHEARIBHRILE R
TLTOL SISO ERIRL, £E/7 3>

B AP (R RRIRME AP E D7 G B B

Address/NAKATSUKA T © Pain Research Center, Kansail University of Health Sciences, OSAKA 900482

0485-1447/10/%Y50/ £ /ICOPY
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ERUYD, YT RAYLAP, YRR AYFL, 1
VYARFZY, Za-nFririrEficn
BATFRAEMEMEL L. HRU HHEHH
BB THHAARRIC L > THEIZML T
WAHHHIBZY T AZ AP THD, GHIEK
RIRIC & - T T 23 DR T DEGHICE
MEND-DITHREHR ORI & - THERG
P T 2R ERETHSZ L B3EBTH S
EfRIIoN: BoRTr sy 47U R
BEMOWTHRRZST, RG> TH
BB BITZTNIIVBREOHBENT 3 /
BE DR DT S K, GABA OfistA
THIEERLAEY, —F, BHORTMHAS 1
AAE RO THBIERE = 2 — 02y F
F>JiEEERL, HFHEAEIIZL > TGABA
DA B2 Tl <, THEERE = 2 —
O BOTHRRGIEES 77 2GR
THZEEH—HIKL XL TBHSMILY. #
IS, KIS OMAWREIEET D AH
RO CBHMNANT SRR -1~
THWTHRRRMEEEE SR ET D2 L3N
B SHIRIT K SHMBEMICE > TEHHTHE
ThoeHFIoNZN, TOREBFIE-LL
A TH - Fi, bhbHuiRs o boHy
fiAT A AEAEZHOT, FHEMOBEERY
Za-Urins Iy F Uo7 EEYD, B
ASINROT & - TH L3 SRR IR ML IS & 2 3%
HUZARHTL 7

28 5 B S
n

1. HHHREAS 4 A0

Bk Sprague-Dawley R #E T v 2L ¥
CHFERE Y (1.2~15g/ke) 12 & -» THEFER

ER{TL 28, BAEEL NV OWS YRR ETT o7,

HEIRHIIL 2, WBIC05% 0.—-5% CO- T
L, MAOWAL 2 A LR (2~4°0)
FRUAEy—LICBL, REERMEITIC M
fRi U228, £ LSRADOTTOMEMLD LT
HWEUBEL 2. <HMBIURMERLL -5,

PRI LSBRYPRE A H=XLOSBOF—7

ROWREERL oy 7oK LI EEE
Lz, RAZBATA9EMOT, HEE0em
O LSRR S TP 25 1 22 E-WL - U
DL I RS A &R F+ X NNIZBL, 95%
O-5%CO.TRAMLALRAMNEES~
10mi/min Qi THHL 2. ATH GO
AL, NaCl 117mM, KCI 3.6mM, NaH:.PO, 1.2
mM, CaCl: 25mM, MgCl: 1.2mM, NalliCQ. 25
mM, glucose 11mM T&H o7z,

2. HRamEci

BRI A T 4 AT HAHSERNTRERT
HE, BARDIFMERMICET D HRNBESWLE
ELUTHRYTHIEMNTES, EARERBORE
T (20~40(%) 2B iliE W HMITERREIIC
AL T, OB 1~ hs Ny F o
G FIEEROTHSICHEZ MU 2, B8
Bz 3, potassium gluconate 135mM, KC1 5
mM, CaCl. 0.5mM, MgCl: Z2mM, EGTA 5
mM, ATP-Mg 5mM, HEPES 5mM #7840 72
Felm EARITHLS ~ 1OM QOBUNT T AEEE W
 #BohERUEREB NN F 250 TN
(Molecular Devices#:%, Axopatch 200B) {Z
EDREL, F-yUBRBLURIMY 7 b
(Molecular Devices #:%, pClamp 8) # Hib
T BB TIZRILZ F—oR3TXT
mean®SE TkbL 2 HUEl Student’s paired
tlest TiFly, P <0055 HTEL = ERAO
nidEBL Az 1-0ORTHD.

