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Abstract—Lamina X is localized in the spinal cord within the region surrounding the central canal and receives descending

projections from the supraspinal nuclei. Norepinephrine (NE) is a neurotransmitter in descending pathways emanating from

the brain stem; NE-containing fibers terminate in the spinal dorsal cord, particularly in the substantia gelatinosa (SG). NE

enhances inhibitory synaptic transmission in SG neurons by activating presynaptic α1-receptors and hyperpolarizes the

membranes of SG neurons by acting on α2-receptors; NE may thus act directly on SG neurons of the dorsal spinal cord

and inhibit nociceptive transmission at the spinal level. NE-containing fibers also reportedly terminate in lamina X, suggest-

ing that NE also modulates synaptic transmission in lamina X. However, the cellular mechanisms underlying such action

have not been investigated. We hypothesized that NE might directly act on lamina X and enhance inhibitory synaptic trans-

mission therein. Using rat spinal cord slices and in vitro whole-cell patch-clamps, we found that the bath-application of NE

to lamina X does not affect the excitatory interneurons but enhances GABAergic and glycinergic miniature inhibitory

postsynaptic currents (mIPSCs) and induces an outward current. NE-induced enhancement of mIPSCs was blocked by

α1A-receptor antagonists, and NE-induced outward current was blocked by α2-receptor antagonists. NE did not affect

GABA- or glycine- induced outward currents. These findings are similar to those obtained from SG neurons: NE may act

at presynaptic terminals of GABAergic and glycinergic interneurons on lamina X to facilitate inhibitory-transmitter release

through α1A-receptor activation and directly induce inhibitory interneuron membrane hyperpolarization through α2-

receptors activation. © 2019 IBRO. Published by Elsevier Ltd. All rights reserved.
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INTRODUCTION

Lamina X is localized in the spinal cord within the region sur-
rounding the central canal (CC) (Nahin et al., 1983; Honda,
1985; Honda and Lee, 1985; Honda and Perl, 1985; Ness
and Gebhart, 1987). Several studies have demonstrated
that there are ascending projections from lamina X to var-
ious supraspinal structures, including the lateral reticular
nucleus (Menétrey et al., 1983; Koekkoek and Ruigrok,
1995), medullary and pontine reticular formation (Chaouch
et al., 1983; Menétrey and De Pommery, 1991), nucleus of
the solitary tract (Chaouch et al., 1983), lateral parabrachial
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nucleus (Kitamura et al., 1993; Ding et al., 1995), tectum or
mesencephalic central gray, thalamus, hypothalamus
(Menétrey and De Pommery, 1991; Burstein et al., 1996),
and amygdala (Menétrey and De Pommery, 1991; Burstein
and Potrebic, 1993). Moreover, lamina X receives a des-
cending projection from the supraspinal nuclei, such as
the raphe magnus, locus coeruleus, and hypothalamus
(Holstege and Kuypers, 1987). Norepinephrine (NE) is one
of the neurotransmitters in these descending pathways,
emanating from the brain stem. It is known that NE-
containing fibers terminate in the spinal dorsal cord, particu-
larly in the substantia gelatinosa (SG, Rexed lamina II),
which is critical for modulating nociceptive information and
controlling the activity of projection neurons (Kumazawa
and Perl, 1978; Willcockson et al., 1984; Yoshimura and
Jessell, 1989). Electrophysiological studies have demon-
strated that NE also enhances inhibitory synaptic transmis-
sion in SG neurons through the activation of presynaptic
α1-receptors (Baba et al., 2000a,b). In addition, NE pro-
duces membrane hyperpolarization of SG neurons acting

https://doi.org/10.1016/j.neuroscience.2019.04.004
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on α2-receptors (North and Yoshimura, 1984; Sonohata et
al., 2004). These pieces of evidence suggest that NE,
released from the descending pathway, directly acts on
SG neurons of the spinal dorsal cord and contributes to
the inhibition of nociceptive transmission at the spinal level.
However, several studies have also indicated that NE-
containing fibers from the locus coeruleus terminate den-
sely not only in the superficial layers of the spinal dorsal
cord, but also in lamina X (Westlund et al., 1982; Jones
and Yang, 1985). Indeed, previous studies evaluating the
regional distribution of NE have shown that NE concentra-
tion in the rat spinal cord is highest in lamina X (Basbaum
et al., 1987; Giroux et al., 1999). We therefore conjectured
that NE might not only act on SG neurons but also on those
in lamina X to similarly inhibit nociceptive transmission.
Though previous studies have investigated the localization
of NE via immunohistochemical methods, none have exam-
ined the actions or cellular mechanisms of NE on lamina X.
Therefore, to lay the foundation for future research on the
potential contribution of NE to nociceptive transmission in
lamina X, we investigated the actions and cellular mechan-
isms of NE on lamina X using the in vitro whole-cell patch-
clamp technique. We hypothesized that NE directly acts
on lamina X and enhances inhibitory synaptic transmission
therein – similar to the action of NE on SG neurons.
EXPERIMENTAL PROCEDURES

Study approval

All animal experiments were conducted in accordance with
the guidelines laid out in the Guide for the Care and Use
of Laboratory Animals of the National Academy of Science,
and efforts were made to minimize pain or discomfort
experienced by the animals. Animal housing and surgical
procedures were approved by the Institutional Animal Care
and Use Committee of Niigata University Graduate School
of Medical and Dental Science (Approval No. SA00185).

