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INTRODUCTION
It is well known that a majority of the nociceptive information 

is transferred to the superficial dorsal horn of the spinal cord 
by Aδ and C primary afferent fibers which interact with spinal 
dorsal horn neurons [1-3]. Nociceptive information from primary 
afferent fibers is integrated in the superficial dorsal horn and fur-
ther transmitted to higher levels in the pain transmission path-
way. The superficial dorsal horn can be divided into lamina Ι and 
ΙΙ. Lamina ΙΙ neurons, the substantia gelatinosa (SG) neurons, 
are mainly involved in pain transmission and interact with no-

ciceptive fibers (Aδ, C) [1,4]. SG neurons are heterogeneous and 
comprise excitatory neurons and inhibitory interneurons. Inhibi-
tory (GABAergic) interneurons account for about 30-40% of SG 
neurons [5-9] and these GABAergic interneurons receive mono-
synaptic nociceptive Aδ or C fiber inputs and non-nociceptive Aβ 
inputs [10-13]. These GABAergic interneurons play an important 
role in pain processing. Dorsal horn neurons normally receive an 
inhibitory control of the GABAergic interneurons. Loss of these 
GABAergic interneurons in the spinal dorsal horn due to periph-
eral nerve injury contributes to reduced GABAergic tone and 
further enhances central sensitization [14,15]. Thus, identifying 
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ABSTRACT The superficial dorsal horn of the spinal cord plays an important role in 
pain transmission and opioid activity. Several studies have demonstrated that opi-
oids modulate pain transmission, and the activation of μ-opioid receptors (MORs) by 
opioids contributes to analgesic effects in the spinal cord. However, the effect of the 
activation of MORs on GABAergic interneurons and the contribution to the analgesic 
effect are much less clear. In this study, using transgenic mice, which allow the iden-
tification of GABAergic interneurons, we investigated how the activation of MORs af-
fects the excitability of GABAergic interneurons and synaptic transmission between 
primary nociceptive afferent and GABAergic interneurons. We found that a selective 
μ-opioid agonist, [D-Ala2, NMe-Phe4, Gly-ol]-enkephanlin (DAMGO), induced an 
outward current mediated by K+ channels in GABAergic interneurons. In addition, 
DAMGO reduced the amplitude of evoked excitatory postsynaptic currents (EPSCs) 
of GABAergic interneurons which receive monosynaptic inputs from primary noci-
ceptive C fibers. Taken together, we found that DAMGO reduced the excitability of 
GABAergic interneurons and synaptic transmission between primary nociceptive C fi-
bers and GABAergic interneurons. These results suggest one possibility that suppres-
sion of GABAergic interneurons by DMAGO may reduce the inhibition on secondary 
GABAergic interneurons, which increase the inhibition of the secondary GABAergic 
interneurons to excitatory neurons in the spinal dorsal horn. In this circumstance, the 
sum of excitation of the entire spinal network will control the pain transmission. 
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the role of GABAergic interneurons in spinal circuits is crucial to 
understanding the mechanism of pain processing.

 Superficial dorsal horn of the spinal cord is also involved in the 
opioid activity in rodents, cats and humans [16-20]. Several stud-
ies have demonstrated that opioids modulate synaptic transmis-
sion in pain pathways and produce analgesic effects. Three differ-
ent types of classical receptors are activated by opioids namely μ, 
δ and κ-opioid receptors [21]. Among these, the μ-opioid receptor 
(MOR) plays an important role in analgesia and is widely ex-
pressed at various levels in the central nervous system associated 
with pain transmission [22]. In particular, a lot of MORs are 
distributed in the spinal cord, especially in the central terminals 
of primary afferents and dorsal horn neurons [22-24]. MORs can 
reduce neuronal activity through various presynaptic and post-
synaptic mechanisms [25,26]. Activation of MORs by [D-Ala2, 
NMe-Phe4, Gly-ol]-enkephanlin (DAMGO), a selective μ-opioid 
agonist, reduces the excitability of SG neurons [17,18,27,28]. 
Previous studies have reported that intrathecal administration 
of DAMGO suppressed nociceptive activity in the spinal dorsal 
horn [19]. The activation of MORs also causes behavioral analge-
sia associated with inhibition of spinal nociceptive neurons [29]. 

