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1. The actions of opioid receptor agonists on synaptic transmission in substantia gelatinosa (SG)
neurones in adult (6- to 10-week-old) rat spinal cord slices were examined by use of the blind
whole-cell patch-clamp technique.

2. Both the p-receptor agonist DAMGO (1 um) and the §-receptor agonist DPDPE (1 um)
reduced the amplitude of glutamatergic excitatory postsynaptic currents (EPSCs) which were
monosynaptically evoked by stimulating Ad afferent fibres. Both also decreased the
frequency of miniature EPSCs without aftfecting their amplitude.

3. In contrast, the k-receptor agonist U-69593 (1 gm) had little effect on the evoked and
miniature EPSCs.

4. The effects of DAMGO and DPDPE were not seen in the presence of the u-receptor
antagonist CTAP (1 um) and the d-receptor antagonist naltrindole (1 xm), respectively.

5. Neither DAMGO nor DPDPE at 1 pm affected the responses of SG neurones to bath-applied
AMPA (10 pm).

6. Evoked and miniature inhibitory postsynaptic currents (IPSCs), mediated by either the
GABA, or the glycine receptor, were unaffected by the u-, §- and k-receptor agonists.
Similar results were also obtained in SG neurones in young adult (3- to 4-week-old) rat
spinal cord slices.

7. These results indicate that opioids suppress excitatory but not inhibitory synaptic
transmission, possibly through the activation of - and 8- but not k-receptors in adult rat
spinal cord SG neurones; these actions are presynaptic in origin. Such an action of opioids may
be a possible mechanism for the antinociception produced by their intrathecal administration.

The dorsal horn of the spinal cord is thought to be an
important site for the analgesic action of opioid receptor
agonists. A powerful analgesia is produced following intra-
thecal administration of opioids in rats (Yaksh & Rudy,
1976) and in humans (Onofrio & Yaksh, 1990; see Cousins &
Mather, 1984, for review); this analgesic effect may be
mediated by three principal subtypes of opioid receptors,
#-, 0- and k-type. Agonists of the opioid receptors are
known to modulate synaptic transmission through both pre-
and postsynaptic mechanisms in the central nervous system
(CNY). It has been reported that u- and &-opioid receptor
agonists inhibit glutamatergic synaptic transmission in CNS
neurones presynaptically (superficial spinal dorsal horn:
Jeftinija, 1988; Hori et al. 1992; Glaum et al. 1994; spinal
trigeminal nucleus: Grudt & Williams, 1994; midbrain
periaqueductal grey (PAG): Vaughan & Christie, 1997).
Alternatively, opioids may open one or more K* channels

through the activation of each of u-, 8- and k-opioid
receptors and thus hyperpolarize membranes, resulting in
an inhibition of excitatory transmission in CNS neurones
including rat spinal cord (Yoshimura & North, 1983;
Jeftinija, 1988) and spinal trigeminal nucleus neurones
(Grudt & Williams, 1993, 1994; see North, 1993, for
review). Such pre- and postsynaptic actions of opioids in the
spinal cord are supported by binding and histochemical
studies. These opioid receptors have been found in
superficial layers of the spinal cord, especially Rexed’s
lamina II (Rexed, 1952; substantia gelatinosa, SG) in rats
(Besse et al. 1990; Gouarderes et al. 1991; see Mansour et al.
1995, for review) and in humans (Faull & Villiger, 1987). A
reduction by 40—70% in the number of opioid-binding sites
has been observed in the dorsal horn after either dorsal
rhizotomy (Ninkovic et al. 1981; Besse et al. 1990;
Gouarderes et al. 1991) or injection of a selective fine-
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afferent neurotoxin, capsaicin (Gamse et al. 1979), where the
loss of binding sites paralleled the disappearance of fine
primary afferent fibres, indicating the localization of opioid
receptors to both nerve terminals and postsynaptic
neurones (see Coggeshall & Carlton, 1997, for review). It has
also been demonstrated that the rat SG contains endogenous
opioid peptides such as the enkephalins (Hunt et al. 1980;
Merchenthaler et al. 1986).

SG neurones preferentially receive thin myelinated Ad and
unmyelinated C primary afferent fibres, both of which carry
nociceptive information. The SG neurones are thus thought
to play an important role in modulating nociceptive
transmission (Kumazawa & Perl, 1978; Yoshimura & Jessell,
1989). It is possible that an opioid-induced inhibition of pain
transmission is due to a modulation of glutamatergic
transmission at either presynaptic sites of primary afferent
fibres or postsynaptic neurones in the SG. This idea is
supported by an observation that opioids administered into
the SG in anaesthetized cats inhibited the excitation of
deeper dorsal horn neurones caused by noxious peripheral
stimuli without a change in the response of the neurones to
innocuous stimuli such as touch (Duggan et al. 1977).

