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Summary
The neurotransmitters and neuromodulators implicated in the processing of sensory and nociceptive infor-
mation, γ-aminobutyric acid (GABA) is of importance in the spinal dorsal horn (SDH) neurons. Decrease in
GABAergic inhibitory synaptic transmission plays an important role in mechanisms of neuropathic pain
(NeP). We hypothesized that functional and structural changes in GABA receptors of SDH may occur after
peripheral injury (PNI). In the present study, using whole-cell patch-clamp recording, we characterized the
GABA receptor-mediated currents (IGABA) and GABA receptor-mediated inhibitory postsynaptic currents
(GABA-IPSCs) recorded from SDH neurons, and investigated the effects of the sciatic nerve ligation on these
currents in the glutamate decarboxylase (GAD) 67 green fluorescent protein (GAD67-GFP) knock-in mice.
Furthermore, using the quantitative real-time PCR analysis, we evaluated alterations of the expression level
of the GABA receptor subunits by the sciatic nerve ligation. We observed changes in IGABA and GABA-IPSCs
in both GFP-negative and positive neurons, and alterations of the expression level of the GABAA receptor
subunits, in SDH after the sciatic nerve ligation. Our results suggest that influences on the function and
structure of GABAergic neuron in SDH by PNI may play an important role in the mechanism of NeP.
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Introduction

There are various types of chronic pain associated
with diseases. It is well known that neuropathic pain

(NeP) has been getting attention from both clinicians
and basic researchers due to its intractable feature.
NeP is defined as‘pain caused by a lesion or disease
of the somatosensory nervous system’ by Interna-
tional Association for Study of Pain in 1994. NeP
should not be indicates as a single disease, but rather
should be recognized as a pathological condition in-
volved in many patients with chronic pain. Varied le-
sions or diseases can develop NeP and its mechanisms
have been still unclear. If there is a lesion or disease in
any types of the nociceptive pathways from the pe-
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ripheral nerves to the spinal cord and the brain, pa-
tients will complain of NeP. The pathological mecha-
nisms include abnormal sensitivity of the somatosen-
sory nervous system and functional impairment in the
descending pain modulatory system.
Peripheral nerve injury (PNI), which is one of NeP,
often induces a state of abnormal pain, including hy-
peralgesia and allodynia. It is well known that PNI-
induced NeP has been associated with neural plastic
changes in the spinal dorsal horn (SDH). Possible
mechanisms for NeP including primary afferent fiber
sprouting, synaptic rearrangement, and loss of inhibi-
tory interneurons in SDH, among others. Especially,
SDH is one of the important regions and SDH neurons
of different cell types play specific roles in pain proc-
essing.
Among the neurotransmitters and neuromodulators
implicated in the processing of sensory and nociceptive
information, γ-aminobutyric acid (GABA) is of impor-
tance in SDH neurons, and GABAergic neurons are
distributed in a high concentration in SDH neurons1-5).
The distribution of GABAA receptors in SDH has also
been reported6-11). The GABAA receptors regulates neu-
ronal excitability and information integration in the
central nervous system.
In the previous reports, it was reported that the de-
crease in GABAergic inhibitory synaptic transmission
must play an important role in the mechanisms of
NeP12-17). However, its detailed mechanisms have been
still unclear. Therefore, we hypothesized that func-
tional and structural changes in GABA receptors of
SDH may occur after PNI.
In the present study, we characterized the GABA
receptor-mediated currents (IGABA) and GABA receptor-
mediated inhibitory postsynaptic currents (GABA-
IPSCs) recorded from SDH neurons and investigated
the effects of PNI on these currents in the glutamate
decarboxylase (GAD) 67 green fluorescent protein
(GAD67-GFP) knock-in mice.
Furthermore, we evaluated alterations of the expres-
sion level of the GABA receptor subunits after PNI.

Materials and Methods

1. Animals
The experiments were performed on GAD 67 green
fluorescent protein (GFP) (Δneo) mice, which express

GFP under the control of the endogenous GAD67 gene
promoter18). In the present study, these transgenic mice
were referred to as GAD67-GFP knock-in mice. Male
heterozygous mice were crossed with Institute of Can-
cer Research (ICR) wild-type mice to obtain the experi-
mental mice. All animal experiments were approved
by the institutional animal care and use committees at
Dokkyo Medical University. Care and use of the ani-
mals were in accordance with the National Institutes
of Health guidelines on animal care and with the guide-
lines of the International Association for the Study of
Pain19).

