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K-opioid Receptor Agonists Modulate Excitatory Transmission in 
Substantia Gelatinosa Neurons of the Rat Spinal Cord 
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This study examined the effects of selective activation of 
K,-opioid receptors on excitatory transmission in substan- 
tia gelatinosa (SG) using intracellular recordings from SG 
neurons in transverse slices of the young rat lumbar spinal 
cord. Monosynaptic and polysynaptic excitatory postsyn- 
aptic potentials (EPSPs) were evoked by orthodromic elec- 
trical stimulation of AS or C primary afferent fibers in the 
dorsal root after blocking inhibitory inputs with bicuculline 
and strychnine, NMDA receptors with D-2-amino-5-phos- 
phonovaleric acid and P- and S-opioid receptors with CTAP 
and ICI 174,864, respectively. Bath application of dynorphin 
A,,, or U-69,593 caused dual modulation of the peak am- 
plitude of presumed monosynaptic AMPA receptor-medi- 
ated EPSPs, decreasing synaptic potentials at nanomolar 
concentrations in a majority of SG cells examined (dynor- 
phin, 63%; U-69,593, 91%), and increasing EPSPs at micro- 
molar concentrations. Only the inhibitory action of dynor- 
phin A,,, was consistently and completely blocked by nor- 
binaltorphimine (nor-BNI). Since U-69,593 and nor-BNI are 
selective for the K,-opioid receptors, the depression of 
EPSPs is likely to be mediated by the K,-opioid receptors. 
Under conditions of blockade of synaptic transmission 
with TTX and P- and S-opioid receptors, dynorphin A,,, and 
U-69,593 hyperpolarize most of SG neurons and decrease 
their membrane input resistance, the finding suggesting 
that direct interaction of K-agonists with a postsynaptic re- 
ceptor is likely explanation for the inhibition of EPSPs. 
However, in some SG cells, the inhibition of EPSPs ap- 
pears to be of presynaptic origin since dynorphin A,.,, and 
U-69,593 did depress the EPSPs in the absence of changes 
in passive membrane properties. Flp-CAMPS, a membrane 
permeant potent competitive inhibitor of CAMP-activated 
protein kinase, prevented the depressant effect of dynor- 
phin A,,,. This finding suggested a possibility that dynor- 
Win A,.,,, acting through a decrease in intracellular cyclic 
AMP levels, can reduce the synaptic responses of SG neu- 
rons. These results provide the first electrophysiological 
demonstration that the activation of K,-opioid receptors in- 
hibits AMPA receptor-mediated primary afferent neuro- 
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transmission in the substantia gelatinosa of the young rat 
spinal cord. This effect may mediate the ability of K-recep- 

tor agonists to produce antinociception. 
[Key words: rat spinal cord, subsfantia gelatinosa, K- 

opioid receptor, dynorphin, excitatory postsynaptic poten- 
tial, intracellular recording] 

The substantia gelatinosa (SG), lamina 2 of the gray matter of 
the dorsal horn (DH) of the spinal cord (Rexed, 1952) is the 
preferential site of termination of small-diameter primary affer- 
ent fibers that respond to noxious stimuli (Kumazawa and Perl, 
1978; Light and Perl, 1979; Sugiura et al., 1986, 1989; Yoshi- 
mura and Jessell, 1989, 1990). This area has been regarded as 
an important site for the processing of information related to the 
transmission and modulation of sensory signals including pain 
(Kumazawa and Perl, 1978; Light et al., 1979; Cervero and 
Iggo, 1980; Fitzgerald, 1981; Brown, 1982; Rustioni and Wein- 
berg, 1989). The spinal DH, including SG, contains both endog- 
enous opioid peptides derived from proopiomelanocortin, pre- 
proenkephalin and preprodynorphin (Miller and Seybold, 1987, 
1989; Simon, 1991), and at leasf three subtypes (p, 6, and K) of 
the opioid receptors, which are present both on the primary sen- 
sory and DH neurons (Atweh and Kuhar, 1977; Fields et al., 
1980; Slater and Patel, 1983; Morris and Herz, 1987; Allerton 
et al., 1989; Arvidsson et al., 1995a,b). In ligand binding studies, 
the highly selective arylacetamide ligand 3H U-69,593 has re- 
vealed in both rat (Allerton et al., 1989; James et al., 1990) and 
dog (Hunter et al., 1989) spinal cords a small population of well- 
characterized K receptors in adult animals (however cf. Lahti et 
al., 1985), with a significantly higher density being observed in 
young rats. It is possible that these sites represent only a sub- 
population of K,-receptors, since other distinct K-subtypes (K~. 

KJ have been proposed (Attali et al., 1982; Zukin et al., 1988; 
Clark et al., 1989). A substantial proportion of the K-receptors 
are postsynaptic since about half remain after dorsal rhizotomy 
(Besse et al., 1990). Functional studies made in adult spinal cord 
support the involvement of p. and 6 opioid receptors in spinal 
antinociception (Yaksh, 1993). However, the cellular mecha- 
nism(s) and the role of a-opioid receptors and dynorphin pep- 
tides in the regulation of sensory information, including pain at 
the spinal levels, remains controversial (Millan, 1990; Coderre 
et al., 1993; Duggan and Fleetwood-Walker, 1993). 

The opioid peptide dynorphin A,.,, (H-Tyr-Gly-Gly-Phe-Leu- 
Arg-Arg-Ile-Arg-Pro-Lys-Leu-Lys-Trp-Asp-Asn-Gln-OH) (dy- 
norphin) is thought to be the endogenous ligand for the K opioid 
receptors (Chavkin et al., 1982; James et al., 1984; Stevens and 
Yaksh, 1986; Neck et al., 1990). High frequency electrical stim- 
ulation of unmyelinated primary afferent fibers or peripheral 
nerves in rats and cats has been shown to cause a release of 
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dynorphin in DH laminae associated with nociceptive processing 
(Nyberg et al., 1983; Yaksh et al., 1983; Hutchison et al., 1990). 
In viva studies indicated that the activation of k-opioid receptors 
produces generally inhibitory effects on spinal DH neurons 
(Willcockson et al., 1986; Knox and Dickenson, 1987; Fleet- 
wood-Walker et al., 1988; Hope et all, 1990; Hylden et al., 
1991), although excitatory effects were also observed (Will- 
cockson et al., 1986; Knox and Dickenson, 1987; Hylden et al., 
1991). 

Both the presynaptic and postsynaptic sites of k-opioid action 
have been reported. Presynaptically dynorphin inhibits voltage- 
dependent calcium current in cultured dorsal root ganglion cells 
(Macdonald and Werz, 1986; Gross and Macdonald, 1987; Bean, 
1989); postsynaptically K-opioids increase K+-conductance of 
SG neurons (Grudt and Williams, 1993) and decrease CaZ+-con- 
ductance (Bean, 1989) of DH neurons. In addition, dynorphin 
depresses or enhances the responses to glutamate and its analogs 
(Willcockson et al., 1986; Cerne et al., 1995; Kolaj et al., 1995). 
At the molecular level activation of k-opioid receptors leads to 
activation of G-proteins (Cox, 1993), that can act directly on 
voltage-dependent ion channels (Moises et al., 1994), or can 
produce their effects through the involvement of second mes- 
senger systems (Childers, 1993). K-Gpioid agonists have been 
shown to inhibit the adenylate cyclase through the action of 
pertussis toxin-sensitive G-proteins (Attali et al., 1989; Law- 
rence and Bidlack, 1993; Ingram and Williams, 1994) and they 
can inhibit G-protein coupled phospholipase C (Misawa et al., 
1990; Jin et al., 1994). 

In the present study, the effects of dynorphin A,.,, and a K,- 

receptor preferring ligand U-69,593 (Lahti et al., 1985; Neck et 
al., 1990) on the primary afferent-evoked monosynaptic and po- 
lysynaptic excitatory postsynaptic potentials (EPSPs) and the 
passive membrane properties of the SG neurons were examined 
by intracellular recordings in the transverse spinal cord slice 
preparation obtained from young rats. Dynorphin A,.,, and 
U-69,593 caused dual modulation of the peak amplitude of pre- 
sumed monosynaptic AMPA receptor-mediated EPSPs, decreas- 
ing synaptic potentials at nanomolar concentrations and increas- 
ing EPSPs at micromolar concentrations. The pharmacological 
specificity of this effect was demonstrated using the K, receptor 
antagonist norbinaltorphimine (Porthogese et al., 1987; Take- 
mori et al., 1988). In addition, our results indicate that inhibition 
of a G-protein-coupled adenylate cyclase/cAMP-dependent pro- 
tein kinase system may mediate the depressant effect of dynor- 
phin A,.,, on synaptic response. 

Some of the data have appeared in a preliminary form as an 
abstract (KojiC et al., 1994). 