The inhibitory neurotransmitters glycine and GABA, as
well as L-glutamate may be involved in nociceptive
transmission in SG neurones. Applying glycine and GABA ,
receptor antagonists often leads to a bursting activity of
excitatory postsynaptic potentials (EPSPs) in SG neurones
in response to a single stimulus which previously evoked
only a single EPSP, suggesting that a normally inhibitory
circuitry in the SG may prevent a recurrent excitation
(Grudt & Williams, 1994; Yoshimura & Nishi, 1995).
Actions of opioids on inhibitory transmission may
contribute to their antinociceptive effects together with their
actions on excitatory transmission. Actions of opioids on
inhibitory postsynaptic currents (IPSCs), however, have not
vet been examined in the SG in the spinal cord. In a
previous study, it was demonstrated that opioids hyper-
polarize membranes resulting in an inhibition of excitation
of SG neurones in adult rat spinal cord slices (Yoshimura &
North, 1983). The aim of the present study was to examine
the effects of u-, 8- and k-opioid receptor agonists (DAMGO,
DPDPE and U-69593, respectively) on excitatory and
inhibitory synaptic transmission in SG neurones under
blockade of the direct postsynaptic action of opioids.

METHODS

Preparation of spinal cord slices

The methods used for obtaining an adult rat spinal cord slice that
retained an attached dorsal root and for blind patch-clamp
recordings from SG neurones have been described -elsewhere
(Yoshimura & Nishi, 1993). Briefly, male adult Sprague—Dawley
rats (6- to 10-week-old) were anaesthetized with urethane
(1'5gkg™ 1r) and then a lumbosacral laminectomy was
performed. The lumbosacral spinal cord (I.1-S3) was removed and
placed in preoxygenated Krebs solution at 1-3 °C; the rats were
then Kkilled by exsanguination. After cutting all the ventral and
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dorsal roots near the root entry zone, except for the L4 or L5 dorsal
root on one side, the pia-arachnoid membrane was removed. The
spinal cord was mounted on a Vibratome and then a 500 gm-thick
transverse slice with the dorsal root attached was cut. The slice was
placed on a nylon mesh in the recording chamber having a volume
of 0-5ml, and was then perfused at a rate of 15 mlmin™ with
Krebs solution which was saturated with 95% O, and 5% CO,, and
maintained at 36 + 1 °C; this perfusion was continued for at least
1 h before recording. The Krebs solution contained (mm): NaCl, 117;
KCl, 3:6; CaCl,, 2:5; MgCl,, 1-2; NaH,PO,, 1-2; NaHCO,, 25; and
glucose, 11. In some experiments, young adult (3- to 4-week-old)
rats were used. All the experimental procedures involving rats were
approved by the institutional Animal Use and Care Committee.

Recording and stimulation

SG neurones were identified by their location and morphological
features as reported previously (Yoshimura & Jessell, 1989; Yajiri et
al. 1997). Under a binocular microscope and with transmitted
illumination, the SG was clearly discernible as a relatively
translucent band across the dorsal horn. Blind whole-cell patch-
clamp recordings were made from the SG neurones with patch-
pipette electrodes having a resistance of 5-12 MQ (Yoshimura &
Nishi, 1993; Yajiri et al. 1997; Baba et al. 1998). The patch-pipette
solution contained (mm): caesium sulphate, 110; CaCl,, 0-5; MgCl,,
2; EGTA, 5; Hepes, 5; tetraethylammonium (TEA), 5; ATP
(magnesium salt), 5; and guanosine 5’-0-(2-thiodiphosphate)
(GDP-g-S), 1. The GDP-4-S and K* channel blockers (Cs* and TEA)
were added to the patch-pipette solution to inhibit a postsynaptic
effect of the opioids through the action of GTP-binding proteins
(G-proteins) and to block activation of K* channels which may
result from the postsynaptic effect, respectively. Signals were
amplified with an Axopatch 200B amplifier (Axon Instruments).
Currents obtained in the voltage-clamp mode were low-pass filtered
at 5 kHz, and digitized at 333 kHz with an A/D converter. Data
were stored and analysed with a personal computer using
pCLAMP 6 and AxoGraph data acquisition program (Axon
Instruments). Membrane potentials were not corrected for liquid
junction potentials between the Krebs and patch-pipette solutions.