Previous studies investigating the effects of MOR activation in 
the spinal dorsal horn have been limited to unidentified neurons, 
since it was difficult to distinguish whether the recorded ones are 
excitatory or inhibitory neurons. Thus, despite the accumulated 
research demonstrating the effects of MORs in modulating pain 
processing, the mechanism of this modulation in spinal circuits 
is not yet clear. Given the role of GABAergic interneurons in pain 
control, it is important to understand how these interneurons are 
regulated by the activation of MORs. In this study, using trans-
genic mice that allow GABAergic interneuron identification, we 
investigated the effect of MOR activation by DAMGO in GAB-
Aergic interneurons which directly interact with primary noci-
ceptive C fibers. Our observation suggests that DAMGO reduce 
the activity of GABAergic interneurons and the analgesic action 
of DAMGO is the result of total sum of excitation and inhibition 
throughout the entire spinal neural network. 

METHODS

Animals

All experiments procedures were approved by the Seoul 
National University Institutional Animal Care and Use Com-
mittee and performed in accordance with the guidelines of the 
National Institutes of Health. As our previous research reported 
[11], to identify GABAergic interneurons, we used heterozygous 
C57BL/6J BAC transgenic mice expressing enhanced green fluo-
rescence protein (eGFP) under the control of the GAD65 promot-
er. The vivarium was controlled with 12 h light/dark cycle and all 
experiments were performed during the daylight hours. 

Slice preparation

To prepare the spinal lumbar slices, we used 4-weeks-old trans-
genic mice. The mice were anesthetized with 10% urethane (i.p. 
injection, 1.5 mg/kg) and a laminectomy was performed after 
enough anesthesia was confirmed. During the laminectomy, the 
spinal cord from each mouse was extracted and quickly trans-
ferred to the ice-cold cutting solution consisted of (in mM) 95 
NaCl, 1.8 KCl, 1.2 KH2PO4, 0.5 CaCl2, 7 MgSO4, 26 NaHCO3, 15 
glucose, and 50 sucrose, oxygenated with 95% O2 and 5% CO2, 
at a pH of 7.35–7.45 and an osmolarity of 310–320 mOsm to cut 
lumbar segment. From the lumbar segment, transverse spinal 
slices with L4 or L5 dorsal roots were prepared using a microm 
HM 650V vibratome (Walldorf, Germany), and the slices were 
incubated at 34°C for 30 min for a recovery.

Electrophysiology recording

The slice was transferred to the recording chamber and con-
tinuously superfused with artificial cerebrospinal fluid (aCSF) 
consisted of (in mM) 124 NaCl, 2.5 KCl, 1 KH2PO4, 2.5 CaCl2, 1.3 
MgSO4, 26.2 NaHCO3, and 20 glucose, oxygenated with 95% O2 

and 5% CO2, at a pH of 7.35–7.45 and an osmolarity of 300–310 
mOsm. Picrotoxin (100 μM) and strychnine (4 μM) were includ-
ed in the aCSF to block inhibitory synaptic transmissions. Sub-
stantia gelatinosa (SG) neurons were identified as a translucent 
band across the spinal dorsal horn and were visualized with an 
Olympus BX 50WI microscope (Olympus Optical, Tokyo, Japan) 
and a 60x water-immersion objective. Glass pipettes were filled 
with the internal solution consisted of (in mM) 120 K-gluconate, 
10 KCl, 2 MgATP, 0.5 NaGTP, 20 HEPES, 0.5 EGTA, and 10 
phosphocreatine di (tris) salt at a pH of 7.29 and an osmolarity 
of 300 mOsm and the resistance of the pipettes was 3-5 MΩ. All 
experiments in this study were acquired using multiclamp 700B 
patch-clamp amplifier (Axon Instruments), and the signals were 
filtered at 2 kHz. To record evoked excitatory postsynaptic cur-
rents (EPSCs) of GABAergic interneurons in SG, the attached 
dorsal root was stimulated through a suction electrode with a 
constant current stimulator (A360; WPI) at 0.1 Hz. To confirm 
whether the recorded SG neurons directly receive excitatory input 
from primary nociceptive C fibers, the latency was calculated. If 
the latency was unchanged and failures did not occur by stimula-
tion of C fibers at 1 Hz, these neurons were considered as directly 
interacting with primary nociceptive C fibers. Nociceptive Aδ 
and C fibers are well distinguished based upon their stimulation 
thresholds (Aδ, 0/05-0.30 mA; C, 0.8-2.0 mA) and estimated con-
duction velocity (Aδ fiber, 2–8 m/s; C fiber, <2 m/s) [11,30,31]. 