Materials and Methods 
Slice preparation and electrophysiological recording conditions. Stan- 
dard procedures for preparing and maintaining spinal cord slices from 
Sprague-Dawley rats, of either sex aged between 15 and 27 d, were 
used (Murase and RandiC, 1983; RandiC et al., 1993). Transverse lumbar 
spinal cord slices 400-500 pm thick with attached dorsal root were cut 
in an oxveenated (95% 0,. 5% CO,) Krebs-bicarbonate solution (4°C) 
on a .vib;Gome and placedin a holding chamber (34-35°C) to recover 
for at least 1 hr. A single slice was then transferred to the recording 
chamber (volume of 1.0 ml) and continuously perfused with Krebs- 
bicarbonate solution at a rate of about 3 ml/min. The superfusing me- 
dium contained (in 117~): NaCl, 124; KCl, 1.9; K&PO,, 112; CaCl, 2.4; 
MaSO,. 1.3: NaHCO,. 26: glucose. 10: nH 7.4, and was eouilibrated 
wi;h 95% & 5% C&. To-study primahly AMPA receptog-mediated 
EPSPs, in some experiments the solution contained strychnine (2 PM), 

bicuculline (10 PM) and D-2-amino-5-phosphonovaleric acid (D-APV, 
50 FM) to block glycinergic and GABA-ergic inhibitory synaptic re- 

sponses, as well as NMDA-component of excitatory synaptic transmis- 
sion. Experiments were done at a temperature of 34-35°C. Substantia 
gelatinosa (SG) neurons were identified by their location in the spinal 
DH. When viewed under a dissecting microscope at a magnification of 
10-40X with transmitted illumination, the SG was distinguishable as a 
translucent bend in the superficial DH, although it was difficult to dis- 
cern with certainty the border between laminae I and II. Conventional 
intracellular recordings were made from SG neurons with electrodes 
filled with 4 M potassium acetate (DC resistance: 120-160 MR). Most 
recordings were obtained from cells with a stable resting-membrane 
potential and with overshooting action potentials (78.5 -C 1.8 mV, n = 
81). However, spontaneous firing neurons were also occasionally ap- 
parent. In these cases, spontaneous action potentials were abolished by 
passing sufficient direct hyperpolarizing current through the recording 
electrode to hold the cell membrane potential negative to the threshold 
for action potential generation (- 65 to - 80 mV) using the active bridge 
circuit of the preamplifier (Axoclamp 2A). Bridge balance was moni- 
tored throughout experiments and corrected when necessary. Input re- 
sistance was measured by passing hyperpolarizing current pulses (0.05- 
0.2 nA) across the cell membrane and measuring the voltage deflections 
produced. The current values were of sufficient duration (120-200 
msec) to fully charge the membrane capacitance. Monosynaptic and 
polysynaptic EPSPs in SG neurons were evoked by orthodromic elec- 
trical stimulation of primary afferent fibers with a bipolar platinum wire 
electrodes positioned on the ipsilateral lumbar dorsal root (L3-L6). The 
dorsal root had a length of 5-15 mm, but when a dorsal root ganglion 
was preserved up to 27 mm. Single shocks at a fixed suprathreshold 
strength (0.01-0.5 msec pulses. 2-40 V), repeated at 2 min intervals, 
were given through a stimulating electrode during control (1 O-20 min) 
period, and during (10 min) and the 30-60 min oeriod after bath ad- 
ministration of drugs. Stimulus parameters were optimized to yield de- 
polarization of 5-15 mV in amplitude. EPSPs had to be relatively stable 
(510% change in amplitude) for 10-20 min prior to the addition of any 
drugs. The stimulus intensity necessary to activate AS and C fibers and 
the afferent fiber conduction velocity were determined by extracellular 
recording of compound action potentials from longitudinal spinal slice- 
dorsal root-dorsal root ganglia preparations in the previous experiments 
(Kangrga and RandiC, 1991). The minimum stimulus intensities and 
durations used to activate AS and C fibers were 3 V/O.1 msec and 5 
V/O.5 msec respectively. The conduction velocity of fibers that were 
responsible for the monosynaptic response was calculated from the la- 
tency of evoked EPSPs and the distance from the stimulating electrode 
to the recording site. Stimulation of dorsal roots led to generation of an 
EPSP With small stimulus strength this EPSP was graded in amplitude, 
had a fixed latency and monophasic decay. As the stimulus strength was 
increased, however, a later slow polysynaptic component was apparent. 
In order to discriminate between monosynaptic and polysynaptic EPSPs, 
two experiments were carried out. (1) Identification of the A6 fiber- 
evoked EPSPs as monosynaptic was based on their constant latencies 
and absence of failures with a repetitive stimulation at frequency of 10 
Hz (RandiC et al., 1993). (2) The latency of these EPSPs remained 
constant in the presence of a high concentration of divalent cations (4 
mu Ca2+, 8 miw MgZ+ ), the procedure that has been shown to suppress 
polysynaptic EPSPs (Jahr and Jessell, 1985). These findings contrast 
with the properties of DR-evoked polysynaptic EPSPs. The presumably 
polysynaptic EPSPs had variable latencies and showed failures with 
high frequency stimulation and with the external solution containing 
high divalent cation concentrations. Moreover, the shapes and ampli- 
tudes of polysynaptic EPSPs were variable in different trials when dor- 
sal roots were stimulated at a constant intensity. 

Two different procedures were used to study the effects of K-opioids 
on electrically evoked EPSPs without interference from action poten- 
tials. The cell membrane potential was adjusted to a hyperpolarizing 
level by passing a DC-current through the recording electrode. Alter- 
natively the primary afferents were stimulated during a hyperpolarizing 
step of membrane potential at a time when the membrane potential was 
stable and the decay of membrane charging was negligible. In any given 
cell the membrane potential was held within a l-3 mV range. An Ax- 
oclamp 2A (Axon Instruments) was used to record data; Digidata 1200 
system with PCLAMP (version 5.5 and 6) software (Axon Instruments) 
was used for acquisition and analysis. A DC pen-recorder (Gould 
2600s) was used to record membrane potentials continuously. Each 
slice was exposed to between one and three applications of dynorphin 
A r.,,, U-50,488H and U-69,593 alone or in combination with the K- 
opioid receptor antagonist, nor-binaltorphimine (nor-BNI). The K-opioid 
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receptor agonists were applied in the perfusate for 10 min in the absence 
or continuous presence of the antagonist. In experiments with nor-BNI, 
slices were washed for 25545 min between drug applications to ensure 
sufficient washout of opioid effects. The magnitude of K-opioid effects 
in any individual cell were determined by comparing the averaged peak 
amplitude of three consecutive EPSPs evoked immediately prior to drug 
application (V,,,,,,, ) to the peak amplitude of a single EPSP measured 
at the time of maximal change induced by K-opioids (I’,,,,,,,,,). Vtreatmen, 
was typically determined 6-10 min after the onset of K-opioid appli- 
cation and was expressed as percentage of control: V,,,,,,,,/V~,,,,,, X 100. 
Moreover, two additional measures of synaptic responses, EPSP slope 
and area, were used. We first tested the stability of the synaptic and 
passive membrane properties of SG neurons in slices over a period of 
10-20 min and next examined the changes in these properties as a result 
of K-opioid treatment. Over a recording period of l-2 hr, resting mem- 
brane potential, input resistance and the peak amplitude of the EPSP 
did not change significantly in SG neurons of slices obtained from 
young rats. All values are expressed as means + SEM. Statistical sig- 
nificance of data (P 5 0.05) has been assessed relative to control re- 
sponses by use of either a paired or unpaired t tests, as appropriate. 

Application of chemicals. Drugs were dissolved in oxygenated Krebs- 
bicarbonate solution and applied to the slices in known concentrations 
by addition to the superfusing medium. Drug-containing solution en- 
tered the recording chamber within 3&45 set of changing solutions, 
with complete exchange occurring within 3 min. Drugs were applied 
for sufficient duration to ensure maximum effects. Only one cell in a 
slice was subject to one trial with K-opioids, the exception being the 
experiments using opioid receptor antagonists where each cell was sub- 
jected to two or three trials. Chemicals used and their sources were as 
follows: adenosine-3’,5’-cyclic monophospho-thioate, Rp-Isomer, trie- 
thylammonium salt (Rp-CAMPS, Calbiochem); (5 o, 7 01, 8 B)-(+)-N- 
methyl-N-[7-( l-pyrrolidinyl)-l-oxaspiro(4,5)dec-S-yl]benzeneacetamide 
(U-69,593) (Research Biochemicals International, RBI, Natick, MA), 
D-2-amino-5-phosphonovaleric acid (D-APV, RBI), bicuculline meth- 
iodide (Sigma), CTAP (H-D-Phe-Cys-Tyr-D-Trp-Arg-Thr-Pen-Thr-NH; 
Multiple Peptide System, San Diego, CA); 6-cyano-7-nitroquinoxaline- 
2,3-dione (CNQX) (Cambridge Research Biochemicals, CRB, Wil- 
mington, DE; Tokris, Bristol, United Kingdom); dynorphin A,.,, (pro- 
dynorphin 209-225, porcine; CRB, Peninsula, Belmont, CA and RBI), 
N,N-dially-Tyr-Aib-Aib-Phe-Leu (ICI 174,864, CRB); naloxone HCl 
(RBI, Sigma); naltrindole hydrochloride (RBI); nor-binaltorphimine 2 
HCl (nor-BNI) (RBI); strychnine hydrochloride (Sigma), tetrodotoxin 
(TTX; Sigma), trans-(+)-3,4-dichloro-N-methyl-N-[2-(1-pyrrolidinyl)cy- 
clohexyl] benzeneacetamide methane sulfonate (U-50,488H) (RBI). 
Stock solutions of U69,593 of 1 mu were made in 0.1 N HCl and then 
frozen in aliquots to be used in single experiments. The aliquots were 
diluted in perfusing solution before administration. 

Results 

Stable intracellular recordings of up to 5 hr were obtained from 
191 SG neurons in the rat spinal cord slice. The average resting 
membrane potential of these neurons was -71.9 ? 0.5 mV 
(mean ? SEM) and the input resistance 201.2 -t 9.1 MQ in 
agreement with previous results (Yoshimura and Jessell, 1990; 
RandiC, et al., 1993). 