Monosynaptic excitatory postsynaptic currents (EPSCs) were
evoked at a frequency of 0-1 Hz by orthodromic stimulation of the
dorsal root (length, 8—12 mm) via a suction electrode. Stimuli of
relatively low intensity (duration, 0-1 ms) were used for activating
myelinated A9 fibres, and those having a relatively higher intensity
and longer duration (0-4 ms) for unmyelinated C fibres. The
stimulus intensity suflicient to activate Ad and C afferent fibres and
the conduction velocity of these fibres were determined from
extracellularly recorded compound action potentials from an isolated
dorsal root preparation, as described previously (Yoshimura &
Jessell, 1989; Yoshimura & Nishi, 1993). The minimal stimulus
intensities required to activate Ad and C afferent fibres were 21 and
78 A, respectively. The same suction electrode was used to
activate dorsal roots in slice preparations throughout the present
experiment. Ad fibre-evoked EPSCs (eEPSCs) were judged to be
mono- rather than polysynaptic on the basis of both their short and
constant latencies and the absence of failures with repetitive
stimulation at 20 Hz. Monosynaptic inhibitory postsynaptic
currents (IPSCs) were evoked at a frequency of 0-1 Hz by focal
stimulation (duration, 0-1 ms) of interneurones in the SG with a
monopolar silver wire electrode (50 um diameter), insulated except
for the tip, located within 150 gm of the recorded neurones. All
numerical data are given as means + s.E.M. Statistical significance
was determined as P<0-01 using either Student’s paired ¢ test
(unless otherwise noted) or Kolmogorov—Smirnov test. In all cases
n refers to the number of neurones studied.
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Application of drugs

Drugs were applied by superfusion, with a change in solution in the
recording chamber being complete within 20 s. Drugs used were:
[D-Ala®, N-Me-Phe* Gly”-ol lenkephalin (DAMGO), [p-Pen®p-Pen®]-
enkephalin (DPDPE), AMPA, pL-2-amino-5-phosphonovaleric acid
(APV), strychnine, bicuculline and GDP-g-S from Sigma; 6-cyano-
7-nitroquinoxaline-2,3-dione (CNQX) from Tocris Cookson (St
Louis, MO, USA); p-(5a,7a,88)-(+)- N-methyl- N{7-(1-pyrrolidinyl)-
1-oxaspiro[4.5]dec-8-yl]benzeneacetamide (U-69593) and naltrindole
from Research Biochemicals International; p-Phe-Cys-Tyr-p-Trp-
Arg-Thr-Pen-Thr-NH, (CTAP) from Bachem (Switzerland); and
tetrodotoxin (TTX) from Wako (Osaka, Japan).

RESULTS

Whole-cell recordings were obtained from 204 SG neurones.
Stable recordings could be obtained from slices maintained
in wvitro for more than 12 h, and recordings were made from
a single SG neurone for up to 4 h. All SG neurones examined
exhibited miniature EPSCs and IPSCs (mEPSCs and
mIPSCs, respectively) at a holding potential (Vi) of
—70 mV and more positive than —60 mV, respectively (see
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Yoshimura & Nishi, 1993; Baba et al. 1998). Shortly after
establishing the patch-clamp  configuration,
opioids elicited an outward current in a subset of SG
neurones at —70 mV; this current disappeared within a few
minutes under the present conditions where the patch-
pipette solution contained GDP-8-S, Cs* and TEA,
suggesting the involvement of G-protein-coupled K*
channels (not shown; see Yoshimura & North, 1983; Yajiri et
al. 1997). The following results were obtained after such
outward currents had subsided.

whole-cell

Effects of u-, §- and k-receptor agonists on Ad fibre-
evoked EPSCs

In the presence of the GABA, and glycine receptor
antagonists bicuculline (20 gm) and strychnine (2 um),
stimulation of a dorsal root with a low stimulus strength
(26—66 pA; 1-2—3-1 times the threshold required to elicit an
EPSC in the most excitable fibres) evoked a monosynaptic
EPSC in SG neurones as shown in Fig.1B. The evoked

EPSCs (eEPSCs) had a mean amplitude of 223 + 16 pA
(range, 91-515pA; n=52; Vy=-70mV), and the
DAMGO (1 pM)
AMPA (10 uM)

60 s

Wash

DAMGO (1 uM)
100 pA

10 ms

Figure 1. Effects of DAMGO on glutamatergic EPSCs evoked by stimulating Aé afferent fibres

and on the response of SG neurones to AMPA

A, time course of the amplitude of eEPSCs under the action of DAMGO (1 gm) relative to that before its
application; there was a time delay of 1 min before the DAMGO action was maximal. The EPSCs were
evoked every 10 s in the presence of bicuculline (20 gm) and strychnine (2 um). B, averaged traces of six
consecutive eEPSCs before (left, Control) and during the action of DAMGO (middle; the control e EPSC is
superimposed for comparison), and after washout of the agonist (right). C; AMPA (10 um) responses in
control and during superfusion of DAMGO. In this and following figures, the horizontal bars above the
records indicate the period of time during which the drugs were applied; there was a time delay of
approximately 20 s before the drug reached SG neurones. Data in A, B and C were obtained from the same

neurone; holding potential (V) = —70 mV.
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afferent fibres had a conduction velocity of 7-1 ms™

(3:5—-11-7m s™"), values that concur with those of Ad fibres.
This Ad fibre eEPSC was completely blocked by CNQX
(20 gm), indicating an activation of non-N-methyl-
p-aspartate (non-NMDA) receptors (not shown; see
Yoshimura & Nishi, 1993).