Drugs

All drugs (DAMGO, picrotoxin, strychnine) were purchased 
from Sigma. We used DAMGO with its concentration of 1 μM, 
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picrotoxin in 100 μM and strychnine as 4 μM when they present 
in the in aCSF solution. 

Statistics

Data were analyzed using Igor and plotted using Prism 7. All 
data are represented as mean±s.e.m. Two-way RM ANOVA and 
Two-tailed paired t-test were used to determine the significance 
in statistical comparisons. The differences were considered sig-
nificant if p value is below 0.05. NS indicates p>0.05.

RESULTS 

Monosynaptic transmission between primary 
nociceptive C fibers and GABAergic interneurons 
was successfully verified by attached-dorsal root 
stimulation 

All recorded neurons were obtained from lamina ΙΙ of the 
spinal dorsal horn. To confirm whether recorded GABAergic 
neurons directly receive excitatory inputs from nociceptive C 
fibers, we recorded evoked excitatory postsynaptic currents (EP-
SCs) of GABAergic interneurons while stimulating the attached-
dorsal root, and the latency to produce EPSCs was calculated. Fig. 
1A shows a representative neuron which receives monosynaptic 
C primary afferent inputs. As the latency was constant and its 

failure did not occur by the stimulation of C fibers at 1 Hz, this 
neuron can be considered as directly synapses with primary noci-
ceptive C fibers. All recordings were performed on these neurons 
which formed synapses directly with C fibers. 

DAMGO, a selective μ-opioid receptor agonist, reduced 
the excitability of GABAergic interneurons in SG

We first investigated the effect of DAMGO on the excitability 
of GABAergic interneurons. In 70% of GABAergic interneurons 
examined (n=30), an outward current was produced by super-
fusing DAMGO (1 μM) for 2 min. This outward current was 
reversible and reproducible when DAMGO was repeatedly ad-
ministered (39.55±2.16 pA, 4 trials, Fig. 1B). This result indicates 
that GABAergic interneurons were hyperpolarized by DAMGO 
treatment and neuronal excitability was reduced. 

DAMGO-induced current is mediated by K+ channels 

Next, we examined which channels mediate the DAMGO-
induced current. In voltage clamp mode at -70 mV, membrane 
currents of GABAergic interneurons were recorded by applying 
voltage command steps in the absence and presence of DAMGO. 
Voltage steps were commanded from -120 mV to -30 mV with 
10 mV steps each lasting 500 ms. Fig. 2A shows representative 
traces of varying current responses from GABAergic interneu-
rons in the absence and presence of DAMGO. DAMGO-induced 
current is significantly higher during DAMGO treatment than 
that during normal aCSF. In current-voltage (I-V) relationship, 
reversal potential of DAMGO-induced current was close to -80 
mV and exhibited inward rectification properties (rectification 
index (RI)=9.47±2.49, n=6, Fig. 2B). The following experiments 
were conducted to determine whether the DAMGO-induced cur-
rent is related to K+ channel. In voltage clamp mode at -70 mV, 
membrane currents of GABAergic interneurons were recorded 
by applying voltage command steps in the absence and presence 
of Ba2+, a K+ channel blocker. The DAMGO-induced current was 
completely blocked and did not occur under Ba2+ (Fig. 2C). We 
also verified that DAMGO-induced current increased when the 
concentration of K+ was high in the extracellular solution (Fig. 3). 
Fig. 3A shows representative traces of current responses at normal 
(2.5 mM) and high (8.5 mM) concentrations of K+ in the exter-
nal solution during DAMGO treatment. As shown in Fig. 3B, 
the DAMGO-induced current significantly increased at high K+ 
concentrations (n=5). Taken together, we conclude that DAMGO-
induced current of GABAergic interneurons is mediated by K+ 
channels. Fig. 1. DAMGO, a selective μ-opioid receptor agonist, produced 

outward currents in GABAergic interneurons of the SG. (A) Identifi-
cation of monosynaptic inputs from primary nociceptive C fibers to GA-
BAergic interneurons. Superimposition traces of evoked EPSCs induced 
by monosynaptic C fiber inputs to GABAergic interneurons (conduction 
velocity (CV)=0.3 m/s). (B) In voltage clamp mode, DAMGO produced 
reproducible outward currents of about 39.55±2.16 pA in GABAergic 
interneurons. Holding potential (VH)=-70 mV.
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DAMGO reduced excitatory synaptic transmission 
between primary nociceptive C fibers and GABAergic 
interneurons in SG