Effects of dynorphin on membrane potential and input 
resistance of SG neurons 

When recording at resting membrane potential, bath application 
of dynorphin (0.01-l FM for 10 min) caused two distinct effects: 
a slow reversible membrane hyperpolarization in eleven (52%) 
and a depolarization in six (29%) of 21 SG neurons (Fig. lA,B). 
The hyperpolarization had an average onset latency of 2.9 t 0.5 
min and a duration of 11.1 ? 1.4 min. The response was max- 
imal at 6.5 2 0.8 min after the start of application of dynorphin, 
and it averaged -4.0 t 0.8 mV. The hyperpolarization was as- 
sociated with a variable but statistically not significant (P > 
0.05; n = 11) changes in membrane input resistance (decrease 
to 84.3% 2 3.3 of control, n = 4/11; increase to 112.3% t 2.7, 
IZ = 3/11; however, for all cells 98.2% + 3.2, n = 11). The 
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Figure 1. Effects of dynorphin A,~,, on the membrane potential of SG 
neurons. A, Sample records of the hyperpolarizing (fop) and depolar- 
izing (bottom) responses intracellularly recorded from two different SG 
neurons to 10 min bath-application of 100 mM dynorphin A,.,, (bar). 
Both responses recovered following wash-out of dynorphin. B, Sum- 
marized data showing the proportion of SG neurons that responded with 
either hyperpolarization (solid bars) or depolarization (hatched bars) or 
no effect (open bars) to the application of dynorphin A,.,, (0.01-l PM) 

in the different perfusion media: (1) control solution (Control, n = 21); 
(2) bicuculline (Bit, 10 PM) + strychnine (Stry, 2 FM) f  D-2-amino- 
5-nhosuhonovaleric acid CD-APV. 50 UM) Cn = 17): (3) Bit (10 UM) + 

St;y (~-FM) + D-APV (5b JLM) i CTAP(iO0 mj;‘ ICI 174,864 (100 
nM) (n = 15); (4) TTX (500 nM) + CTAP (100 nM) + ICI 174,864 
(100 nM) (n = 12). Note that hyperpolarization was almost exclusively 
present on application of dynorphin A,.,, after blockade of GABA,-, 
glycine-, NMDA-, p-, and F-opioid receptors. A:top, V,,, = -62 mV, 
22 d old rat; bottom, V, = -74 mV, 17 d old rat. B, V, = -62 to -82 
mV, 15-27 d old rats. 

second kind of response to dynorphin was a slow depolarization 
accompanied by a slight increase (n = 4/6) in membrane input 
resistance (107.5% -+ 4.9 of control, n = 6). The response had 
a latency of onset of 1.8 + 0.5 min, and was associated with 
increased excitability of the cell, as reflected by the generation 
of spontaneous action potentials. The depolarization reached 
maximum amplitude in 6.0 ? 1.2 min; the amplitude was 8.0 
2 3.9 mV and the duration of 14.4 2 6.7 min. The threshold 
concentration for evoking the hyperpolarizing and depolarizing 
response during superfusion with dynorphin was 10 nM. No de- 
sensitization of either hyperpolarizing or depolarizing response 
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Figure 2. Reversal potential of AS- 
primary afferent fiber-evoked mono- 
synaptic EPSPs and antagonism by 
CNQX and D-APV. A, Reversal poten- 
tial of presumed monosynaptic AM- 
ber-mediated EPSP recorded intracel- 
lularly with a 4 M Cs acetate-filled mi- 
croelectrode at six different membrane 
potentials from a dorsal horn neuron in 
response to dorsal root stimulation. 
Stimulation of L4 dorsal root (3 V, 20 
psec, 0.7 Hz) elicited constant latency 
EPSP The EPSP decreased in size and 
reversed its polarity with membrane 
depolarization. B, Relationship be- 
tween the peak amplitude of EPSP and 
membrane potential. The reversal po- 
tential of the EPSP is around 0 mV. C, 
Depression of As-fiber-evoked EPSP 
by 10 p,M CNQX and almost complete 
biockabe by 10 FM CNQX + 56 PM 

D-APV. A and B. 26 d old rat. C. V- 
= -79 mV, 24 d’old rat. “’ 

-80 

20ms 

was observed during 10 min superfusion with dynorphin (10 nM 
t0 1 PM). 

Involvement of GABA and glycine in the depolarizing action of 
dynorphin 

Because the inhibitory interneurons have been implicated as a 
primary target of opioid action in hippocampus (Zieglgansberger 
et al., 1979; Neumaier et al., 1988) and rat spinal DH (Magnuson 
and Dickenson, 1991), experiments were next carried out with 
bicuculline and strychnine to assess the possible involvement of 
GABA and/or glycine in the mediation of the dynorphin-induced 
membrane effects. When bicuculline methiodide (10 FM), a GA- 
BA, receptor antagonist, and strychnine (2 FM), a glycine re- 
ceptor antagonist, were added to the bathing solution containing 
50 FM D-APV, the NMDA receptor antagonist, 12 of 17 (71%) 
SG neurons responded to dynorphin (10 nM to 1 FM) with hy- 
perpolarization (-4.9 2 0.9 mV), whereas 3 of 17 cells (18%) 

515 

m Depression 
E &oFntiation 

i w 
416 

7112 m 

O.OlpM 0. I/AM ~PM 

Figure 3. Proportion of sensitive SG neurons showing depression or 
potentiation of primary afferent fibers-evoked EPSPs by dynorphin A,. 

The graph shows the proportion of SG neurons that responded to 10 
Gin application of different concentrations of dynorphin A,.,, (0.01-l 
PM) with either depression (solid bars) or potentiation (hatched bars) 
of primary afferent fiber-evoked EPSPs, or were not affected (open 
bars). Note that both depression and potentiation of EPSPs were present 
at lower concentrations of dynorphin (0.01 PM, n = 12; 0.1 J*M, n = 

6), whereas higher concentration (1 pM, n = 5) increased EPSPs in all 
the cells examined. V,,, = -62 to -82 mV, 15-27 d old rats. 

IOmV 

‘CNQX + D-APV 

gave a depolarizing (3.3 * 0.7 mV) response (Fig. 1B). It ap- 
pears therefore, that the presumed blockade of GABA-ergic and 
glycinergic transmission reduced the proportion of cells respond- 
ing to dynorphin with depolarization and increased the number 
of hyperpolarized cells. 

Pharmacological projile of the dynorphin actions on 
membrane potential 

To characterize the spinal opioid receptor subtype responsible 
for the dynorphin-induced hyperpolarization and depolarization 
in SG neurons, we next examined the actions of a claimed se- 
lective K,-opioid receptor antagonist norbinaltorphimine (nor- 
BNI) (Portoghese et al., 1987; Takemori et al., 1988). Bath- 
application of nor-BNI (100 nM) consistently and reversibly re- 
duced or blocked the dynorphin-induced hyperpolarization (n = 
2) and depolarization (n = 3) in slices perfused with Krebs- 
bicarbonate solution, and also the hyperpolarization (n = 3) in 
the presence of blockade of NMDA, GABA, and glycine re- 
ceptors. Nor-BNI, in the concentration used here (100 nM), did 
not alter the resting membrane potential (-0.5 + 0.9 mV, n = 
8) or input resistance (98.5% ? 3.7, n = 12) of SG neurons. 

Although dynorphin A,.,, is an endogenous opioid thought to 
act at K-opioid receptors, it has also affinity for the p-site and 
somewhat less for the S-site (Corbett et al., 1993). Moreover, 
there is evidence for the higher densities of p- and S-receptors 
relative to K-receptors in the spinal DH (Stevens et al., 1991). 
To exclude the possibility that dynorphin might activate p- and 
S-sites, the membrane response of SG cells to dynorphin was 
examined in slices superfused with a solution containing, besides 
bicuculline (10 FM), strychnine (2 FM) and D-APV (50 FM), 

also two highly selective p- and S-opioid receptors blocking 
agents, CTAP (lo-100 nM> (Pelton et al., 1985; Kazmierski et 
al., 1988) and ICI 174,864 (lo-100 nM) (Cotton et al., 1984). 
Dynorphin (10 nM) hyperpolarized (-5.5 ? 1.2 mV) 14 of 15 
SG cells examined (Fig. lB), whereas one cell was not affected. 
A slow hyperpolarization was accompanied by a decreased 
(77.8% ? 7.7; n = 2/6) or an increased (113.7% 2 2.3, IZ = 
3/6) input resistance (however, for all cells: 102.0% -C 5.9, n = 
6). In addition, U-69,593, the K,-opoiod receptor preferring li- 
gand (Lahti et al., 1985), hyperpolarized (-5.1 2 0.9 mV) 10 
of 12 SG cells. This result differs from the depolarizing effect 
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Figure 4. Depression of As-primary afferent fiber-evoked EPSPs by 
dynorphin A,.,,. A, The graph shows the time course of changes in the 
peak amplitude of EPSPs (solid symbols), recorded intracellularly at 2 
min intervals from a SG neuron (inset) in response to electrical stim- 
ulation (12 V, 0.05 msec) of a lumbar dorsal root. Above the graph are 
displayed individual, apparently monosynaptic EPSPs taken before 
(truce I), during (trace 2) and 20 min (truce 3) after the removal of 
dynorphin (10 nM). In this and all subsequent figures, the solid bar 
above the graph indicates the time at which drug application occurred. 
Experiments were run at a constant membrane potential by applying 
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(4.3 rfr: 0.9 mV) observed in 3 of 6 cells superfused with Krebs- 
bicarbonate solution. The hyperpolarizing effect of dynorphin 
(10 nM) was fully reversed by nor-BNI (10 nM, n = 3) and 
partial recovery from this inhibition was observed after 20-30 
min washout. Nor-BNI, by itself in this medium, caused a small 
hyperpolarization (-3.5 t 0.5 mV) associated with a decrease 
in input resistance (91.9% 2 1.3) in 4 of 6 SG neurons. 