Superfusion of a pu-receptor agonist, DAMGO (1 um),
reversibly reduced the peak amplitude of the glutamatergic
Ad fibre eEPSCs, as shown in Fig. 14 and B. The
magnitude of this depression was on average 27 +4%
(P <001, n=19; Fig.54). The Aé agonist DPDPE (1 um)
also decreased the amplitude of e EPSCs (Fig. 24 and B) by
a mean of 17+4% (P <001, n=17; Fig.54). When
examined in neurones exhibiting an inhibition of more than
5%, the effects of DAMGO and DPDPE were not seen in
the presence of a pu-receptor antagonist, CTAP (1 uwm;
97 £ 3% of control, n=3), and a J-receptor antagonist,
naltrindole (1 par; 95 + 4% of control, n= 3), respectively.
In contrast, a k-receptor agonist, U-69593 (1 um), had little
effect on the eEPSC (amplitude, 96 +3% of control;
n=16, P> 0-05; Fig.54). In order to determine whether
the reduction in eEPSC amplitude by u- or &-receptor
agonists was pre- or postsynaptic in origin, the effects of
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these opioid agonists on the response of SG neurones to
AMPA (10 pum) were examined. As seen in Figs 10 and 2C,
neither DAMGO (1 gm) nor DPDPE (1 gm) affected the peak
amplitude of the AMPA response (97 +2% (n=1>5) and
98+ 6% (n=>5) of control, respectively; P> 0-05),
indicating that these actions were presynaptic.

Although the SG neurones are known to receive C as well as
Ad afferent fibres, the activation of C fibres elicited EPSCs
which exhibited failures with repetitive stimulation at
20 Hz, and were therefore presumably polysynaptic in
origin; a monosynaptic EPSC was detected only in a few SG
neurones. Thus, the effect of opioids on the C afferent
responses was not tested.

Effects of y-, §- and k-receptor agonists on mEPSCs
mEPSCs were isolated by adding TTX (0-5 um) together
with bicuculline (20 gm) and strychnine (2 um) to the
superfusing Krebs solution. The mEPSCs occurred at a
frequency of 9:0 + 0-8 Hz (2:1-23-6 Hz, n=35) with an
amplitude of 15:1 + 0:7 pA (10:1-18:7 pA; Vi = —70 mV);
these were abolished by the addition of CNQX (20 um),
indicating an involvement of non-NMDA receptors (not
shown; see Yoshimura & Nishi, 1993).

DPDPE (1 uM)

60s

Wash

DPDPE (1 uM)

|100 pA

10 ms

Figure 2. Effects of DPDPE on glutamatergic EPSCs evoked by stimulating Aé afferent fibres

and on the response of SG neurones to AMPA

A, time course of the amplitude of eEPSC under the action of DPDPE (1 um) relative to that before its
application; there was a time delay of 1 min before the DPDPE action was maximal. The EPSCs were
evoked every 10 s in the presence of bicuculline (20 gm) and strychnine (2 um). B, averaged traces of six
consecutive eEPSCs before (left, Control) and during the action of DPDPE (middle; control eEPSC is
superimposed for comparison), and after washout of the agonist (right). ¢, AMPA (10 um) responses in
control and during superfusion of DPDPE. Data in 4, B and C were obtained from the same neurone;

Vi =—70 mV.
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As illustrated in Fig.3A4, superfusion of DAMGO (1 um)
resulted in a rapid and reversible reduction in the frequency
of glutamatergic mEPSCs. Figure 3B demonstrates the
action of DAMGO on cumulative distributions of the
amplitude and inter-event interval of mEPSCs. While
DAMGO increased a proportion of mEPSCs having a longer
inter-event interval, it had no consistent effect on the
cumulative distribution of mEPSC amplitude. The
frequency of mEPSCs was on average reduced to 39 + 5%
of control during the action of DAMGO (P < 0-01, n=17;
Fig.5B), whereas the amplitude was not altered (96 + 3%
of control, P> 0-05). As seen in Fig. 4, DPDPE (1 um)
exhibited a similar action; the frequency of mEPSCs was
reduced without a change in the amplitude. On average, the
frequency of mEPSCs was reduced to 77 + 7% of control
during the action of DPDPE (P < 0:01, n=12; Fig.5B),
and the amplitude was 106 + 5% of control (P> 0:05). The
effects of DAMGO and DPDPE were not seen in the
presence of CTAP (1 um; n=3) and naltrindole (1 pm;
n=3), respectively, although the results
quantitatively analysed. In contrast, U-69593 (1 um) had
little effect on the frequency of mEPSCs (1024 7% of
control, n=6, P> 0-05; Fig.5B).

were not
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Table 1 demonstrates the proportion of neurones that
exhibited magnitudes of inhibition by DAMGO, DPDPE or
U-69593 greater than 5% with respect to e EPSC amplitude
and mEPSC frequency. A significant inhibition by DAMGO
of either eEPSCs or mEPSCs was observed in >95% of
neurones examined, and that by DPDPE was observed in
more than 71 % of neurones. In contrast, such depressive
actions by U-69593 were seen in less than 33 % of neurones
tested.