Animals

Male Wistar adult rats (aged 6–8 weeks, 200–250 g) were
used in all experiments. Animals were housed under a 12-
h light/dark cycle with ad libitum food and water.

Spinal cord slice preparation

A portion of the lumbosacral spinal cord was removed from
adult rats under urethane anesthesia (1.5 g/kg, intraperito-
neal). Rats were then immediately euthanized by exsangui-
nation. The isolated spinal cord was then placed in
preoxygenated ice-cold Krebs solution. After removal of
the dura matter, all ventral and dorsal roots were cut, and
the pia arachnoid membrane was removed. The spinal cord
was placed in a shallow groove, formed in an agar block,
and glued to the bottom of a microslicer stage with cyanoa-
crylate adhesive. After immersion in ice-cold Krebs solution,
a 600–650-μm thick transverse slice (L3-L5 level) was cut
on a vibrating microslicer (Linear Slicer PRO 7; Dosaka,
Kyoto, Japan). The spinal cord slice was subsequently
placed on a nylon mesh in the recording chamber and per-
fused with Krebs solution (10–15 mL/min) saturated with
95% oxygen and 5% carbon dioxide at 36–37 °C. Krebs
solution contained the following (in mM): NaCl 117, KCl
3.6, CaCl2 2.5, MgCl2 1.2, NaH2PO4 1.2, NaHCO3 25, and
D-glucose 11.5.

Blind patch-clamp recording from neurons in
lamina X

Under a dissecting microscope with transmitted illumination,
lamina X was clearly identified as the translucent area
around the CC. Therefore, we advanced the patch electrode
into this area dorsal to the CC, using a micromanipulator.
However, since the contours of individual neurons cannot
be visualized under these conditions, gigaohm sealing
(electrode attachment to the cell with a resistance of at least
1 GΩ) was performed blindly (Yoshimura and Nishi, 1993;
Ohashi et al., 2015, 2017). Patch pipettes were fabricated
from thin-walled, borosilicate, glass-capillary tubes by using
a puller (Sutter Instrument, Novato, CA, USA). The pipette
was filled with a cesium-based intracellular solution contain-
ing (in mM): Cs2SO4 110, CaCl2 0.5, MgCl2 2, EGTA 5,
HEPES 5, tetraethylammonium 5, and ATP-Mg 5. The
resistance of a typical patch pipette was 5–10 μΩ. Series
resistance was assessed based on the response to a 5-
mV hyperpolarizing step. This value was monitored during
the recording session, and data were rejected if values
changed by >15%. After establishing the blinded whole-
cell recordings, neurons were voltage-clamped at either
−70 mV for recording excitatory postsynaptic currents
(EPSCs) or at 0 mV for recording inhibitory postsynaptic
currents (IPSCs), respectively. Under these conditions,
EPSCs and IPSCs are recorded as downward or upward
deflections, respectively, in the membrane current trace. In
the current study, NE and other adrenoceptor agonists were
superfused at least 10 min after establishing the whole-cell
configuration to avoid possible postsynaptic effects of NE.
The obtained membrane currents were amplified using an
Axopatch 200B amplifier (Molecular Devices, Union City,
CA), filtered at 2 kHz, and digitized at 5 kHz. Data were col-
lected and analyzed using the pCLAMP 10.2 software suite
(Molecular Devices, Sunnyvale, CA, USA). Frequencies
and amplitudes of miniature postsynaptic currents (mPSCs)
were measured using Mini Analysis 6.0 software (Synapto-
soft, Fort Lee, NJ, USA).

Drug application

The following pharmacological agents were purchased from
Sigma-Aldrich (St. Louis, MO, USA): NE (20 μM), pheny-
lephrine (10 μM), clonidine (10 μM), isoproterenol (40 μM),
prazosin (0.5 μM), 2-[(2,6-Dimethoxyphenoxyethyl) amino-
methyl]-1,4-benzodioxane (WB-4101; 0.5 μM), propranolol
(1 μM), bicuculline (20 μM), strychnine (2 μM). The follow-
ings were purchased from Wako (Osaka, Japan): tetrodo-
toxin (TTX; 0.5 μM), yohimbine (1 μM), γ-aminobutyric
acid (GABA; 500 μM), and glycine (200 μM). We purchased
chloroethylclonidine (10 μM) from Sigma-RBI (Natick, MA,
USA). Stock solutions were prepared by dissolving the
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drugs in distilled water at 1000 times the final concentration.
Immediately before use, the stock solutions were diluted to
their final concentrations in Krebs solution. Previous reports
informed the concentrations at which these drugs were
applied (Baba et al., 2000a,b).