To determine if the hyperpolarizing response to dynorphin 
was mediated by direct activation of postsynaptic k-opioid re- 
ceptors of SG neurons, we examined the effect of dynorphin on 
membrane potential and input resistance in the presence of 
CTAP (lo-100 nM) and ICI 174,864 (lo-100 nM), and when 
synaptic transmission was eliminated by the Na+ channel block- 
er tetrodotoxin (TTX, 0.5 FM, rr = 12). Under these conditions 
the response of SG neurons to 10 nM dynorphin was hyperpo- 
larization (-4.2 + 0.8 mV, rt = 9/12), and this effect was ac- 
companied by a reduction in the input resistance (to 77.3% +- 
1.9; n = 617). In comparison, the depolarizing response was 
greatly reduced (n = 2) or abolished (n = 1) in this medium. 
Our finding that the dynorphin-induced hyperpolarization per- 
sisted in the presence of p- and s-blocking agents and when 
synaptic transmission was blocked by TTX strongly suggests a 
postsynaptic K,-opioid receptor site for the hyperpolarizing ac- 
tion of dynorphin. The fact that TTX inhibits the depolarizing 
response to dynorphin suggests a presynaptic site for this action, 
perhaps through inhibition of GABA-ergic inhibitory interneu- 
ron (Wang and RandiC, 1994). 

Dual modulation of excitatory transmission by dynorphin in 
the substantia gelatinosa 

Electrical stimulation of the primary afferent fibers in a dorsal 
root elicited monosynaptic and/or polysynaptic EPSPs in 75% 
and 25% of SG cells, respectively, in agreement with previous 
observations (Yoshimura and Jessell, 1990; RandiC et al., 1993). 
The reversal potential of A6 fiber-mediated presumed monosyn- 
aptic EPSP (Fig. 2A) was around 0 mV (Fig. 2B). The EPSP 
was almost completely suppressed by 10 p,M CNQX (Fig. 2C), 
the finding suggesting that primary afferent fibers release glu- 
tamate, or a related amino acid, and that the synaptic activation 
of the AMPA/kainate receptors of SG neurons predominantly 
mediates the A6 fiber-evoked EPSP (Yoshimura and Jesse11 
1990; Jiang and RandiC, 1991; RandiC et al., 1993; Yoshimura 
and Nishi, 1993). 

Bath application of dynorphin A,.,, (0.01-l pM for 10 min) 
in a Krebs-bicarbonate solution causes a dual modulation of the 
primary afferent stimulation-evoked monosynaptic and polysy- 
naptic EPSPs: it decreased and increased synaptic responses at 
low concentrations (10 nM) and almost exclusively increased 
EPSPs at high concentrations (1 p.M) (Fig. 3). The depression 
and potentiation of EPSPs was present in the SG cells receiving 
inputs from either A6 (Figs. 4, 5) or C-primary afferent fibers 
(Fig. 6). The reduction in the peak amplitude monosynaptic (to 
79.6% + 4.9 of control) and polysynaptic EPSPs (to 60.7% +- 

t 

appropriate intracellular current injection during the application of dy- 
norphin, if necessary. B, The graph shows the time course of changes 
in the slope (solid symbols) and area (open symbols) of EPSPs from the 
same neuron, as shown in A. C, Summarized data (means 2 SEM) 
showing the time course of the depression of EPSPs for 4 SG neurons 
produced by 10 11~ dynorphin. Statistical significance of data is indi- 
cated by asterisks: *, P < 0.05; **, P < 0.01. A and B, V, = -73 mV, 
23 d old rat. C, V, = -69 to -76 mV, 18-23 d old rats. 
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Figure 5. Potentiation of As-primary afferent fiber-evoked EPSPs by dynorphin A,.,,. A, In a SG neuron (inset) receiving apparently monosynaptic 
input from AS afferents (3.5 m/set) superfusion of 100 nM dynorphin potentiated the EPSPs (evoked by orthodromic stimulation of L5 DR with 
electrical pulses of 12 V, 0.05 msec) at 10 min during (truce 2) and 15 min after removal of the peptide (truce 3). This effect recovered at 20 min 
(truce 4) on washout. B, The graph shows the time course of changes in the peak amplitude of EPSPs. C, The graph shows the time course of 
changes in the slope (solid symbols) and area (open symbols) of EPSPs recorded from the same neuron, as shown in A. D. Summarized data 
showing the time course of the potentiation of EPSPs for 9 SG neurons produced by 10 IN to 1 pM dynorphin. Statistical significance of data is 
indicated by asterisks: *, P < 0.05; **, P < 0.01. A-C, V,,, = -72 mV, 25 d old rat. D, V,,, = -63 to -73 mV, 19-26 d old rats. 

2.8), caused by dynorphin (10-100 nM) was present in 4 of 13 
and 5 of 10 SG cells examined, respectively (Table 1). The in- 
hibition of EPSP amplitude by dynorphin ranged among neurons 
from 92% to 50% of control responses. Ten minutes of dynor- 
phin perfusion was typically sufficient to obtain a maximal effect 
without the development of desensitization (Fig. 4C). The peak 
depression had a latency of 5.9 2 1.0 min (12 = 9) and the effect 
persisted for lo-30 min after the application of dynorphin was 
terminated (Fig. 4). A typical depressant effect of 10 nM dynor- 
phin on A6 fiber-evoked presumed monosynaptic EPSP is illus- 
trated in Figure 4. In this cell, the depression of the EPSP in- 
volved a reduction of the peak amplitude of the EPSP (Fig. 4A) 
and also the slope and area (Fig. 4B) of the EPSI? The dynor- 
phin-induced depression of synaptic response was associated 
with inconsistent change in membrane potential (- 1.4 2 1.5 

mV, n = 8) and a small but statistically insignificant decrease 
in input resistance (to 84.3% ? 5.3, n = 7; Fig. 1). Moreover, 
the depression of monosynaptic EPSP was observed in three SG 
cells in the absence of the dynorphin effects on membrane po- 
tential and input resistance. 

Besides the depression of synaptic responses, the bath appli- 
cation of dynorphin (0.01-l FM for 10 min) produced a revers- 
ible increase of the peak amplitude of monosynaptic (to 129.6% 
? 6.8, 9/13 cells, Fig. 5A,B) and polysynaptic EPSPs (to 166.2% 
+ 31.7, 400 cells), in 23 SG cells examined (Table 1). The 
maximal enhancing effect had a latency of 6.3 5 0.7 min (n = 
13). The duration of the dynorphin-induced enhancement of the 
peak amplitude of EPSPs (Fig. 5&D) as well as the slope and 
area (Fig. 5C), was prolonged and frequently persisted for more 
than 30 min (Fig. 5D). The enhancing effect of dynorphin was 
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Figure 6. Dual modulation of C-primary afferent fiber-evoked EPSPs by dynorphin A,.,,. A, The peak amplitude of the EPSPs (solid symbols), 
recorded intracellularly from a SG neuron (inset) receiving synaptic input from C-afferents (0.3 m/set), is inhibited by a 10 min application of 
dynorphin (10 nM, solid bar). EPSPs recorded before (truce I) and during bath-application of 10 nM dynorphin (truce 2) are superimposed above 
the graph. B, In a different SG neuron (inset) receiving synaptic input from C-afferents (0.9 m/set), dynorphin (1 FM) produced potentiation of 
EPSPs (solid symbols) lasting more than 20 min after the removal of the peptide. Above the graph are superimposed individual EPSPs taken before 
(truce I) and 4 min (trace 2) after the removal of dynorphin. The membrane input resistance (open symbols) of the neurons in A and B was 
monitored throughout the experiment. A, V, = -69 mV, 19 d old rat. B, V, = -71 mV, 25 d old rat. 

associated with small and inconsistent changes in membrane po- 
tential (1.4 2 2.7 mV, n = 12) and a small but statistically 
insignificant increase in input resistance (111.3% +- 3.5, n = 
12; Fig. 1). 

Pharmacological projile of the dynorphin actions on EPSPs 

To determine the type of the opioid receptor involved in medi- 
ating the depression and potentiation of EPSPs by dynorphin, 
we have used two benzeneacetamide derivatives U-50,488H and 
U-69,593, the K,-receptor preferring ligands (VonVoigtlander et 
al., 1983; Lahti et al., 1985; Neck et al., 1988, 1990, 1993; 
Zukin et al., 1988; Rothman et al., 1992), as well as a claimed 
selective K,-opioid receptor antagonist nor-BNI (Portoghese et 
al., 1987; Takemori et al., 1988). Bath application of 0.01-l p,M 

U-50,488H (n = 6) and U-69,593 (n = 11) for 10 min resulted 
in depression or potentiation of the primary afferent fiber-evoked 
monosynaptic (n = 13) and polysynaptic EPSPs (n = 4). The 
peak amplitude of the monosynaptic EPSP was reduced on av- 
erage to 80.0% in 2 of 5 SG neurons by U-50,488H, and in- 
creased to 155.3% + 19.4 in the remaining 3 cells tested. The 
average reduction of the peak amplitude of the monosynaptic 
EPSPs by U-69,593 was to 67.0% 2 8.0 (n = 3/8) and an 
increase to 135.8% 5 13.7 (5/8) (Table 2). The U-69,593-in- 
duced depression of EPSPs in 5111 neurons (10 nM: to 80.5% 
2 6.5; 100 nM: to 63.5% 2 12.5; lp,~: to 45.0%; Fig. 7A,B) 
and potentiation in 5/l 1 neurons (10 nM: to 111.0% 2 4.0; 1 
l&M: to 154.5% + 28.5; Fig. 7C,D) and the effects appear to be 
dose dependent. Both responses to U-69,593 were slow to reach 

Table 1. Modulation of primary afferent fiber-evoked EPSPs of SG neurons by dynorpbin A,_,, in different perfusion media 

Perfusing 
solution 

Monosynaptic EPSP Polysynaptic EPSP 

No No 
n Depression Potentiation change IZ Depression Potentiation change 

Control solution 13 31% 69% 0% 10 50% 40% 10% 
(79.6 2 4.9)* (129.6 + 6.8)** (60.7 + 2.8)** (166.2 t 31.7) 

Control + bicuculline + 6 50% 17% 33% 13 62% 31% 7% 

strychnine + D-APV (71.7 + 12.2) (157.00) (69.0 t 4.6)** (142.0 t 17.4) 