2. Partial ligation of the sciatic nerve
All mice were maintained in a temperature-
controlled room under a 12 h/12 h light/dark cycle. A
partial sciatic nerve injury was produced by tight liga-
tion with a 9-0 silk suture around about half the diame-
ter of the sciatic nerve according to Selzer et al20) (liga-
tion mouse). In the sham-operated control mice, the sci-
atic nerve was exposed but not ligated (sham-operated
control mouse).
To assess effects of the sciatic nerve ligation, we
measured the frequency of withdrawal responses to 10
repetitive stimuli with von Frey filament (Stoeling,
Wooddale, IL) of 1.6 g force. Behavioral assessments
were performed starting 1 day before nerve ligation or
sham operation. Sciatic nerve ligation increased the
frequency of withdrawal responses, and this increase
developed within 1 day after nerve ligation and per-
sisted throughout the experimental period.

3. Preparation of the spinal cord slices
The spinal cord was removed from mice under keta-
mine/xylazine anesthesia on post-surgical day 7 to 10.
Transverse spinal cord slices (350 μm) were cut by a
vibratome (DTK-1500, Dosaka, Japan). Slices were
transferred to a recording chamber, which was con-
tinually superfused (2-3 mL/min) with an artificial cere-
bral spinal fluid of the following composition (mM):
NaCl 113, KCl 3, NaHCO3 25, NaH2PO4 1, CaCl2 2, MgCl2
1, D-glucose 11, equilibrated with 95%O2-5%CO2 at 4℃.
When necessary, MgCl2 was excluded to make a nomi-
nally Mg2+-free solution.
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4. Whole-cell patch-clamp recordings
For the electrophysiological experiments, we used a
fixed-stage upright microscope (BX50WI; Olympus, To-
kyo) equipped with a confocal laser scanning system
(FluoView 500; Olympus), infrared differential interfer-
ence contrast (IR-DIC) optics, and a CCD video camera
(IR-CCD 2400; Hamamatsu Photonics, Hamamatsu, Ja-
pan). After incubation for 1 h in modified Krebs solu-
tion at 37℃, the spinal slices were mounted into the
recording chamber on the microscope stage and con-
tinuously perfused with Krebs solution [equilibrated
with 95% O2-5% CO2, containing (in mM) NaCl 113, KCl
3, NaHCO3 25, NaH2PO4 1, CaCl2 2, MgCl2 1, and d-
glucose 11; pH 7.4]. After the identification of GFP-
negative or positive neurons in SDH by using the con-
focal laser scanning system described by Fukushima
et al21), conventional tight-seal whole-cell recordings
were obtained from neurons under IR-DIC optics. The
current evoked by a GABA puff application (IGABA, 100
mM, 0.3-1.0 sec) was recorded.
Inhibitory postsynaptic currents mediated by
GABAA receptors evoked by extracellular stimulation
with an electrical pulse (GABA-IPSCs) was also re-
corded. All recordings were made in the presence of
tetrodotoxin ( TTX : 0.5 μM ) and 6-cyano-7-
nitroquinoxaline-2,3-dione (CNQX: 10 μM). Recordings
in voltage-clamp mode used an Axopatch 200B patch-
clamp amplifier (Axon Instruments, US). Data were
sampled at a rate of 10.0 kHz through a Digidata 1440
interface (Axon Instruments, US). pCLAMP software
(Axon Instruments, US) was used to analyze the data.