ML Rz D0 T,
(7-aminoheptanoyl-Phe-D-Trp-Lys-Thr {Bzl])
(cyclo-somatostatin), tertiapin-Q,  endomor-

somatostatin, cvcelo

phin-1, naloxone hydrochloride, D-Phe-Cys-
Tyr-D-Trp-Arg-Thr-Pen-Thr-NH. (CTAP),

CGP 35348, methiothepin, 8-cyclopentyl-1,
3-dipropylxanthine (DPCPX), 6-cyano-7-nit-
3-dione {CNQX), DL-Z-am-
ino-5-phosphonopentancic acid (APS), GDP

roguinoxaline-2,

A-S 13 Sigma ¢k &, yohimbine hydrochlo-
ride & sulpiride 13 fif ¢ #8 38, CGP 52432 1%
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Tocris Mo AL, WAYI00635 12 B{kLk
Ty =Tt s ity E s,

E 8 s 2

=
BEIER—a—O TR —b N - Ry F 2
Z-7EEGHL, B E ~50mVITEhEL

T, 5K OLRITHAL 2 (1A, i

MR A T, ORI A0 W ETIYIZ 20

Hz T20[ (BRGHEL @ 0.3~ 1.0mA. $seeny

AN
\\\ Suction plocwoco

Soinal cord sice

Bl:04Ams) KBS HE, ad&kl /2289702 —
No053%, 94Ta—0Ass0T, Bt
PE 7 2 (slow inhibitory postsynap-
tic current @ slow IPSC) AMEIREE N (41 B).
FREA ST & » TR U 72 slow IPSC D3
REI262:24 pA, FRIFFRMNHIZ5924sT
Hof =73, £/, FHAOKPHZEDS~10
S TIT > T, slow IPSC ORI Az
ol BEZLHMEL 2L DT, EIIHR
BREIOLTHARE WY GRIE © 0.5mA, bl -

L8 root
e FOCERY - sUMUlat Y @lactrods

e Rurgoteting clecuode

B1 R8N L->THRESASHS
#HF+TALE

(A) LOWHLEL & G 2 5 1 AR

(BY BWZ4 50mVIcEEL T, o
ST N Y O T R £ 2 PR AYIZ 20z
PEOE GREOEM 03~ L.0mA, dRs ey
R 0dms) FERWRTSE, Einfsumite
7 AR (slow inhibitory postsynap
tic current @ stow IPSCY AR EN D,

(O HFEMIRIEEIGOY & slow IPSCH
ERA S DT PSRRI I S
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0.1ms) T5& AOBMBERERE: 7 A%E
W (excitatory postsynaptic current : EPSC)
BN CHEFBR EPSC Bl 0%, Rk
DR ETHRBE20Hz T20EEEBEHL T
g 7 2B RBEREh o ¥
ToRkAa L),

Conted

Control

Just atter conliguration

Control

HHNRC L IMRPREANZZILDSADTF~T

B1C oLz, FHIMEEENST L slow
IPSC DR S TNTFRGERFRRIMmML 7=, &=,
slow IPSC XM AN b 1A > BEEIT &
HFLTW (B2A). BHLS TARERCS
1 S slow IPSC DEHRIEIZ1I526 pA T, [
GCER T -1 22 350 DR O A LT b o

Cadt~froe

CNOX+APS

3Cmin atter conhiguration

S

Tertiapin- Q

IdGnA
i0s

B2 #RHBAPMICL->THEINIONES + T ABEOHIE
(A) 8020 LBRPIZHBLT slow IPSC DIREIRM DT S,
(B) slow IPSCOEMB LY I > RIFEMTRTH S

CNQX & APSHE FTEEL nt

(O MIEREHNC G BIMUOIEEMHE TS GDP- 8-S EmMA D
Z &Iz kT slow IPSC OERUIM BT D,

(D) GHULERNN ERBHE K F 4+ % (Goroteincou
pled, inwardly-rectifying K*F + 30 GIRK F4 %)) DBRIH
FETH D lertiapin-Q FFE FIZBWT slow IPSC ORI MTS,
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P hitd (54+4 pA. n=4) &L THEL
WAL, —7, HEERREI K >THAEL
slow IPSCIZ' NV & I U BESERBERICLD
HEL ST kol (B2B). CNQX (10xM)
& APS (B50u M) TFHETFIZHIT S slow IPSC O
THFENI48+8 pA T, Fl—##p=2—0>T
O CNQX 25 TN APSIEFHFTE T IZ 334 5 15k
§8 (4848 pA. n=4) &8 L THELELZ
B iainoiz.