Control + bicuculline + strychnine + 19 63% 37% 0% 4 75% 25% 0% 
D-APV + CTAP + ICI 174,864 (79.0 2 2.7)** (126.7 ?9.4)* (69.7 + 3.7)* (133.0) 

Values are percentage of SG neurons showing a particular type of modulation of apparently monosynaptic and polysynaptic EPSPs by dynorphin A,-,, (10 nM-1 
PM for 10 min); values in parentheses are percentage change (means ? SEM) in the peak amplitude of EPSPs evoked by stimulation of primary afferent fibers 
in lumbar dorsal roots in the presence of dynorphin. Note that depression of EPSPs was a predominant response to dynorphin in tested SG neurons in the solution- 
containing 10 JLM bicuculline, 2 (LM strychnine, 50 FM D-APV, 100 nM CTAP, and 100 nM ICI 174,864 to block GABA,, glycine, NMDA, p- and &opioid 
receptors, respectively. Statistical significance of data is indicated by asterisks: *, P < 0.05; **, P < 0.01. 
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Table 2. Modulation of primary afferent fiber-evoked EPSPs of SG neurons by U-69,593 in different perfusion media 

Monosynaptic EPSP Polysynaptic EPSP 

Perfusing No No 
solution n Depression Potentiation change n Depression Potentiation change 

Control solution 8 38% 62% 0% 3 67% 0% 33% 

(67.0 2 8.0)* (135.8 t 13.7) (66.0 5 21.0) 

Control + bicuculline + strychnine + 11 91% 9% 0% 7 72% 14% 14% 

D-APV + CTAP + ICI 174,864 (64.2 t 8.4)** (150.0) (66.0 + 6.1)** (112.0) 

Values are percentage of SG neurons showing a particular type of modulation of apparently monosynaptic and polysynaptic EPSPs by U-69,593 (10 nM-1 (LM for 
10 min); values in parentheses are percentage change (means ? SEM) in the peak amplitude of EPSPs evoked by stimulation of primary afferent fibers in lumbar 
dorsal roots in the presence of U-69,593. Note that depression was a predominant response to U-69,593 in SG neurons tested in the solution containing 10 PM 
bicuculline, 2 @M strychnine, 50 p,M D-APV, 100 nM CTAP, and 100 nM ICI 174,864 to block GABA,, glycine, NMDA, p- and &opioid receptors, respectively. 
Statistical significance of data is indicated by asterisks: *, P < 0.05; **, P < 0.01. 

the maximum (usually within 15 min after the drug removal 
from the perfusing medium), and the effects were long-lasting 
showing little recovery up to 30 min of recording (Fig. 7). 

Pretreatment of slices with nor-BNI (100 nM) antagonized the 
depressant effect of dynorphin (10-100 BM) on monosynaptic 
EPSPs in 4 of 5 SG cells examined (Fig. 8A,B). Antagonism of 
the potentiation of EPSP by dynorphin (1 FM) was seen in one 

cell at a relatively high concentration (10 FM) nor-BNI (Fig. 
SC,D), leaving some doubt as to the K-opioid specificity of its 
action. Although, as noted above, the bath application of nor- 
BNI at concentration of 100 nM had no consistent effect on 
postsynaptic membrane potential or input resistance of SG neu- 
rons, it did produce a small decrease (to 87.6 ? 2.1%) in the 
peak amplitude of monosynaptic EPSPs in 11 of 13 SG neurons. 
Because of the depressant effect of nor-BNI, all of the antagonist 
experiments discussed above compared the amplitude of EPSPs 
measured in the presence of nor-BNI to the EPSPs recorded in 
the presence of both nor-BNI and dynorphin. 

Effects of bicuculline, strychnine and D-2-amino-5- 

phosphonovaleric acid on modulation of EPSPs by dynorphin 

To exclude the possibility that a disinhibitory mechanism (Zieg- 
lglnsberger et al., 1979; Neumaier et al., 1988; Magnuson and 
Dickenson, 1991) might be involved in the dual modulation of 
EPSPs we examined the actions of dynorphin on EPSPs in 19 
SG cells in the presence of bicuculline (10 p,M) and strychnine 
(2 FM), the drugs known to block GABAergic and glycinergic 
inhibitory transmission. Although the dynorphin-induced de- 
pression (monosynaptic EPSPs: to 71.7% + 12.2, 3/6 cells; po- 
lysynaptic EPSPs: to 69.0% 2 4.6, 8/13 cells) and enhancement 
(monosynaptic EPSPs: to 157.0, l/6 cells; polysynaptic EPSPs: 
142.0% t 17.4, 4/13 cells) of EPSPs remained after pharma- 
cological blockade of inhibitory synaptic transmission, the pro- 
portion of cells in which dynorphin produced the enhancement 
of monosynaptic EPSPs was markedly reduced (Table 1, Fig. 9). 
The reduction of the enhancement of EPSPs in SG neurons by 
dynorphin in the presence of bicuculline and strychnine suggests 
that the excitatory effect of dynorphin may have been produced 
through inhibition of GABAergic and/or glycinergic inhibitory 
interneurons. 

Dynorphin- and U-69,593-induced modulation of EPSPs in the 
presence of CTAP and ICI 174,864 

To exclude the possibility that dynorphin may activate p- and/ 
or 6-opioid receptors to produce depression or enhancement of 
EPSPs, the synaptic responses to bath application of 10 nM dy- 
norphin were examined in slices superfused with a solution con- 

taining CTAP (lo-100 nM) and ICI 174,864 (lo-100 nM), in 
addition to bicuculline (10 p,M), strychnine (2 PM), and D-APV 
(50 FM). Dynorphin produced a reversible reduction in the peak 
amplitude of A6 fiber-evoked monosynaptic (to 79.0% 5 2.7 of 
control; n = 12/19) and polysynaptic (to 69.7% +- 3.7, n = 314) 
EPSPs in 15 of 23 SG cells examined (Fig. lOA,& Table 1). In 
the remaining eight cells tested, dynorphin caused a reversible 
enhancement of the monosynaptic (to 126.7% t 9.4, n = 7/19) 
and polysynaptic EPSPs (to 133%, n = l/4) (Fig. lOC,D; Table 
1). Nor-BNI (10 nM) reversibly blocked the inhibitory effect of 
dynorphin on EPSPs in all of 4 cells tested, the result indicating 
the effect was probably mediated by the K,-opioid receptor (Fig. 
1 IA). The excitatory effect of dynorphin appeared to be less 
sensitive to nor-BNI (10 nM); the response showed delayed onset 
and was reduced in magnitude (n = 4, Fig. 11B). Nor-BNI, in 
the absence of dynorphin, produced a small increase in the EPSP 
in 8 SG neurons. The enhancing effect of nor-BNI implies either 
a tonic endogenous K,-opioid action or some potent nonopioid 
receptor-mediated actions in the slice, similar to those described 
for naloxone (Alzheimer and Ten Bruggencate, 1990). 

Addition of 0.01-l pM U-69,593 to the perfusate produced a 
dose-dependent reduction in monosynaptic EPSPs (10 nM: to 
75.5% ? 8.0 of control, n = 616; 100 nM: to 55.5%, n = 212; 
1 pM: to 39.0% 2 11, n = 2/3) in 10 of 11 SG cells tested 
under conditions of pharmacological blockade of GABAergic 
and glycinergic synaptic inhibition and NMDA, p.- and S-opioid 
receptors (Fig. 12, Table 2). The depressant effect of 10 nM 

U-69,593 on EPSPs was associated with hyperpolarization 
(-4.3 ? 1.8 mV) in 5 of 6 cells examined. 

Inhibition of the dynorphin depression of excitatory 
transmission by Rp-CAMPS 

In this series of experiments we focused on the possible intra- 
cellular mechanism by which dynorphin could cause the de- 
pression of EPSPs in SG neurons. Specifically, we asked wheth- 
er the depression of EPSPs, observed in a majority of SG neu- 
rons under conditions of pharmacological blockade of synaptic 
inhibition and NMDA-, lo-, and 6-opioid receptors, is a conse- 
quence of the involvement of adenylate cyclase/cAMP-depen- 
dent protein kinase (PKA) system. We used external perfusion 
with Rp-CAMPS, a membrane permeant potent competitive in- 
hibitor of PKA, in the presence of pharmacological blockade of 
synaptic inhibition (bicuculline 10 pM, glycine 2 pM) and 
NMDA (50 FM D-APV) p,- (100 nM CTAP), and S- (100 nM 

ICI 174,864 or 100 nM naltrindol) opioid receptors, to determine 
whether the dynorphin depression could be reduced by this 
agent. The bath application of Rp-CAMPS (100 FM for 30 min) 
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Figure 7. Dual modulation of As-primary afferent fiber-evoked EPSPs by U-69,593. A, The graph shows the time course of changes in the peak 
amplitude of EPSPs, recorded intracellularly from a SG neuron (inset) in response to electrical stimulation (5.5 V, 0.1 msec) of L5 dorsal root, 
produced by 10 nM U-69,593. Note the long-lasting depression of EPSPs and a very little recovery. Above the graph are superimposed individual, 
apparently monosynaptic EPSPs taken before (trace I) and 10 min (trace 2) after the removal of U-69,593. B, Pooled data obtained from 5 SG 
neurons show the time course of the depressant effect of U-69,593 (0.01-l (*M) on the peak amplitude of EPSPs. C, In another SG neuron (inset), 
100 nM U-69,593 produced potentiation of the peak amplitude of EPSPs (truce 2). D, Summarized data for 6 neurons showing the time course of 
long-lasting potentiation of the EPSPs produced by U-69,593 (0.01-l FM). Data are presented as mean + SEM of control value, the latter taken 
as average value of three consecutive responses prior to U-69,593 administration. Statistical difference: *, P < 0.05; **, P < 0.01 from control is 
marked by asterisks. A, V, = -72 mV, 24 d old rat. B, V, = -69 to -80 mV, 17-24 d old rats. C, V,,, = -60 mV, 20 d old rat. D, V, = -60 
to -75 mV, 18-22 d old rats. 

had no consistent effect on postsynaptic membrane potential 
(- 1.7 L 0.9 mV, n = 11) or input resistance (92% t 4.3 of 
control, n = 7) or EPSPs (99.7% -+ 11.5, n = 12) of SG cells. 
However, Rp-CAMPS was an effective inhibitor of the depres- 
sant effect of 10 nM dynorphin in 11 of 13 SG cells examined 
(Fig. 13), whereas in the same cells, dynorphin (10 nM) alone 
caused a depression (to 76.0 2 5.8%, n = 11112) of the peak 
amplitude of EPSPs. 