Effects of u-, §- and k-receptor agonists on evoked
IPSCs

After blockade of glutamatergic transmission by adding not
only CNQX (20 um) but also an NMDA receptor antagonist,
APV (50 pm), to the Krebs solution, local stimulation of
interneurones in the SG induced monosynaptic IPSCs in SG
neurones voltage clamped at 0 mV. The mean intensity of the
stimuli required to activate the interneurones was
79 + 14 pA. The evoked IPSCs (eIPSCs) consisted of two
components which were distinet in their duration and
pharmacology: a short eIPSC, which had a half-decay time of
6:5 £ 04 ms, and was abolished by strychnine (2 gm); and a
long eIPSC, which had a half-decay time of 193 4+ 3:4 ms,
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Figure 3. Effect of DAMGO on glutamatergic mEPSCs

A, eight consecutive traces of mEPSCs before (left) and during the action of DAMGO (1 gm) (middle; 1 min
after the beginning of DAMGO application), and after washout of the agonist (right); the traces were
recorded in the presence of TTX (0-5 um), bicuculline (20 um) and strychnine (2 um). B, cumulative
distributions of the amplitude (left) and inter-event interval (right) of mEPSCs, before (continuous line) and
during (interrupted line) the action of DAMGO, which were obtained by analysing 399 and 144 mEPSC
events, respectively (which occurred over 60 and 120 s, respectively). DAMGO had no effect on the amplitude
distribution (P> 0-5), but shifted the frequency distribution towards a longer inter-event interval (P < 0-01;
Kolmogorov—Smirnov test). Data in A and B were obtained from the same neurone; V; = —70 mV.
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Table 1. Proportion of neurones exhibiting inhibition by -, 8-
or k-receptor agonists with respect to either the amplitude of
the eEPSC or the frequency of the mEPSC

DAMGO DPDPE U-69593

(u-type) (8-type) (k-type)
Amplitude of e EPSC 18/19(95%) 12/17(71%) 5/16 (31 %)
Frequency of mEPSC  17/17 (100%) 9/12(75%)  2/6 (33 %)

The evoked and miniature EPSCs were glutamatergic. The
concentration of DAMGO, DPDPE and U-69593 used was 1 um.
The neurones examined were considered to be sensitive to the
opioid agonist if they exhibited depressions of more than 5 %.

and was depressed by bicuculline (10 gm), indicating that
they are mediated by glycine and GABA, receptors,
respectively (see Fig. 64 and D; Yoshimura & Nishi, 1993).

A Control
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GABAergic eIPSCs, recorded in the presence of strychnine
(2 pm) together with CNQX (20 um) and APV (50 um), had
a mean amplitude of 130 + 11 pA (50-222 pA, n=25;
Vg = 0 mV). Superfusion of DAMGO (1 gm) did not affect
the peak amplitude of GABAergic eIPSCs (95+ 4% of
control, n=9, P>005; Fig.64). Similarly, neither
DPDPE (1 um) nor U-69593 (1 um) affected GABAergic
elPSCs (peak amplitude, 101 +£4% (n=09) and 98+ 2%
(n="T) of control, respectively; P> 0:05; not shown).
Glycinergic eIPSCs, recorded in the presence of bicuculline
(20 um) together with CNQX (20 um) and APV (50 gm), had
a mean amplitude of 109 + 12 pA (50-205 pA, n=21).
Superfusion of DAMGO (1 gm) did not affect the peak
amplitude of glycinergic eIPSCs (98 £ 2 % of control, n =17,
P> 005; Fig.6D). Similarly, neither DPDPE (1 um) nor
U-69593 (1 um) affected glycinergic eIPSCs (peak
amplitude, 100+ 3% n=7) and 97+3% (m="7) of
control, respectively; P> 0:05; not shown).
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Figure 4. Effect of DPDPE on glutamatergic mEPSCs

A, eight consecutive traces of mEPSCs before (left) and during the action of DPDPE (1 gm) (middle; 1 min
after the beginning of DPDPE application), and after washout of the agonist (right); the traces were recorded
in the presence of TTX (0-5 gm), bicuculline (20 um) and strychnine (2 gm). B, cumulative distributions of
the amplitude (left) and inter-event interval (right) of mEPSCs, before (continuous line) and during
(interrupted line) the action of DPDPE, which were obtained by analysing 243 and 156 mEPSC events,
respectively (which occurred over 60 and 120 s, respectively). DPDPE had no effect on the amplitude
distribution (P> 0'7), but shifted the frequency distribution towards a longer inter-event interval
(P <0:01; Kolmogorov—Smirnov test). Data in A and B were obtained from the same neurone;

Vg =—70 mV.
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The failure of DAMGO to affect the eIPSCs contrasts with
the results of Grudt & Henderson (1998) who examined the
action of DAMGO in spinal trigeminal SG neurones of
young adult rats. To examine whether this difference arose
because we used mature rats, we repeated our experiments
in young adult rat spinal cord slices. DAMGO (1 gm) did not
affect the peak amplitudes of GABAergic and glycinergic
eIPSCs (98 + 2% (n=25) and 96 £ 3% (n=9) of control,
respectively; P> 0-05).