slow IPSC OFFIZ AR G LI BN ST
DINE DIDERNRBEWIZ, GEAIHDIGHEZEN
MTHGDP-8-S (2mM) AR EEE
@WRLE (B20). Ny F o35> SREINE,
TP I £ > THRAEL /2 slow IPSC D
HERII62+ 13 pA TH /205, B30Iz
125+3 pA (n=4) &/h, idEmMIC GDP
B8-S BMA S Z LIZ& > T slow IPSC O
BIRARZEPLE £, ERRMK Fr %
WOMERTH DB HEFICHRBRET- L
(F—-ZiR®aLl)., Ba® (05mM HFHETIZH
i1 % slow IPSC O IEEHI14+ 2 pA T, 6]~
B 2—02TOBa® EHEHFICZBIT 5Ty
B (727 pA.n=6) EHBL THTICH D
Lk, GERERARMEBHELEK F4v )b
(G-protein-coupled, inwardly-rectifying K-
Fo 2 GIRKF &+ 32) OMBEETHS
tertiapin-Q (0.1 uM) 7#{f FiZBiT Sslow IPSC
OVFEHRIBIZI6L3 pA T, H—iB = a—D>
TOtertiapinQIEFE FITHT 2 VI kE
(39+ 15 pA. n=5) ¥l THEZRDPL -
(F2D).

FEERRMIC L > TREL 7= slow IPSC #¢
EDHRERMHAZNTOINETHEMENET
B0, 4 Or#EZEMEILEEE N LT
BEF-oR, INFETIZ, EBRE- -0
TiEAEF (K,
tORZy, R=NRI2REIFTT Tk
WL >THMmMERRMERE TN BT &5
T, 7, FEA4 1 RZARMHEEEHOL
TEBRZT> -7k L), n-FEF

TFIer, JINTELFYZ,

AREHFEERETEETHSLCTAP (1 uM) HET
281 S slow IPSC O PEIREEHZ40: 13 pA T,

]~k — 2 —0 > TOCTAP JETFEFIC BT
LAEE R (42414 pA.n=4) &HBLTH
BB idBenmo, 61T, JEERMNAE
F A4 FZERUFERETH S naloxone (1 4 M)

FH FIZ BT 5 slow IPSC O EHHFIZ45£5
PAT, W—it$t—a—0O>THOCTAP FEHEHT
BT 5 EEER G2£5pA, n=11) &l
L THBELEZRED L o FEESRRHIC

Lo TIAET D slow IPSClE, A4 1 K2E
AR L RIRIZ, 75 /72 2 A SHBREE
(DPCPX), GABA,ZFKH I (CGP35348,
CGP52432), a. 7 RL 71 2 SEEHER vo
himbine), 5-HT, ZEAHIEE (WAY100635),
5-HT. 2 AR H 3 (nethiothepin), K —N1
22 D27 A 7 LA (sulpiride) 124D

HERZU o,

WIE, MEXTFRTHBI/IRASFARLGCE
IR K F v RV ENL THMBRE = 2 —
U Oz EMITLI &SN THEYY,
FIT, bhbhiByvYhR¥F> (1 M) %
My Le A, KBLEISZ2—0 2D
5%, 5a—OriIBWLWTiHmMEEHsERS
il (W3A). £/, YN RIFLITTHRN
EWREMREL 2T RTOZ2—-D212B0T,
FFHIE I X > Tslow IPSC A% 4L 1=,
RUREW T &I, IR b AT Iz TN E
WA A L T A MNTIEE & /- slow IPSC
OB 16 £ 3 pA T, SmIEEEnwekL
TOURVRHT TOTHERE (68115 pA.n=
5) EHMLTHIIIMPLE (H34A). &5
{2, &7, BRIR T DAY F 2 2R RIHE
TH 5 cyclosomatostatin fFE FICER AT
7= (K 3B). cyclo-somatostatin (5 ¢N) 777E
Tz B2 slow PSC OMEEHEIZ392 11 pA
T, [ -{d#k = 2 —0 > TO cyclo-somatosta-
tn JEEE FIZHU 2 VIR (69213 pA.n=
6) ML THEICMHDL T,
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FRHUNCLIWEMREA DX LOSADF -7

Samatastatin

B .
Centrol Cycio-somalostatin

Spinal Ntemeran or
descending fiber

Somatastatin

receptor GiRK channei

Somatestatin

-

G-protein

Substantia gelatinosa neuron

Primary alicrent liber

B3 M- F7AREORELCEBIIZVYIINREFOME

(A R D RAYT BRI & o THRXIMEMNRLET D, v
PAZFALE»>THMESURABEL TOHMICER S N~ slow
IPSC ORHEHE, AR S WRAREL TGN FToOMME IS L C
HEZ@PT 5,