Discussion 
The role of dynorphin A,.,, in regulation of EPSPs at primary 
afferent synapses with SG neurons was examined and the results 
indicate that the function of endogenous dynorphin A,.,, in the 
excitatory glutamatergic synaptic transmission is complex. Dy- 
norphin causes a dual modulation of primary afferent stimula- 
tion-evoked monosynaptic and polysynaptic EPSPs: it increased 
or decreased synaptic responses at nanomolar concentrations and 
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Figure 8. Antagonism of the dynorphin-induced depression and potentiation of A&fiber-evoked EPSPs by nor-BNI. A, Effects of dynorphin (100 
IlM) recorded from the same SG neuron (inset) in the presence of 100 nM norbinaltorphimine (Nor-BNI) and 26 min following the removal of the 
drug. Nor-BNI produced no change of EPSPs by itself (truce I), but substantially reduced (truce 2) the depression of EPSPs induced by dynorphin 
alone (trace 4). The graph shows the time course of changes in the peak amplitude of EPSPs; above the graph are displayed individual EPSPs 
taken at times indicated on the graph. B, Summarized data showing the time course of the depression of EPSPs in 5 SG neurons produced by 
dynorphin alone (0.01-I FM, solid symbols) and antagonism of the depressant effect by nor-BNI (100 nM, open symbols). C and D, In a different 
SG neuron (inset), superfusion of 1 FM dynorphin potentiated the EPSPs during the peptide administration and 30 min after its removal. The 
enhancing effect of dynorphin was absent in the presence of 10 FM nor-BNI. EPSPs recorded before (truce I), after the removal of 1 PM dynorphin 
(truce 2), in 10 p,~ nor-BNI (trace 3) and dynorphin (1 p,M) + nor-BNI (10 p,M) (truce 4) are shown in C. A, V,,, = -78 mV, 20 d old rat. B, V, 
= -69 to -82 mV, 19-23 d old rats. C and D, V, = -73 mV, 26 d old rat. 

almost exclusively increased EPSPs at micromolar concentra- 
tions. As discussed below the results provide the first evidence 
that excitatory AMPA receptor-mediated primary afferent neu- 
rotransmission in the SG is inhibited by K,-opioid receptors. Al- 
though, the possibility that the excitatory effect of dynorphin on 
primary afferent neurotransmission results from inhibiton of 
GABA-ergic and glycinergic interneurons is supported by our 
data, the specificity of the dynorphin-induced potentiation for 
the K,-opioid receptors has been brought into question because 
of our inability to consistently and completely block this effect 
by a selective antagonist. 

Activation of K,-opioid receptors inhibits synaptic transmission 

Our major finding was that the activation of a receptor that 
shows similar pharmacology to that reported for the K,-opioid 
receptor (Neck et al., 1988, 1990; Zukin et al., 1988) reduces 
the peak amplitude of evoked EPSPs in a majority of SG cells. 

Several lines of evidence support this conclusion. First, the 
peak amplitude of presumed monosynaptic and polysynaptic 
EPSPs was reduced in the presence of U-69,593, the K,-opioid 
receptor preferring ligand (Lahti et al., 1985), or dynorphin A,. 

171 an endogenous opioid peptide that exhibits higher affinity 
for K,- than K,-opioid binding sites in brain (Meng et al., 1993). 
Second, the depressant effect of dynorphin on EPSPs was 
blocked by the selective K,-opioid receptor antagonist, norbin- 
altorphimine (Portoghese et al., 1987; Takemori et al., 1988). 
Third, the depressant effect of dynorphin remained after phar- 
macological blockade of NMDA receptors, GABA,- and gly- 
tine-mediated synaptic inhibition, and in the presence of CTAP 
and ICI 174,864, the agents known to selectively block p.- and 
S-opioid receptors (Cotton et al., 1984; Pelton et al., 1985; 
Kazmierski et al., 1988). This pattern of agonist and antagonist 
selectivity is consistent with binding selectivities of these 
agents for the K,-binding site (Neck et al., 1988, 1990; Zukin 
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Fi,qure 9. Depression of EPSPs by dynorphin A,.,, remains when 
GABA-ergic and glycinergic inhibitory transmission -was blocked. A, 
The graph shows the time course of reduction of the peak amplitude of 
EPSPs recorded from a SG neuron (inset) in the presence of 10 PM 

bicuculline, 2 pM strychnine, and 50 pM D-APV. A&fibers-evoked (6.5 
m/set) presumably monosynaptic EPSPs recorded before (trace I), 10 
min (trace 2) and 22 min (truce 3) after the removal of dynorphin are 
superimposed above the graph. B. Summarized data showing the time 
course of the depression of apparently monosynaptic EPSPs for this and 
other two SG neurons produced by dynorphin (lo-100 nM). A, V, = 
-81 mV, 23 d old rat. B, If, = -71 to -81 mV, 19-23 d old rats. 

et al., 1988; Meng et al., 1993). Our conclusion that the inhib- 
itory effect of dynorphin A,.,, and U-69,593 on the excitatory 
synaptic transmission is likely to be mediated by K,-receptors, 
is consistent with the reports (Allerton et al., 1989; James et 
al., 1990) that %,-receptors predominate in spinal cord of young 
rats and that dynorphin A,-,, is present in the superficial spinal 
dorsal horn (DH) (Duggan and Fleetwood-Walker, 1993). The 
ability of U69,593 to activate the K,-opioid receptor and elicit 
physiological effects indicates that this subtype of K-receptor 

is a functionally coupled opioid receptor in the SG of spinal 
cord. Studies of the guinea pig dentate gyrus (Wagner et al., 
1992, 1993), mossy fiber-CA3 pathway in the hippocampus 
(Weisskopf et al., 1993), locus coeruleus (McFadzean et al., 
1987; Pinnock et al., 1992a), rat dorsal raphe nucleus (Pinnock 
et al., 1992b) and deep DH (Allerton et al., 1989) support a 
role for the K,-receptor in reducing glutamate-mediated excit- 
atory synaptic transmission in the brain. The enhancing effect 
of nor-BNI, in the absence of K-agonist and after pharmaco- 
logical blockade of synaptic inhibition and NMDA-, p-, and 
S-opioid receptors, supports the contention that dynorphin, or 
a dynorphin-like peptide, is an endogenous agonist for the K~- 

receptors and that a physiological role of the endogenous dy- 
norphin present in primary afferents and DH neurons may be 
to activate K,-receptors in the SG to regulate excitability of this 
region. 

Possible sites of action and cellular mechanism of the 
dynorphin depression of EPSPs 

At present we do not know the mechanism of the K,-opioid 
receptor-mediated modulation of synaptic responses in the SG 
region. In principle, dynorphin could regulate excitatory syn- 
aptic transmission by modulating the presynaptic release of glu- 
tamate or the postsynaptic actions of glutamate. Dynorphin, and 
nonpeptide K-agonists, could affect the excitability of a DH neu- 
ron postsynaptically by several mechanisms: (1) hyperpolarizing 
the neuronal membrane by directly opening and/or closing ion 
channels or acting through intracellular second messengers, (2) 
modulating the actions of glutamate, or (3) acting as glutamate 
receptor antagonists. The latter possibility, however, is not con- 
sistent with the ability of nor-BNI to block the actions of dy- 
norphin A,.,, and U-69-593. 

The hyperpolarization through increases in membrane con- 
ductance is one way in which the K opioid agonists could in- 
hibit the transfer of noxious input to other central sites in the 
nociceptive pathway. In contrast to the well known direct hy- 
perpolarizing action of p-receptor agonists (Murase et al., 
1982; Yoshimura and North, 1983; North, 1993; Grudt and 
Williams, 1994), the actions of K-opioid receptor agonists at 
the level of single cell in the spinal cord remained unknown 
until recently. Using an in vitro slice preparation from guinea 
pig spinal trigeminal nucleus, Grudt and Williams (1993) 
showed that about 35% of SG neurons are hyperpolarized by 
U-69,593 via an increase in potassium conductance, and that 
nor-BNI selectively blocked the hyperpolarization. Although 
dynorphin also caused hyperpolarization, the effect was re- 
duced by naloxone and higher concentration of nor-BNI. These 
authors suggested that dynorphin was predominantly acting at 
p-opioid receptors, but it was still not possible to rule out an 
additional action at K,-receptors. Under the conditions of 
blockade of synaptic transmission with TTX and p- and 6-o- 
pioid receptors, dynorphin A,.,, and U-69,593, in the present 
study, hyperpolarized most of rat SG neurons and decreased 
their input resistance, the findings suggesting that direct inter- 
action of K-agonists with a postsynaptic receptor is likely. 
Since U-69,593 and nor-BNI are selective for the K, over the 
K, subtype of K-opioid receptors (Neck et al., 1990), the hy- 
perpolarization caused by dynorphin A,.,, and U-69,593 is like- 
ly to be mediated by the K,-opioid receptors. Besides K+ con- 
ductance (Grudt and Williams, 1993), K-opioids may modify 
other ionic conductances of SG neurons to interfere with syn- 
aptic response. The hyperpolarization of presynaptic nerve ter- 