Effects of u-, 8- and k-receptor agonists on mIPSCs

mIPSCs were isolated by adding TTX (0-5 um) together
with CNQX (20 um) and APV (50 um) to the superfusing
solution. There were two types of mIPSC, mediated by
either glycine or GABA, receptors, as seen for eIPSCs
(Yoshimura & Nishi, 1993).

GABAergic mIPSCs, recorded in the presence of strychnine
(2 pgm) together with TTX (0:5 um), CNQX (20 um) and
APV (50 um), had a frequency of 3:0 + 0-5 Hz (1:1-6:7 Hz,
n=19) and an amplitude of 13:4 + 0:9 pA (11:6—15'4 pA;
Vi = 0 mV). Superfusion of DAMGO (1 gm) did not affect
the frequency or amplitude, which were 94+ 3 and
101 +£3% of control, respectively (n=7, P> 0:05;
Fig. 6 B). Figure 6C demonstrates no effect of DAMGO on a
cumulative distribution of the frequency of GABAergic
mIPSCs. Similarly, neither DPDPE (1 gm) nor U-69593
(1 gm) changed the frequency of GABAergic mIPSCs
(108+6% (n=6) and 97+4% (m=06) of -control,
respectively; P> 0:05; not shown). Glycinergic mIPSCs,
recorded by the addition of bicuculline (20 um) together with
TTX (0-5 gm), CNQX (20 pm) and APV (50 um) to the Krebs
solution, had a frequency of 2:3 4 0-3 Hz (0-6—4'8 Hz,
n=22) and an amplitude of 14:8 + 17 pA (11:8—-19-9 pA;
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Vg = 0 mV). Superfusion of DAMGO (1 gm) did not affect the
frequency or amplitude, which were 96 + 5 and 97 + 4% of
control, respectively (n=8, P> 0-05; Fig.6F). Figure 6F
shows no effect of DAMGO on a cumulative distribution of
the frequency of glycinergic mIPSCs. Similarly, neither
DPDPE (1 gm) nor U-69593 (1 um) altered the frequency of
glycinergic mIPSCs (101 +7% (n=7) and 102+ 3%
(n="T7) of control, respectively; P> 0-05; not shown).

When examined in SG neurones in young adult rat spinal
cord slices, DAMGO (1 um) did not affect the frequency or
amplitude of GABAergic and glycinergic mIPSCs, as seen
for eIPSCs, although the results were not quantitatively
analysed.

DISCUSSION

The present study demonstrates that u- and dJ-opioid
receptor agonists (DAMGO and DPDPE, respectively)
suppress excitatory but not inhibitory synaptic transmission
through a presynaptic action and that the x-opioid receptor
agonist U-69593 has no effect on either type of transmission
in adult rat spinal cord SG neurones in slice preparations. A
similar depressive action of u- or d-opioids on excitatory
transmission has been demonstrated in the midbrain PAG
(Vaughan & Christie, 1997), the spinal trigeminal SG (Grudt
& Williams, 1994) and the superficial layer of the spinal cord
in the rat (Jeftinija, 1988; Hori et al. 1992; Glaum et al.
1994).

Inhibition by opioids of excitatory synaptic
transmission in SG neurones

Although a similar inhibition of eEPSCs by both DAMGO
and DPDPE has been reported in rat spinal cord SG
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Figure 5. Effects of DAMGO, DPDPE and U-69593 on glutamatergic eEPSCs and mEPSCs