5. Quantitative real-time PCR analysis
To identify GFP-negative or positive neurons, the

neurons were aspirated into another pipets after
whole-cell recordings, according to a preciously de-
scribed protocol22). The neurons were then ejected into
thin-walled autoclaved PCR tubes by applying a gentle
positive pressure, and immediately frozen and stored
at -80℃ until use. On the following day, lysis was per-
formed using IGEPAL. CA-630 (Sigma-Aldrich, US) at
room temperature for 5 min followed by reverse tran-
scription (RT) with Superscript II (Life Technologies,
US).
After RT reaction, preamplification of cDNA sam-
ples was performed using the TaqMan PreAmp Mat-

ter Mix (Applied Biosystem, US) according to the
manufacturer’s directions using the recommended pro-
gram for 14 cycles. Then preamplified cDNA was util-
ized for real-time PCR using TaqMan Fast Universal
Master Mix and TaqMan Gene Expression Assay (Ap-
plied Biosystems). The reaction was performed on Ep-
pendorf Real Plex 2 (Eppendorf, Germany). Samples
were assayed in triplicates. Each particular gene was
regarded as present in individual single-cell samples
when its fluorescence intensity exceeded a predeter-
mined threshold value in <45 cycles of PCR. Following
RT, cDNA was subjected to real-time PCR to analyze
the expression profile of mRNAs for GABAA receptor
subunits α1, α2, α3, α5 and δ. Housekeeping gene
GAPDH was used as an internal control. We calculated
relative quantification of the GABAA receptor subunit
genes using the 2-dd CT method.

6. Statistical analysis
Results are expressed as mean ± SEM. Statistical
analyses were carried out using a two-way analysis of
variance (ANOVA) followed by a simple effects test
and by post hoc multiple comparisons using Tukey’s
test. The χ2 test with Yate’s correction was also used
when appropriate. A value of p < 0.05 was considered
as statistically significant.

Results

1. GABA evoked inward current
Fig. 1 shows a sample of GABA evoked inward cur-
rent in SDH neuron. Membranes currents evoked by a
puff application of GABA were recorded. GABA (100
μM) was applied with a short pressure puff. At the
holding potential of -70 mV. GABA elicited an inward
current. Recordings were made in the presence of
TTX (0.5 μM) and CNQX (10 μM). Fig. 1a, 1b and 1c
show the currents before, during, and after perfusion
of GABA receptor blocker bicuculine, respectively.
The current was abolished by bicuculine, reversibly.

2. Changes in the reversal potential of the GABA
receptor-mediated currents by the sciatic nerve liga-
tion
Fig. 2a and 2b show each sample of IGABA in response

to step depolarizations from the holding potential (-70
mV) in ligation mouse and sham-operated control
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Figure　1　The puff application of GABA evokes and inward current in the spinal dorsal horn neuron.
a, b and c show the currents before, during and after perfusion of bicuculine, respectively. A black bar indicates GABA 
(100 μM) application with a short pressure.

Figure　2　Changes in the reversal potential of the GABA receptor-mediated currents by the sciatic nerve ligation.
a and b show each sample of GABA receptor-mediated currents (IGABA) in response to step depolarizations from the holding 
potential (- 70 mV) in ligation mouse and sham-operated control mouse, respectively. A black bar indicates GABA (100 μM) ap-
plication with a short pressure. c shows the reversal potential of the spinal dorsal horn neuron in ligation mouse and sham-op-
erated control mouse.

mouse, respectively. 10 mV steps of voltage were ap-
plied between -70 mV to + 30 mV. The reversal po-
tential of SDH neurons in ligation mouse (n = 3, -28.1
± 3.3 mV) was significantly larger than that in sham-
operated control mouse (n = 7, -36.8 ± 1.75 mV) (Fig.
2c: p < 0.05).

3. Effects of the sciatic nerve ligation on IGABA in
GFP-negative and positive neurons of the spinal dor-
sal horn
IGABA by GABA puff application were recorded in
both GFP-negative and positive neurons. In GFP-
negative neurons, the amplitude of IGABA was decreased
by the sciatic nerve ligation (Fig. 3a). On the other
hand, in GFP-positive neurons, the amplitude of IGABA
was increased by the sciatic nerve ligation (Fig. 3b).
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Figure　3　Effects of the sciatic nerve ligation on GABA receptor-mediated currents in GFP-negative and positive neurons of 
the spinal dorsal horn.

a and b show each sample of representative recordings of GABA receptor-mediated current (IGABA) in GFP-negative and posi-
tive neurons of both sham-operated control mouse and ligation mouse, respectively. c shows influences on in the amplitude of 
IGABA by the sciatic nerve ligation in GFP-negative and positive neurons of the spinal dorsal horn.