To further examine the effect of DAMGO on excitatory synap-
tic transmission from primary nociceptive C fibers to GABAer-
gic interneurons in SG, we recorded evoked EPSCs (eEPSCs) in 
GABAergic interneurons by attached dorsal root stimulation at a 
holding potential (Vh) of –70 mV. We verified whether the target-
ed neurons receive monosynaptic inputs from primary nocicep-
tive C fibers using the procedure described in Fig. 1A. As shown 

in Fig. 4, DAMGO significantly reduced the amplitude of eEPSCs 
by 42.24±10.41% of controls and this effect of DAMGO on the 
amplitude recovered by 9.92±7.02% over a period of 10 min (Fig. 
4B). This result suggests that DAMGO reduced excitatory synap-
tic input from primary afferents to GABAergic interneurons of 
spinal dorsal horn.

DISCUSSION
In this study, we investigated how activation of MORs affects 

Fig. 2. DAMGO-induced current is mediated by K+ channels. (A) Representative traces of current responses in the absence and presence of DAMGO 
in GABAergic interneurons. Voltage steps of 500 ms durations were commanded from -120 mV to -30 mV with 10 mV steps before and during super-
fusion with DAMGO. Holding potential (VH)=-70 mV. (B) The current-voltage (I-V) relationship of the DAMGO-induced current (n=6). (C) Schematic 
diagram of experimental protocol in (Ca) and representative traces of current responses of GABAergic interneurons (Cb) in the aCSF, DAMGO, and 
DAMGO added Ba2+. Voltage steps were commanded from -120 mV to -30 mV with 10 mV steps each lasting 500 ms. Holding potential (VH)=-70 mV. 
The I-V relationship shows that DAMGO-induced current is completely blocked by extracellular Ba2+ (Cc). (n=6, p<0.05, Two-way RM ANOVA).

Fig. 3. DAMGO-induced current is dependent on external K+ concentrations. (A) Representative traces of current responses at normal (2.5 mM) 
and high (8.5 mM) concentrations of the external K+ during DAMGO treatment. Voltage steps of 500 ms durations were commanded from -120 mV to 
-30 mV with 10 mV steps. (B) The DAMGO-induced current significantly increased at high K+ concentrations (n=5, p<0.05, Two-way RM ANOVA). Hold-
ing potential (VH)=-70 mV. 



Effects of DAMGO on GABAergic interneurons

Korean J Physiol Pharmacol 2018;22(4):419-425www.kjpp.net

423

spinal GABAergic interneurons which receive monosynaptic 
inputs from primary nociceptive fibers. The μ-opioid agonist 
DAMGO induces an outward current in GABAergic interneu-
rons. The DAMGO-induced current is mediated by K+ channels 
because the current was completely blocked by application of Ba2+ 
solution, a K+ channel blocker and exhibited inward rectification 
properties. We also showed that the amplitude of eEPSCs in GA-
BAergic interneurons was reduced by DAMGO, indicating that 
activation of MORs reduces excitatory synaptic transmission be-

tween primary nociceptive C fibers and GABAergic interneurons 
in the spinal dorsal horn.