Amplitude of eEPSCs (4) and frequency of mEPSCs (B) under the action of DAMGO, DPDPE or U-69593
(u-, 8- and k-opioid receptor agonists, respectively; each 1 um) relative to those in the control. Error bars
show s.e.M.; * Significantly different from control, P< 0-01.
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neurones by Glaum et al. (1994), the present work revealed
that the opioids depress not only eEPSCs but also mEPSCs.
There was a dissociation between the actions of each of the
opioids on eEPSC and mEPSC. The magnitude of inhibition
by DPDPE was comparable for eEPSCs and mEPSCs. In
contrast, the inhibition of eEPSCs by DAMGO was less
extensive than that of mEPSCs, as shown in Fig.5. One
reason for this discrepancy may be that opioids act
differently on evoked and spontaneous transmitter-release
mechanisms, resulting in a distinct action on elEPSCs and
mEPSCs; for example, an inhibition of voltage-dependent
Ca®* channels in nerve terminals leads to a depression of
eEPSCs  while mEPSCs are unaffected. Alternatively,
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mEPSCs in SG neurones may be produced by inputs not
only from primary afferent fibre axons but also from
interneurone axons, the latter terminals having more
p-opioid receptors than the former ones. Although a
mechanism for the presynaptic inhibition of e EPSC was not
examined here, this would be due to an inhibition of Ca®*
channels by opioids in nerve terminals, because opioids
suppress Ca’* channels in rat dorsal root ganglion neurones
(Schroeder et al. 1991; see North, 1993, for review).

When examined at the same concentration (1 um), the
sequence of efficacy of opioids in inhibiting either e EPSCs or
mEPSCs was u- > 8-> k-type, as seen in Fig. 5. This

A GABAergic elPSC B GABAergic mIPSC ¢
Control DAMGO (1 pM) 1.0
-+— Control WM ‘Mwu\#ww 208
\wj\ o ks N\,___ LS E ’
\,.‘J\u\.., v N PR S N PN, W g 0.6
» A A *§ o4 Control
T X § £ 3 J DAMGO
; T T e
\ \ - 0 : L ) ) :
Control DAMGO (1 uM) L N 0 05 1 15 2 25
50 pA Inter-event interval of
200 ms GABAcrgic mIPSC (s)
D Glycinergic eIPSC E" Glycinergic mIPSC
Control DAMGO (1 uM) 10 -
- A o Nt B :
Control — A §0.8
~— DAMGO ik ] : 506
‘o Control
50 pA - 5 04F £ e DAMGO
i o
) ™02
™ |
e o
AN N 0 05 1 15 2 25

Control DAMGO (1 uM) k

lL“ _IS() PA

Inter-event interval of

500 ms glycinergic mIPSC (s)

Figure 6. Effects of DAMGO on eIPSCs and mIPSCs that are either GABAergic or glycinergic

A, averaged traces of six consecutive GABAergic el PSCs before (left, Control) and during (right; 1 min after
the start of DAMGO application; control eIPSC is superimposed for comparison) the application of DAMGO
(1 um). B, eight consecutive traces of GABAergic mIPSCs before (left) and during (right; after 1 min) the
application of DAMGO. €, cumulative distributions of the inter-event interval of GABAergic mIPSCs before
(continuous line) and during (interrupted line; after 1 min) the application of DAMGO, which were
obtained by analysing 152 and 139 mIPSC events, respectively. DAMGO had no effect on the distribution
(P > 0-4; Kolmogorov—Smirnov test); the cumulative distribution of GABAergic mIPSC amplitude was
also not changed (not shown). Data in B and (' were obtained from the same neurone. D, averaged traces of
six consecutive glycinergic eIPSCs before (left, Control) and during (right; after 1 min; control eIPSC is
superimposed for comparison) the application of DAMGO. E, ten consecutive traces of glycinergic mIPSCs
before (left), and during (right; after 1 min) the application of DAMGO. F, cumulative distributions of the
inter-event interval of glycinergic mIPSCs before (continuous line) and during (interrupted line; after
1 min) the application of DAMGO, which were obtained by analysing 113 and 110 mIPSC events,
respectively. DAMGO had no effect on the distribution (P > 0-5; Kolmogorov—Smirnov test); the
cumulative distribution of glycinergic mIPSC amplitude was also not altered (not shown). Data in £ and F
were obtained from the same neurone. The eIPSCs were evoked every 10s in the presence of either
strychnine (2 um; A) or bicuculline (20 um; D) together with CNQX (20 um) and APV (50 um); the mIPSCs
were recorded in the presence of either strychnine (2 um; B and C)or bicuculline (20 um; £ and F') together
with TTX (0-5 ), CNQX (20 gm) and APV (50 um). Vg =0 mV.
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rank order was the same as that for the proportion of
neurones in which each of the opioids inhibited excitatory
transmission by more than 5% (see Table 1). These results
are in good agreement with those of the analgesic effect
caused by intrathecal injection of opioids in the rat, the
potency order of which was p- > - > k-type (Dickenson et
al. 1987; Leighton et al. 1988; Danzebrink et al. 1995). The
different potencies appear to be due to a difference in
density among the three types of opioid receptor in the
superficial dorsal horn, because it has been demonstrated by
radioligand-binding experiments in the rat spinal cord that
the most prevalent type of opioid receptor in laminae I-1I1
is the p-receptor (63 % or more) with considerably fewer ¢-
(23 % or less) and k-type receptors (15% or less) (Besse et al.
1990; Stevens et al. 1991; Rahman et al. 1998).