6620 RandiC et al. * K-Opioids Modulate Primary Afferent Neurotransmission 

& 
’ 60 

I Dyn IOnM 

I , 
0 10 20 

B 

’ lk 2-L 3k !lOmV 
150 - 50ms 

1:: :..: 

Dyn 1OnM 

75 I 

0 10 20 30 40 

D 
125 - 150 - 

,” 
& 

E 
Dyn lOnM 

s 
[ ,;-I; 

::I:: 

.  .  l Dyn 10x&4 

Ei 
75 -  

I  I  I  I  
IS 

I  I  I  I  

-10 0 10 20 30 -10 0 10 20 30 

Time (min) Time (min) 

Figure 10. The dynorphin-induced depression and enhancement of EPSPs remains after pharmacological blockade of GABA,-, glycine-, NMDA- 
and p-, and &opioid receptors. A, The graph shows the time course of 10 nM dynorphin-induced depression of EPSPs recorded from a SG neuron 
(inset) in the presence of 10 p,M bicuculline, 2 )LM strychnine, 50 pM D-APV, 100 nM CTAP, and 100 nM ICI 174,864. Above the graph are 
displayed individual apparently monosynaptic EPSPs recorded before (truce I), 2 min (truce 2) and 8 min (truce 3) after the removal of dynorphin. 
B, Summarized data showing the time course of the depression of EPSPs for 12 SG neurons produced by 10 nM dynorphin. C, Plot of peak EPSP 
amplitude versus time shows the complete time course of the dynorphin-induced potentiation of synaptic response in a SG neuron (inset) perfused 
with the same medium, as shown in A. The numbers correspond to the respective individual apparently monosynaptic EPSPs shown above the 
graph. D, Summarized data for 7 SG neurons showing potentiation of EPSPs by 10 nM dynorphin. Statistical significance of data is indicated by 
asterisks: *, P < 0.05; **, P < 0.01; ***, P < 0.001. A, V, = -76 mV, 2.5 d old rat. B, V,,, = -66 to -76 mV, 19-27 d old rats. C, V,,, = -77 
mV, 26 d old rat. D, V, = -64 to -77 mV, 19-27 d old rats. 

minals in the ciliary ganglion by K-opioids appears to result 
from inhibition of the Na+-K-+ inward rectifier current (Fletcher 
and Chiapinelli, 1993). Ca*+ conductance in DH neurons 
(Bean, 1989) and [Ca2+], (Cerne et al., 1985) might also be 
altered by K-opioids. In most CA3 hippocampal neurons, the 
voltage-dependent K+ current, known as the M-current, is 
uniquely sensitive to the K-opioids with the direction of re- 
sponse dependent upon the K-opiate receptor type and concen- 
tration (Moore et al., 1994). 

A second observation suggesting that the inhibitory effect 
of the K-opioids on EPSPs in SG neurons is likely mediated 
by a postsynaptic interaction of K-agonists with the glutamate 
receptor is supported by our recent findings that K-opioids at 
concentrations that reduce EPSPs also reduce sensitivity of 
AMPA/KA and NMDA subtypes of glutamate receptor in 

acutely isolated neurons from the rat DH (Kolaj et al., 1992, 
1993, 1995; Cerne et al., 1993, 1995; RandiC et al., 1995). 

Reducing activation of SG neurons by primary afferent fibers 
provides another way in which K-opioid agonists might interfere 
with the perception of pain stimuli. The inhibition was most 
likely of presynaptic origin in some SG cells, since dynorphin 
A,.,, and U-69,593 did depress the EPSPs (in the presence of 
F- and 6- blocking agents) in the absence of any changes in 
membrane potential and input resistance. This conclusion is in 
agreement with other studies (McFadzean et al., 1987; Allerton 
et al., 1989; Pinnock et al., 1992; Wagner et al., 1992; Weisskopf 
et al., 1993) suggesting a decrease in excitatory transmitter re- 
lease at presynaptic terminals by K-opioids. In agreement with 
this concept is the finding that the activation of K-receptors in- 
hibited excitatory amino acids release in the hippocampus (Wag- 
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Figure II. Antagonism of the dynorphin-induced depression and potentiation of EPSPs by nor-BNI after blockade of GABA,-, glycine-, NMDA-, 
and u,- and 6-opioid receptors. A, Summarized data for 4 SG neurons showing the depression of EPSPs by 10 nM dynorphin in the presence of 10 
PM bicuculliner 2 pM strychnine, 50 pM D-APV, 100 nM CTAP, and 100 nM ICI 174,864 (solid symbols) and antagonism of the depressant effect 
bv nor-BNI (10 MI. oven svmbols). The numbers correspond to the respective individual apparently monosynaptic EPSPs recorded from a SG 
neuron (inseh and shown superimposed above the graph: B, Summarized data for 3 SG neurons showing the potentiation of EPSPs by 10 nM 
dynorphin in the medium as stated in A, and the effect of 10 nM nor-BNI. Statistical significance of data is indicated by an asterisk: *, P < 0.05. 
A, V, = -71 to -76 mV, 23-25 d old rats. B, V, = -66 to -77 mV, 22-25 d old rats. 

ner et al., 1992, 1993). Whether the inhibition of transmitter 
release caused, by K,-receptors results from a direct effect on 
calcium entry into the nerve terminal or indirectly by an increase 
in potassium conductance is not yet known, but previous studies 
have shown that k-receptors can directly regulate calcium (Mac- 
donald and Werz, 1986; Gross and Macdonald, 1987) and po- 
tassium conductances (Fletcher and Chiapinelli, 1993; Grudt and 
Williams, 1993). The cell bodies from which primary afferent 
fibers originate are in the dorsal root ganglion that is usually not 
included in the transverse spinal cord slice. The decrease of 
excitatory transmitter release (glutamate) from activated primary 
afferent fibers is therefore likely to be an action at or near the 
nerve terminals. The presence of K-opioid receptors on primary 
afferent fibers and terminals is indicated by a loss of K-receptors 
after dorsal rhizotomy (Besse et al., 1992). 

The cellular targeting of the multiple opioid receptor proteins 
and their spatial relationship to endogenous ligands has been 
extensively studied recently in the brain and spinal cord using 
antisera generated against p-, 6-, and K-opioid receptors. Thus, 
the results showed that the cloned S-opioid receptor is targeted 
into axons where it most likely functions presynaptically (Ar- 
vidsson et al., 1995a), whereas the cloned p=opioid receptor is 
preferentially targeted to the somatodendritic region and may 
function postsynaptically (Arvidsson et al., 1994). In a recent 
study, Arvidsson et al., (1995b) have raised antisera against a 
synthetic peptide corresponding to the carboxy terminus of the 
K-opioid receptor. Results indicate that although in the rat and 
guinea pig brain, K-opioid receptor in neurons is localized in 
both the axonal and somatodendritic compartments, immuno- 
staining appears to be prevalent in the somatodendritic com- 
partment. These findings suggest that the K-opioid receptor is 
primarily, but not exclusively, localized in the postsynaptic 
membrane where it may mediate the effects of products of pre- 
prodynorphin and possibly preproenkephalin. 

Besides depressing monosynaptic EPSPs, dynorphin A,.,, and 
U-69,593 also reduced the polysynaptic EPSPs in a majority of 
SG cells, but it is not possible to identify a site of action. K- 

-0pioids may inhibit the interneurons directly by hyperpolariza- 
tion or may act presynaptically to modify transmitter release, as 
shown for other types of opioid receptors (Arvidsson et al., 
1995). The latter action could happen at synapses between pri- 
mary afferents and interneurons or it could occur at synapses 
between interneurons. 

At present we do not know the molecular mechanism(s) of 
the K,-opioid receptor inhibition of the excitatory glutamatergic 
transmission. There is no evidence that the q-receptors are di- 
rectly coupled to the AMPA/KA receptor complex. However, it 
is known that G-protein coupled adenylate cyclase/cAMP de- 
pendent protein kinase (PKA) system is one of the intracellular 
pathways negatively coupled to K-opioid receptor activation 
(Childers, 1993). Previous and present results indicate that the 
K-opioid receptor-mediated reduction of EPSPs in rat SG neu- 
rons may involve PKA for several reasons. The SG contains 
high density of binding sites for forskolin (Worley et al., 1986), 
and a membrane permeant analog of CAMP, 8-BrcAMP, or a 
phosphodiesterase inhibitor, IBMX, modulate the EPSPs and de- 
polarizing responses to AMPA, KA and NMDA in DH neurons 
(Cerne et al., 1992). The long-lasting duration of the K-opioid’s 
effect on synaptic responses in SG neurons suggests that intra- 
cellular mechanism(s) is involved. In addition, we have shown 
in the present work that Rp-CAMPS, a membrane permeant po- 
tent, competitive inhibitor of PKA, was an effective inhibitor of 
the depressant effect of dynorphin A,.,, on the synaptic re- 
sponses in SG cells. The latter result suggests that the reduction 
in the activity of PKA plays an important role in the mechanism 
by which dynorphin produces depression of primary afferent- 
evoked EPSPs. Exactly how the synaptic function is altered by 
dynorphin and Rp-CAMPS is at present not clear. 
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Figure 12. Depression of A&fiber-evoked EPSPs by U-69,593 re- 
mains after blockade of GABA,-, glycine-, NMDA-, and p,-, and 6. 
opioid receptors. A, The graph shows the time course of reduction of 
the ueak amulitude of EPSPs recorded from a SG neuron (inset) in the 
presknce of ‘10 FM bicuculline, 2 pM strychnine, 50 )LM ‘D-A& 100 
nM CTAP and 100 nM ICI 174,864. AS-fiber-evoked (4 m/set) EPSPs 
recorded before (truce I) and 8 min (truce 2) after the removal of 10 
nM U69,593 are superimposed above the graph. B, Summarized data 
showing the time course of the depression of EPSPs for this and other 
9 neurons produced by U-69,593 (0.01-I (IM). Statistical significance 
of data is indicated by asterisks: *, P < 0.05; **, P < 0.01. A, V,” = 
-75 mV, 24 d old rat. B, V, = -62 to -87 mV, 20-26 d old rats. 