Fig. 3c shows differences in the amplitude of IGABA be-
tween sham-operated control mouse and ligation
mouse in both GFP-negative and positive neurons. The
amplitude of IGABA was significantly decreased in GFP-
negative neurons (p < 0.01) and significantly increased
in GFP-positive neurons (p < 0.01) by the sciatic nerve
ligation.

4. Effects of peripheral nerve injury on GABA-
IPSCs in GABAergic and non-GABAergic neurons
of the mouse spinal dorsal horn
GABA-IPSCs evoked by electrical stimulation were

recorded. The recordings were made at the holding
potential of 0 mV. GABA-IPSCs were pharmacologi-
cally isolated in the presence of the glycine receptor
blocker (strychnine), the non-N-methyl-D-aspartate re-
ceptor (NMDA) receptor blocker (CNQX), and the
NMDA receptor blocker (2-amino-5-phosphonovalerate:

APV). The decay was fitted by a double exponential
function. The fitted functions are superimposed (thin
line) with their time constants (slow and fast compo-
nents of GAB-IPSCs) (Fig. 4a: GFP-negative neuron and
Fig. 4b: GFP-positive neuron).
Fig. 4c shows effects of peripheral nerve injury on
GABA-IPSCs in GABAergic and non-GABAergic neu-
rons of the SDH. The sciatic nerve ligation did not af-
fect the amplitude of the GABA-IPSCs, but shortened
their decay over time in GFP-negative neurons (τfast:
p < 0.05, τslow: p < 0.05). On the other hand, in GFP-
positive neurons, the sciatic nerve ligation did not af-
fect the amplitude of the GABA-IPSCs, but prolonged
their decay over time (τfast: no statistical change, τslow:
p < 0.01).
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Figure　4　Effects of the sciatic nerve ligation on GABA receptor-mediated inhibitory postsynaptic currents in GFP-negative 
and positive neurons of the spinal dorsal horn.

a and b show each sample of GABA receptor mediated inhibitory postsynaptic currents (GABA-IPSCs) evoked by electrical 
stimulation in GFP-negative and positive neurons of the spinal dorsal horn, respectively. The decay was fitted by a double ex-
ponential function. The fitted functions are superimposed (thin line) with their time constants (slow and fast components of 
GABA-IPSCs). c shows influences on the amplitude of IGABA, τfast and τslow by the sciatic nerve ligation in GFP-negative and posi-
tive neurons of the spinal dorsal horn.

5. Effect of nerve ligation on the expression level of
the GABAA receptor subunits
Fig. 5 shows differences in the expression level of
the GABAA receptor subunits, α1, α2, α3, α5 and δ in
SDH neurons between sham-operated mouse and liga-
tion mouse. The quantitative RT-PCR analysis indi-
cated that the sciatic nerve ligation increased the ex-
pression of α3 (p < 0.01) and α5 (p < 0.05), but de-
creased that of α1 (p < 0.05) and δ(p < 0.05) of the
GABA receptor subunits in SDH. There was no signifi-
cant difference in α2 of the GABA receptor subunit in
the spinal dorsal horn between sham-operated mouse
and ligation mouse.

Discussion

In the present study, firstly, we observed the effect
of the sciatic nerve ligation on IGABA and GABA-IPSCs

in both GFP-negative and positive neurons of SDH us-
ing whole-cell recordings. In the previous study using
GAD67-GFP knock-in mice, Fukushima et al.23) demon-
strated a correlation of GFP fluorescence with expres-
sions of GAD65 and GAD67mRNAs and endogenous
GABA. And also, they described that GFP-negative
and positive neurons indicated excitatory and inhibi-
tory neurons in GAD67-GFP knock-in mice, respec-
tively. Therefore, for recordings GABA-IPSCs in our
study, GAD67-GFP knock-in mice were used to distin-
guish both excitatory and inhibitory neurons.
In GFP-negative (excitatory) neurons, the sciatic
nerve ligation significantly decreased the amplitude of
IGABA and shortened the rate of the decay time of
GABA-IPSCs. These results suggest that GABAerigc
inhibitory influence in excitatory neurons may be at-
tenuated by the sciatic nerve ligation. On the other
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Figure　5　Effect of the sciatic nerve ligation on the expression level of GABAA receptor subunits.
The quantitative RT-PCR analysis indicated that the sciatic nerve ligation increased the expression of α3 and α5, but decreased 
that of α1 and δ of GABA receptor subunits in the spinal dorsal horn.