Previous studies have demonstrated that excitatory afferent
transmission is depressed mainly by pg-opioids in superficial
dorsal horn neurones of the rat spinal cord (Jeftinija, 1988;
Hori et al. 1992). On the other hand, Randic et al. (1995)
reported that x-receptor agonists both
potentiation and inhibition of excitatory transmission in
spinal cord SG neurones, an observation different from that
in the present study. Such a discrepancy among studies may
be partly due to a difference in age of the rats used. There is
a maturation of the somatosensory pathway during post-
natal week 3 in the rat spinal cord; for example, lamina IT
complete their
maturation processes until 3 weeks of age (Bicknell & Beal,
1984). Alternatively, there is a developmental change during
postnatal days 0—56 in the relative proportion of u-, §- and
k-receptors in the superficial layers (laminae I-II) in the
spinal cord (Rahman et al. 1998). Many of the previous
studies have used juvenile rats (Jeftinija, 1988; Hori et al.
1992; Randic et al. 1995: 18- to 30-, 6- to 12- and 15- to 27-
day-old, respectively), except for that of Glaum et al. (1994;
28- to 60-day-old) which reported results similar to those in
the present study.

have cause

neurones do not differentiation and

Inhibitory synaptic transmission in SG neurones in
the spinal cord may not be involved in the anti-
nociceptive action of opioids

A descending antinociceptive modulatory system is known
to relay via the PAG and then the rostral ventromedial
medulla (RVM) to the spinal cord. Vaughan & Christie
(1997) have proposed that opioids inhibit GABAergic IPSCs
in rat PAG neurones through the activation of u-receptors
and thereby disinhibit PAG output neurones projecting to
the RVM, resulting in antinociception. Alternatively, Pan et
al. (1990) have demonstrated that GABA-mediated synaptic
potentials are reduced by g-opioids in the primary cells of
the nucleus raphe magnus (NRM) in the RVM. If this
disinhibition leads to an increase in the activity of NRM
neurones which project to the spinal cord, this could be one
of the pain modulatory systems in the RVM. In the present
study, in rat spinal cord SG neurones, however, opioid
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receptor agonists did not influence eIPSCs and mIPSCs that
were either glycinergic or GABAergic; this was the case in
young as well as adult rats. This result is distinct from an
observation reported very recently by Grudt & Henderson
(1998) that glycinergic and GABAergic transmissions are
depressed by DAMGO in SG neurones of the spinal
trigeminal nucleus in horizontal brain slices. There are
several possibilities which may account for the difference
between the spinal cord and spinal trigeminal SG neurones.
One possibility is that the transverse slice used in the
present study may have severed connections between
interneurones which run in a rostro-caudal plane, resulting
in no effects of opioids on the inhibitory transmission.
Magnuson & Dickenson (1991) have suggested an opioid
facilitation involving GABA in rat dorsal horn neurones in
horizontal slices. Another possibility is that there is a
distinction in opioid actions between SG neurones in the two
regions. According to an immunohistochemical study by
Mansour et al. (1994), there seems to be a difference in the
distribution of u-, 6- and k-receptor mRNAs between the
rat spinal cord and spinal trigeminal nucleus. Alternatively,
it has been reported that there is a distinction in the relative
proportion of dynorphin- and enkephalin-immunoreactive
neurones between the cat spinal cord and spinal trigeminal
nucleus SG (Cruz & Basbaum, 1985). Kemp et al. (1996) have
demonstrated that pg-opioid receptors are not expressed in
superficial spinal cord dorsal horn interneurones that
contain glycine or GABA, although comparable data are not
available in the spinal trigeminal nucleus. Since activation of
the interneurones via primary afterent fibres is thought to
result in glycinergic or GABAergic IPSCs in the spinal cord
SG (Yoshimura & Nishi, 1995), the observation of Kemp et
al. (1996) may be consistent with the lack of effect of
DAMGO on IPSCs revealed in the present study.

Physiological significance of opioid actions in the SG

The dorsal horn of the spinal cord, especially the SG, is a
primary receiving area for somatosensory, presumably
nociceptive, input, which contains high concentrations of
opioid receptors and also of endogenous opioids (see
Coggeshall & Carlton, 1997, for review). Low doses of
opioids, applied directly to the spinal cord, produce
clinically effective and localized analgesia (see Cousins &
Mather, 1984; Yaksh, 1993, for reviews). According to the
present and previous studies (Yoshimura & North, 1983),
this effect appears to be attributed to two actions of opioids:
(1) reduction in the release of excitatory neurotransmitters
to SG neurones from the central terminals of primary
afferent nociceptors, and (2) direct inhibition of SG neurones
resulting from membrane hy perpolarization.

In summary, the results presented here provide a cellular
basis for the antinociceptive presynaptic action of opioid
receptor agonists at the spinal level and support a
physiological role for opioids as important inhibitors of
sensory information processing in the spinal dorsal horn.
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