(B BN/ < b 279 2 S8 ERIER TS 5 cvelo somatostatin
FHETFIZBWT, slow IPSC OERIIMR DTS,

©) LRI L > T ES 2 — 02 H 503 FIF RS
AERBHECRD S BB I NDANIED I XY F LI R TGIRK 5 4
FNHGEHELL, BEBH S — 10 ORAGEEY S,

RN THEBRA L F 7 REBREBRE AR
B E = 5 Mo, Bfi%E AU HAH T 2 & slow
L] IPSCHBIR SN~ CGHUHOEEEZMET S
Gl REIBRH-_2-D2IlB0T, #HlE  GDP-8SItL->Tslow IPSC I INZ T &
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M5, slow IPSCOREIZIZ G HAHDIEHL
MEL TWhad, £z, slow IPSC OREEATIE
BRI K F+ 2N OHEETHSBa" HH03
GIRK F & # I D # 38 T & % tertiapin-Q I
EoTHHINDGZEIZE-T, FOREICE
K F+ 3Gl Twa I eI ns
-~ J}, slow IPSCORWMITV Y A& F 1T
Ko THMEBUBMMBLEL TWLBHEIIMPL, v
R AYFUZHERHERI L > TERITHRL S
5. DEOERMS, HFHEARRICE > T
MTLYTNRIFONHEHBRE 2 ~D 0
UK RAYF SR EEELEL, TOHER G
HEARUZNMLUTGIRK F v RV EEHSLTHIL
MBS M- (K30).

GIRK F+ 3T i RICIL<ETEEL, &
12, G EENZENT MRS+ 7 ZBE
S L TOWAZ EMMSNTNS, GIRK F+
2% DRI 5B EE-FI2E GIRK1-43% 5 013
Kir3.1-34& KN 24080 G L, ik ahgd
FO GIRK F + 2 Ni3 GIRK1-3% 504 & T
B ZhTwas, TR GIRKI-3ANWLITN LT
HLTWaM, BT GIRKLE GIRK2KETAS
BaER BCBERHICEBL TERLTWASY,
/-, GIRKIHBWRGIRK2/ w2 7ok
A TiE, WRBMZESTHIENS, GIRK Fv
TSI EL THBZ EARmEh .
UL L7dis, HERNO GIRK F4 2 RED L
DRNEEOMRERMTELHT, EDLSIC
BOERICEMNT 2 MEARHTH - AFIFIC
&> THHMNO GIRK F + F I3 & Oz 7
BOtBRERELTOUDS I ENMENITIE T,

VBRI F IR, BUR FIEO R

x 3

1) Meyerson BA, Broddin E, Linderoth B! Possible
neurchumoral mechanisms in CNS stimulation
for pain suppression. Appl Neurophysiol 481175
— 180, 1985.

2) Cui 3-G. Linderoth B, Meyerson BA:Effects of spi-
nal cord stimulation on touch-evoked allodynia
involve GABAergic mechanisms, An experimen-
tal study in the mononeuaropathic rat. Pain 66 ¢

—135—

FIWECELTHRAIN, HTEEMS ORER
WEZMBENIT 2 Z EndohTWwa.- il
YA FRPHEEHERICLSHFEL, GE
FIFSL Y T b A9 F 2 SRKIHAL TEE
REBERERYT S, BliE~O/ TR RS F
EBHMERZRTHI &, HlMiBA= 21—
OB BEKMNI T AYF AL - THH
ENDHIEMS, YR ATFURBHL LT
W EOERMERET 7Y, 3ol 4%,
YRR F AL~ BOBRH - a2 -0 I{ER
LTHRZ8BTAI EMREhAYY. YT h
AFFERZa2—O R TN AYF O RIER
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INB YR b RYF 2RI RGBT OMRRHAI,
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Shad'™, LULalans, RUIZETHEMZ &
WL THRR s 7 B % I hh - -
DT, HHMEKIRNICE > THEMTE YR RS
F R SOROERMETIZR <, TFEENTE
Za—0rH30IRTEREICETH LN
ARME X

BE e 3
-
RPN L >THiN = a—DO 53
OFATEI G R R R D S i S T DN
KOV A F L HTGIRK F+ 2Lt
WLl BT a2 -0 OBARIET ST
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