hand, in GFP-positive (inhibitory) neurons, the sciatic
nerve ligation increased the amplitude of IGABA and pro-
longed the rate of the decay time of GABA-IPSCs.
These results suggest that GABAerigc inhibitory influ-
ence in inhibitory neurons may be enhanced by the
sciatic nerve ligation. These phenomena, which we ob-
served in excitatory and inhibitory neurons, may re-
sult in progress of NeP.
There are many reports24-28), hypothesized that one of

the factors underlying the enhanced pain sensitivity
observed in NeP states is the loss of activity of the in-
hibitory neurotransmitter GABA in the spinal cord.
Moore et al.28) showed that the incidence, magnitude
and duration of primary afferent evoked GABA-
mediated inhibitory postsynaptic currents in lamina II
neurons is reduced after PNI, presumably as a conse-
quence of attenuated presynaptic GABA release. Our
electrophysiological data, including both IGABA and
GABA-IPSCs, can support and extend the previous re-
ports.
Secondly, we evaluated the expression level of the
GABAA receptor subunits in SDH neurons using the

quantitative RT-PCR analysis, and obtained results
that the sciatic nerve ligation increased α3 and α5
GABA receptor subunits and decreased α1 and δ of
GABA receptor subunits. Those results may suggest
that GABAerigc inhibitory influence may be modu-
lated by changes in GABA receptor subunits.
The previous reports using immunohistochemical, in
situ hybridization, and functional studies demonstrated
the expression and localization of some GABA recep-
tor subunits in SDH29-32). In particular, the α5 GABA re-
ceptor subunits are expressed extrasynaptically in
neurons of the superficial dorsal horn, such as laminae
I and II33,34). Our results about the increase of α5 GABA
receptor subunit in SDH may be interesting, as there
are some reports suggesting that α5 GABA receptor
subunit in SDH have antinociceptive and pronocicep-
tive roles in healthy and chronic pain12-17). For example,
De la Luz-Cuellar et al.12) showed that intrathecal ad-
ministration of L-655,708 (α5 GABAA receptor inverse
agonist) decreases pain threshold in naïve rats. Fur-
thermore, Delgado-Lezama et al.35) described a possibil-
ity of α5 GABA receptor subunit, as a valid pharma-
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cological target to treat chronic pain states. These re-
sults by the quantitative RT-PCR analysis can support
those previous data and the possibility to develop a
novel drug for NeP.
Our results in the present study, including functional
and structural changes in GABAergic neurons of SDH
by the sciatic nerve ligation may play an important
role in developing NeP. One of the limitations in this
study is that we only observed influences by the sci-
atic nerve ligation about both changes in IGABA and
GABA-IPSCs in GFP-negative and positive neurons,
and expression level of the GABAA receptor subunits
in SDH, separately. Therefore, in the next study, to
confirm our theory and to establish suitable pharmaco-
therapy for NeP, the expression level of the GABAA re-
ceptor subunits in both inhibitory and excitatory SDH
neurons after PNI must be evaluated by using single-
cell real-time PCR.

Conclusion

In the present study, we observed changes in IGABA
and GABA-IPSCs in GFP-negative and positive neu-
rons, and alterations of the expression level of the
GABAA receptor subunits, in SDH after the sciatic
nerve ligation. These results suggest that influences on
function and structure of GABAergic neurons in SDH
by PNI may play an important role in the mechanism
of NeP.

References

1) Mackie M, Hughes DI, Maxwell DJ, et al.: Distribution
and colocalisation of glutamate decarboxylase iso-
forms in the rat spinal cord. Neuroscience 119: 461-
472, 2003.

2) Makinae K, Kobayashi T, Shinkawa H, et al.: Struc-
ture of the mouse glutamate decarboxylase 65 gene
and its promoter: preferential expression of its pro-
moter in the GABAergic neurons of transgenic mice.
J Neurochem 75: 1429-1437, 2000.

3) Mitchell K, Spike RC, Todd AJ: An immunocyto-
chemical study of glycine receptor and GABA in lami-
nae I-III of rat spinal dorsal horn. J Neurosci 13: 2371-
2381, 1993.