Analysis of mPSC

We recorded mPSCs under TTX to block the conduction of
action potentials. The strength of synaptic transmission can
be altered through modulation of both “transmitter release
probability” and “postsynaptic responsiveness,” while analy-
sis of mPSC frequency and amplitude distribution has been
used to distinguish between pre- and postsynaptic loci of
experimental manipulations (Malgaroli and Tsien, 1992;
Manabe et al., 1992). Moreover, presynaptic actions can
affect the probability of release, and changes in mPSC fre-
quency indicate a presynaptic effect. In contrast, changes
in mPSC amplitude can be explained by postsynaptic
responsiveness alteration (Malgaroli and Tsien, 1992; Man-
abe et al., 1992).
We analyzed the frequency and amplitude of the mPSCs

both before the application of the NE and α- or β-receptor
agonist as a control and 30 s prior to the end of their appli-
cation; we then compared the two obtained measurements.
Similarly, α- or β-receptor antagonists were bath applied
together with TTX from the beginning, and the changes in
mIPSCs frequency and amplitude from before NE applica-
tion to 30 s prior to the end of its application were assessed.
Outward current was measured when the mPSCs reached
a plateau.

Statistical analysis

Data are expressed as mean ± standard deviation. We
determined the sample sizes based on previous electrophy-
siological studies (Baba et al., 2000a,b; Ohashi et al., 2015,
2017). Analyses of the modulation of mPSC frequency and
amplitude were performed using paired t-test. The effects of
selective agonists and antagonists were analyzed using
one-way analyses of variance (ANOVAs) followed by Bon-
ferroni multiple post hoc comparisons. Statistical signifi-
cance was defined as P < .05. StatView 5 (SAS Institute,
Fig. 1. Direct application of norepinephrine (NE) to lamina X does not affect the min
(20 μM, 2 min) to lamina X does not affect the mean mEPSCs frequency or amplitu
takes of the top trace shown on an expanded timescale.Data are given as means ±
Cary, NC, USA) was used to conduct the statistical
analysis.
RESULTS

Direct NE application to lamina X does not affect
mEPSC but facilitates the mIPSC frequency and
amplitude

We first investigated whether direct application of NE to
lamina X affects excitatory synaptic transmission; thus, we
recorded mEPSCs, isolated by adding TTX. Bath-applied
NE (2 min) did not affect the mean mEPSC frequency (Con-
trol: 7.4 ± 3.9 Hz; NE: 7.4 ± 3.9 Hz, 99.8 ± 2.0% of Control;
n = 6; P = .51, paired t-test; Fig. 1), or amplitude (Control:
15.5 ± 2.7 pA; NE: 15.4 ± 2.6 pA, 99.7 ± 8.9% of Control;
n = 6; P = .83, paired t-test; Fig. 1). However, NE induced
an outward current in the lamina X neurons with an average
peak amplitude of 10.2 ± 9.1 pA and an average time of
92.9 ± 27.8 s before reaching the plateau (n = 6; Fig. 1).
The amplitude of the outward current at the holding potential
of −70 mV was <2 pA in one cell, 2–5 pA in one, and > 5
pA in four.
We next investigated whether direct application of NE to

lamina X affects inhibitory synaptic transmission; thus,
mIPSCs were recorded. As a result, bath-applied NE
(2 min) increased both the mean mIPSC frequency (Con-
trol: 1.9 ± 0.9 Hz; NE: 5.4 ± 2.5 Hz, 291.1 ± 90.2% of Con-
trol; n = 7; P < .01, paired t-test; Fig. 2) and amplitude
(Control: 12.0 ± 2.5 pA; NE: 14.7 ± 3.2 pA, 123.0 ± 10.6%
of Control; n = 7; P < .01, paired t-test; Fig. 2). Compared
to control, NE shifted the cumulative distribution of the
inter-event intervals to the left and the cumulative distribu-
tion of the amplitudes to the right (Kolmogorov–Smirnov
test, P < .01; Fig. 2). NE also induced an outward current
in lamina X with an average peak amplitude of 5.7 ± 5.4
pA with an average time of 52.8 ± 7.7 s before reaching
the plateau (n = 7; Fig. 2). The amplitude of outward current
at the holding potential of 0 mV was <2 pA in two cells, 2–5
pA in two, and >5 pA in three. These results suggest that
the direct application of NE to lamina X facilitates inhibitory
but not excitatory synaptic transmission.
iature excitatory postsynaptic currents (mEPSCs).Direct application of NE
de (n = 6). NE induces an outward current. Downward arrows indicate out-
standard deviations. TTX, tetrodotoxin; NE, norepinephrine.