Opioids are well known to exert an analgesic effect by acting 
on both presynaptic and postsynaptic MORs within the spinal 
dorsal horn [18,23,25,26,28,32]. Opioids bind directly to MORs 
on primary afferent fibers, resulting in a decrease in excitatory 
neurotransmitter release from primary afferent fibers. In addi-
tion, opioids act on dorsal horn neurons leading to a reduction 
in the excitability of these neurons. MORs activated by opioids 
are inhibitory G-coupled protein receptors (Gi) that are coupled 
to inwardly rectifying K+ (GIRK) channels. Activation of MORs 
results in the opening of K+ channels and reduces the excitability 
of neurons. As a result of these mechanisms, opioids can suppress 
pain transmission within the spinal cord. Several electrophysi-
ological studies have demonstrated that DAMGO-induced out-
ward currents are mediated by GIRK channels and exhibit inward 
rectification in the spinal cord of rodents and cats [17,33]. How-
ever, these accumulated findings has been limited to unidentified 
neurons which may either be excitatory or inhibitory. Several 
studies using immunoreactivity reported that a minority of neu-
rons expressing MORs contains GABA [34]. And GIRK channels 
coupled to MORs are mainly found in excitatory neurons in the 
spinal dorsal horn [24]. Here, we identified GABAergic interneu-
rons using transgenic mice expressing green fluorescent protein 
(GFP) and examined the effect of DAMGO on these interneu-
rons. In our study, outward currents was produced in GABAergic 
interneurons by DAMGO treatment and these neurons exhibited 
inwardly rectifying I-V relationship, which imply that GIRK 
channels are activated by DAMGO in GABAergic interneurons. 
In addition, DAMGO can act on MORs expressed in presynaptic 
primary afferents. Consistent with this result, reduced excitatory 
synaptic transmission between primary nociceptive afferent and 

Fig. 4. DAMGO affects excitatory synaptic transmission between 
primary nociceptive C fibers and GABAergic interneurons in SG. (A) 
Representative traces before, during, and after DAMGO treatment. (B) 
Evoked EPSCs were significantly decreased by DAMGO in GABAergic 
interneurons which receive monosynaptic nociceptive input from C 
fibers. The evoked EPSCs were decreased to 42.24±10.41% of baseline 
and recovered by 9.92±7.02 of baseline (n=12; p<0.01, paired t-test). 
Data are presented as mean±SEM.

Fig. 5. A diagram to illustrate a possible mechanism by which DAMGO works in the SG. (A) In spinal dorsal horn, excitatory neurons normally re-
ceive an inhibitory control of GABAergic interneurons, and as a result, pain transmission is properly modulated. In addition, these GABAergic interneu-
rons inhibit each other. (B) Under DAMGO, the excitability of GABAergic interneurons which receive direct excitatory inputs from primary nociceptive 
C fibers is decreased. If so, the inhibition of another GABAergic interneurons (*) toward excitatory neurons can be enhanced. As a results, the sum of 
excitation of the entire spinal circuit will reduce the pain transmission. 



424

https://doi.org/10.4196/kjpp.2018.22.4.419Korean J Physiol Pharmacol 2018;22(4):419-425

 Kim YR et al

GABAergic interneurons shows the possibility.
In this study, the excitability of GABAergic interneurons was 

reduced by DAMGO treatment. This seems to lead to increased 
pain transmission as a result of the absence of inhibitory control 
by GABAergic interneurons [14,15]. Given that the activity of opi-
oids in the spinal cord produces analgesia, our result may appear 
inconsistent with the already known analgesic effects of DAM-
GO. However, as shown in Fig. 5, spinal circuits are complicated 
by excitatory neurons, inhibitory interneurons and projection 
neurons [5]. Previous studies reported that GABAergic interneu-
rons are interconnected and inhibit each other as well as excit-
atory neurons [12,35]. In our study, the excitability and synaptic 
transmission of GABAergic interneurons which directly interact 
with primary nociceptive C fibers were reduced by DAMGO 
treatment. These results suggest one possibility that suppression 
of the GABAergic interneurons by DAMGO may reduce the 
inhibition on secondary GABAergic interneurons. If so, the inhi-
bition of GABAergic interneurons (*) toward excitatory neurons 
can be enhanced and finally reduced pain transmission (Fig. 5B). 
In addition, DAMGO does not act on specific cell populations to 
exert analgesic effects, but on the entire spinal neural network, in-
cluding MORs expressed in primary afferent fibers and excitatory 
neurons in the spinal dorsal horn. Therefore, a possible explana-
tion for our findings is that, the analgesic action of DAMGO is 
the result of the total sum of excitation and inhibition throughout 
the entire spinal neural network.

In this study, we propose a possible mechanism to explain how 
DAMGO induces analgesic effects in spinal dorsal horn. Our 
experiments were limited to GABAergic interneurons express-
ing eGFP under the control of the glutamate acid decarboxylase 
(GAD) 65 promoter. Considering that several subtypes of inter-
neurons coexist in spinal circuits, further studies are required to 
provide a deeper understanding of how opioids act as analgesics 
in the spinal cord using dual patch recording or Ca2+ imaging 
which permit simultaneous recording of multiple interneurons.  
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