4) Todd AJ, Spike RC: The localization of classical trans-
mitters and neuropeptides within neurons in laminae
I-III of the mammalian spinal dorsal horn. Prog Neuro-

biol 41: 609-645, 1993.
5) McKenzie J: GABA-immunoreactive neurons in the
dorsal horn of the rat spinal cord. Neuroscience 31:
799-806, 1989.

6) Alvarez FJ, Taylor-Blake B, Fyffe RE, et al.: Distribu-
tion of immunoreactivity for the beta 2 and beta 3
subunits of the GABAA receptor in the mammalian
spinal cord. J Comp Neurol 365: 392-412, 1996.

7) Bohlhalter S, Weinmann O, Mohler H, et al.: Laminar
compartmentalization of GABAA-receptor subtypes
in the spinal cord: an immunohistochemical study. J
Neurosci 16: 283-297, 1996.

8) Ma W, Saunders PA, Somogyi R, et al.: Ontogeny of
GABAA receptor subunit mRNAs in rat spinal cord
and dorsal root ganglia. J Comp Neurol 338: 337-359,
1993.

9) Persohn E, Malherbe P, Richards JG: Comparative mo-
lecular neuroanatomy of cloned GABAA receptor
subunits in the rat CNS. J Comp Neurol 326: 193-216,
1992.

10) Takahashi A, Tokunaga A, Yamanaka H, et al.: Two
types of GABAergic miniature inhibitory postsynaptic
currents in mouse substantia gelatinosa neurons. Eur
J Pharmacol 553: 120-128, 2006.

11) Wisden W, Gundlach AL, Barnard EA, et al.: Distribu-
tion of GABAA receptor subunit mRNAs in rat lum-
bar spinal cord. Brain Res Mol Brain Res 10: 179-183,
1991.

12) De la Luz-Cuellar YE, Rodríguez-Palma EJ, Franco-
Enzástiga Ú, et al.: Blockade of α5GABAA receptors
differentially reduces reserpine-induced fibromyalgia-
type pain in female rats. Eur J Pharmacol 858: 1-12,
2019.

13) Hernández-Reyes JE, Salinas-Abarca AB, Vidal-Cantú
GC, et al.: α5-GABAA receptors play a pronociceptive
role and avoid the rate-dependent depression of the
Hoffmann reflex in diabetic neuropathic pain and re-
duce primary afferent excitability. Pain 160: 1448-1458,
2019.

14) Franco-Enzástiga U, García G, Murbartián J, et al.:
Sex-dependent pronociceptive role of spinal α5
GABAA receptor and its epigenetic regulation in neu-
ropathic rodents. J Neurochem 156: 897-916, 2021.

15) Xue M, Liu JP, Yang YH, et al.: Inhibition of α5
subunit-containing GABAA receptors facilitated spinal
nociceptive transmission and plasticity. Eur J Pain 21:
1061-1071, 2017.

16) Bravo-Hernández M, Corleto JA, Barragán-Iglesias P,



107Neuropathic pain and GABAergic neuron1 (2) (2022)

et al.: The α5 subunit containing GABAA receptors
contribute to chronic pain. Pain 157: 613-626, 2016.

17) Bravo-Hernández M, Feria-Morales LA, Torres-López
JE, et al.: Evidence for the participation of peripheral
α5 subunit-containing GABAA receptors in GABAA
agonists-induced nociception in rats. Eur J Pharmacol
734: 91-97, 2014.

18) Tamamaki N, Yanagawa Y, Tomioka R, et al.: Green
fluorescent protein expression and colocalization with
calretinin, parvalbumin, and somatostatin in the GAD
67-GFP knock-in mouse. J Comp Neurol 467: 60-79,
2003.

19) Zimmermann M: Ethical guidelines for investigations
of experimental pain in conscious animals. Pain 16:
109-110, 1983.

20) Seltzer Z, Dubner R, Shir Y: A novel behavioral model
of neuropathic pain disorders produced in rats by par-
tial sciatic nerve injury. Pain 43: 205-218, 1990.

21) Fukushima T, Tomitori H, Iwata H, et al.: Differential
expression of NMDA receptor subunits between neu-
rons containing and not containing enkephalin in the
mouse embryo spinal cord. Neurosci Lett 391: 11-16,
2005.