Excitatory effect of dynorphin A,.,, and U-69,593 on primary 
afferent neurotransmission 

As mentioned earlier, besides the depressant effect of dynorphin 
A 1-179 the majority of SG neurons showed enhanced synaptic 
responses to primary afferent input in the presence of dynorphin 
A,.,, and U-69,593 in slices perfused with a Krebs-bicarbonate 
solution (Fig. 3, Tables 1, 2). Increasing activation of SG neu- 
rons by primary afferent fibers provides one way in which K- 

opioid agonists might enhance EPSPs. In contrast to the result 
that K-opioids decrease excitatory amino acid release in the hip- 
pocampus (Wagner et al., 1992) dynorphin A,.,,, dynorphin 
A I-13, and U-50,488H were reported to enhance glutamate/as- 
partate release in the spinal DH in vivo (Bakshi et al., 1990; 
Faden, 1990; Skilling et al., 1992). Thus in the absence of sig- 
nificant changes in resting membrane potential and neuronal in- 
put resistance, the increased synaptic efficacy, as manifested by 
the increase in the amplitude of the evoked EPSP in a subset of 
the SG neurons could be due, at least in part, to increased prob- 
ability of release of transmitter(s) presynaptically. 

Several heuristic models have been proposed to account for 
the variable effects of dynorphin in other brain regions and may 
also apply to the SG. One possible explanation for the bimodal 
pattern of the modulation of excitatory transmission by K- 

opioids is that individual SG neurons have different opioid re- 
ceptor subtypes that are selectively activated by different dy- 
norphin concentrations or dynorphin fragments that produce 
qualitatively different responses. Indeed, it is known that dy- 
norphin is a preferential K agonist at low concentrations (Chav- 
kin et al., 1982), whereas at high concentrations it displays also 
affinity for p- and S-receptors (Corbett et al., 1993). Moreover, 
there is evidence for multiple K-binding sites (K,, K*, K~) in the 
rat spinal DH (Zukin et all., 1988; Allerton et al., 1989; James 
et al., 1990; Neck et al., 1990). A range of endogenous opioids 
resulting from the processing of pre-prodynorphin precursors 
with differing profiles of receptor selectivity are found in the 
DH, particularly in the marginal zone and substantia gelatinosa 
(Herman et al., 1980). It is further possible that the enzymatic 
cleavage patterns occurring in particular cells may differ so as 
to provide releasable opioids with different profiles of activity. 

Although it is an attractive idea that the excitatory actions 
(depolarization and increase in EPSPs) of opioids on SG cells 
(Willcockson et al., 1986; Knox and Dickenson, 1987) might be 
due to activation of a particular K-opioid receptor subtype, the 
possibility that the K-opioids cause inhibition of a neighboring 
GABA-ergic and/or glycinergic inhibitory interneuron (Todd 
and Sullivan, 1990; Yoshimura and Nishi, 1995), or antagonism 
of endogenous GABA or glycine action resulting in a disinhi- 
bition, is supported by our data. Modulation of postsynaptic GA- 
BA, receptors by dynorphin in freshly isolated spinal DH neu- 
rons has been recently observed (Wang and RandiC, 1994). Ex- 
citations due to p-, S-, and K-opioids have been reported in 
hippocampus (Zieglgansberger, 1986) where a disinhibitory 
mechanism involving GABA-ergic interneuron has been postu- 
lated (Madison and Nicoll, 1988). Another possibility is that 
dynorphin, and other K-opioids may act as p opiate receptor 
antagonists (Dickenson and Knox, 1987; Corbett et al., 1993). 
This opens the possibility that dynorphin might reduce tonic 
opiate action and produce disinhibition in this manner. In addi- 
tion, there is evidence that K-opioids may increase K+-evoked 
SP release from rat trigeminal nucleus caudalis slice (Suarez- 
Rota and Maixner, 1993), which would be expected to produce 
depolarization and raise the excitability of neurons (Murase and 
RandiC, 1984). Finally, K-opioids can display very pronounced 
excitatory nonopioid effects. The specificity of dynorphin and K 

agonists for opioid receptors has been brought into question be- 
cause of the often reported inability to block these effects by 
naloxone and nor-BNI (Walker et al., 1982; Knox and Dicken- 
son, 1987; Caudle and Isaac, 1988; Faden, 1990; Chen et al., 
1995). 
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Figure 13. Blockade of the dynorphin A,.,,-induced depression of EPSPs by Rp-CAMPS. A, Superimposed traces are EPSPs recorded from a 
single SG neuron showing the depressant effect of 10 nM dynorphin A,.,, (left traces) and its blockade by 100 pM Rp-CAMPS (right traces) added 
to the perfusing medium containing 10 JIM bicuculline, 2 pM strychnine, 50 @M D-APV, 100 nM CTAP, and 100 nM ICI 174,84 or 100 nM naltrindol. 
Rp-CAMPS was bath-applied 20 min prior to addition of dynorphin. B, Summarized results from the 13 SG neurons showing the depressant effect 
on EPSPs by 10 nM dynorphin A,.,, in the absence (open bars, n = 11) and presence (solid bars, n = 13) of 100 FM Rp-CAMPS. Data are 
presented as means t SEM. Statistical difference ( **, P < 0.01) between results obtained in the presence and absence of Rp-CAMPS is marked 
by an asterisk. 

Possible physiological and pathophysiological implications of 
inhibition of excitatory transmission by K-opioids 

Evidence indicates that the AMPA receptor mechanism is es- 
sential for fast excitatory neurotransmission in the spinal cord 
(Forsythe and Westbrook, 1988; Gerber and RandiC, 1989; Yosh- 
imura and Jessell, 1989, 1990; Dougherty et al., 1992; King and 
Lopez-Garcia, 1993; RandiC et al., 1993; Yoshimura and Nishi, 
1993). In addition there is evidence which implicates dynorphin 
A l-17 and K-opioid receptors in the physiology and pathophysi- 
ology of the spinal cord (Faden, 1990; Millan, 1990; Dubner 
and Ruda, 1992). Functional studies made in young and adult 
spinal cord support the involvement of K-opioid receptors in the 
control of nociception (Duggan and Fleetwood-Walker, 1993). 
Dynorphin A,.,, and excitatory amino acids have both been im- 
plicated as pathophysiological factors in inflammation (Millan, 
1990; Dubner and Ruda, 1992), stress (Millan, 1990), and trau- 
ma of spinal cord injury (Faden, 1990). 

Although anatomical and neurochemical studies suggest that 
endogenous opioids act as neurotransmitters or neuromodulators, 
their roles in neuronal and pathophysiological regulation of syn- 
aptic transmission remained not defined until recently. Previous 
studies of the effects of opioid receptor agonists in slices of rat 
spinal cord concluded that excitatory afferent transmission was 
modulated predominantly by the CL-opioid receptors (Jeftinija, 
1988; Hori et al., 1992). However, Glaum et al. (1994) recently 
reported that the activation of either S,- or S,-opioid receptors 
inhibits excitatory glutamatergic afferent transmission in the SG 
of the spinal cord of the rat. In the present work we have shown 
that the activation of K,-opioid receptors also inhibits primary 
afferent neurotransmission in the high proportion of SG neurons 
of young rats. Moreover, it has been recently shown that a re- 
ceptor that bears similar pharmacology to that reported for the 
K,/epsilon binding site (Neck et al., 1988, 1990; Zukin et al., 
1988) inhibits NMDA-receptor-mediated synaptic responses in 
the hippocampus (Caudle et al., 1994). However, the pharma- 
cological properties and anatomical distribution of the +recep- 
tors in the CNS and spinal cord remains controversial, due to 
the fact that there are no selective tc,-receptor ligands. The in- 
hibition of excitatory glutamatergic afferent transmission in the 
DH may underlie the ability of intrathecally administered k-, S-, 
and K-opioid receptor agonists to produce antinociception 
(Yaksh, 1993). 

The efficiency of synaptic transmission in the CNS, including 
spinal cord, is not constant and can be modulated by the rate of 
activity in presynaptic pathways. In a variety of brain structures 
(Madison et al., 1991) and the spinal cord (RandiC et al., 1993), 
repetitive activation of synaptic connections can lead to long- 
term potentiation (LTP) or long-term depression (LTD) of ex- 
citatory synaptic transmission. There is evidence implicating 
I*.-opioid peptides in the induction of LTP in the lateral perforant 
and mossy fiber pathways in the hippocampus (Bramham, 1992). 
In contrast, two recent reports suggest that dynorphin may re- 
duce LTP in the hippocampus in a naloxone-reversible manner, 
at least in part by a presynaptic action (Wagner et al., 1993; 
Weisskopf et al., 1993). Whether dynorphin exerts a similar ac- 
tion on spinal neurons is not known. Since dynorphin is selec- 
tively released in the superficial DH by intense, high-frequency 
stimulation of unmyelinated primary afferent fibers or peripheral 
nerves (Yaksh et al., 1983; Hutchison et al., 1990), it is likely 
that this peptide may be involved in long-term regulation of 
activity-dependent changes in synaptic strength and neuronal ex- 
citability in the SG of the spinal cord. 

In conclusion, we have shown that distinct dual modulation 
of synaptic efficiency can be induced at primary afferent syn- 
apses with neurons in young rat substantia gelatinosa by the 
activating K-opioid receptors. Understanding the cellular mech- 
anisms underlying the K,-agonist actions has implications both 
for the understanding of somatosensory processing in the spinal 
DH, as well as for the development of novel analgesic strategies 
to prevent postinjury pain hypersensitivity. 
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