22) Tsuchiya M, Yamazaki H, Hori Y: Enkephalinergic
neurons express 5-HT3 receptors in the spinal cord
dorsal horn: single cell RT-PCR analysis. Neuroreport
10: 2749-2753, 1999.

23) Fukushima T, Ohtsubo T, Tsuda M, et al.: Facilitatory
actions of serotonin type 3 receptors on GABAergic
inhibitory synaptic transmission in the spinal superfi-
cial dorsal horn. J Neurophysiol 102: 1459-1471, 2009.

24) Lorenzo LE, Godin AG, Ferrini F, et al.: Enhancing
neuronal chloride extrusion rescues α2/α3 GABAA-
mediated analgesia in neuropathic pain. Nat Commun
11: 869, 2020. doi: 10.1038/s41467-019-14154-6.

25) Lorenzo LE, Magnussen C, Bailey AL, et al.: Spatial
and temporal pattern of changes in the number of
GAD65-immunoreactive inhibitory terminals in the rat
superficial dorsal horn following peripheral nerve in-
jury. Mol Pain 10: 57, 2014. doi: 10.1186/1744-8069-10-
57.

26) Malan TP, Mata HP, Porreca F: Spinal GABA(A) and
GABA(B) receptor pharmacology in a rat model of
neuropathic pain. Anesthesiology 96: 1161-1168, 2002.

27) Rode F, Jensen DG, Blackburn-Munro G, et al.:
Centrally-mediated antinociceptive actions of GABA
(A) receptor agonists in the rat spared nerve injury
model of neuropathic pain. Eur J Pharmacol 516: 131-

138, 2005.
28) Moore KA, Kohno T, Karchewski LA, et al.: Partial
peripheral nerve injury promotes a selective loss of
GABAergic inhibition in the superficial dorsal horn of
the spinal cord. J Neurosci 22: 672406731, 2002.

29) Alvarez FJ, Taylor-Blake B, Fyffe RE, et al.: Distribu-
tion of immunoreactivity for the β2 and β3 subunits of
the GABAA receptor in the mammalian spinal cord. J
Comp Neurol 365: 392-412, 1996.

30) Bohlhalter S, Weinmann O, Mohler H, et al.: Laminar
compartmentalization of GABAA-receptor subtypes
in the spinal cord: an immunohistochemical study. J
Neurosci 16: 283-297, 1996.

31) Ma W, Saunders PA, Somogyi R, et al.: Ontogeny of
GABAA receptor subunit mRNAs in rat spinal cord
and dorsal root ganglia. J Comp Neurol 338: 337-359,
1993.

32) Bonin RP, Labrakakis C, Eng DG, et al.: Pharmacologi-
cal enhancement of deltasubunit-containing GABAA
receptors that generate a tonic inhibitory conduc-
tance in spinal neurons attenuates acute nociception
in mice. Pain 152: 1317-1326, 2011.

33) Bravo-Hernández M, Corleto JA, Barragán-Iglesias P,
et al.: The α5 subunit containing GABAA receptors
contribute to chronic pain. Pain 157: 613-626, 2016.

34) Perez-Sanchez J, Lorenzo LE, Lecker I, et al.: α5
GABAA receptors mediate tonic inhibition in the spi-
nal cord dorsal horn and contribute to the resolution
of hyperalgesia. Journal of Neuroscience Research 95:
1307-1318, 2017.

35) Delgado-Lezama R, Bravo-Hernández M, Franco-
Enzástiga Ú, et al.: The role of spinal cord extrasynap-
tic α5 GABAA receptors in chronic pain. Physiol Rep
9: e14984, 2021. doi: 10.14814/phy2.14984.

©Dokkyo Medical Society 2022. This
article is licensed under the Creative

Commons Attribution-NonCommercial-NoDerivatives
4.0 International License (https://creativecommons.org/
licenses/by-nc-nd/4.0/). The copyright of this article re-
mains with Dokkyo Medical Society. This license allows
anyone to download, reuse, copy, reprint, or distribute
the article, provided the work is attributed to the origi-
nal author(s) and the source, but does not allow for the
distribution of modified versions or for commercial uses
without permission of Dokkyo Medical Society (https://
dokkyomed-igakukai.jp/dkmj/)