Fig. 2. Direct application of norepinephrine (NE) to laminaX facilitatesminiature inhibitory post-synaptic currents (mIPSCs).Effects of direct NE application (20 μM,
2 min) to lamina X on the mean mIPSCs frequency or amplitude. NE increases both the mIPSCs frequency and amplitude (n = 7; P < .01, paired t-test). Cumu-
lative distribution graphs of the inter-event intervals amplitudes are shown. NE shifts the cumulative distribution curve of the inter-event intervals to the left, and of
the amplitudes to the right (n = 7; P < .01, Kolmogorov–Smirnov test) and induces an outward current. Downward arrows indicate outtakes of the top trace
shown on an expanded timescale.Data are given as means ± standard deviations. TTX, tetrodotoxin; NE, norepinephrine.
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Norepinephrine increases mIPSC frequency and
amplitude and induces an outward current by
activating α1A- and α2-receptors in lamina X,
respectively

To reveal the mechanism underlying the NE-induced facili-
tation of mIPSCs in lamina X, we next investigated whether
α- or β-receptor agonists affect mIPSCs, similar to NE.
Bath-applied α1-receptor agonist phenylephrine (2 min)
increased the mean mIPSC frequency (Control: 1.8 ±
0.8 Hz; Phenylephrine: 4.6 ± 1.8 Hz, 258.1 ± 36.5% of
Control; n = 5; P < .01, paired t-test; Fig. 3A) and amplitude
(Control: 11.9 ± 3.9 pA; Phenylephrine: 14.5 ± 5.3 pA,
122.6 ± 11.3% of Control; n = 5; P < .05, paired t-test;
Fig. 3A), but did not induce an outward current (Phenylephr-
ine: 0.7 ± 0.7 pA; n = 5; Fig. 3A). In contrast, bath-applied
α2-receptor agonist clonidine (2 min) and β-receptor ago-
nist isoproterenol (2 min) did not increase the mean mIPSC
frequency (Control: 1.8 ± 0.4 Hz; Clonidine: 1.9 ± 0.5 Hz,
105.9 ± 11.0% of Control; n = 6; P = .16, paired t-test;
Fig. 3B; and Control: 1.9 ± 1.0 Hz; Isoproterenol: 1.9 ±
1.2 Hz, 98.3 ± 9.5% of Control; n = 6; P = .86, paired t-
test; Fig. 3C) nor amplitude (Control: 12.6 ± 1.9 pA; Cloni-
dine: 12.8 ± 2.0 pA, 101.5 ± 3.2% of Control; n = 6; P =
.32, paired t-test; Fig. 3B; and Control: 12.9 ± 2.9 pA; Iso-
proterenol: 13.7 ± 2.6 pA, 107.4 ± 10.7% of Control; n = 6;
P = .18, paired t-test; Fig. 3C). However, clonidine, but not
isoproterenol, induced an outward current (Clonidine:
5.0 ± 1.9 pA, n = 6, Fig. 3B; Isoproterenol: 0.50 ± 2.1 pA,
n = 6, Fig. 3C). Fig. 3D shows the comparison of the effects
of the α1-, α2-, β-receptor agonists on mIPSCs. The mIPSC
frequency and amplitude were significantly increased by
NE, phenylephrine, but not clonidine, or isoproterenol
(one-way ANOVA followed by Bonferroni post hoc compar-
isons; Fig. 3D). On the contrary, an outward current was
induced by NE, clonidine, but not phenylephrine, or isopro-
terenol (one-way ANOVA followed by Bonferroni post hoc
comparisons; Fig. 3D). These results suggest that facilita-
tion of inhibitory synaptic transmission caused by NE in
lamina X is mimicked by the α1-receptor agonist, while the
outward current is mimicked by the α2-receptor agonist.
We also investigated whether NE-induced facilitation of

mIPSCs in lamina X is inhibited by α- or β-receptor antago-
nists. In the presence of the α1-receptor antagonist prazo-
sin, we did not observe any NE-induced increase in
mIPSC frequency (Control: 1.8 ± 0.6 Hz; NE: 1.9 ±
0.6 Hz, 109.2 ± 15.8% of Control; n = 6; P = .16, paired t-
test; Fig. 4A) or amplitude (Control: 12.8 ± 2.1 pA; NE,
13.4 ± 0.8 pA, 106.5 ± 14.7% of Control; n = 6; P = .44,
paired t-test; Fig. 4A); however, the NE-induced outward
current was still observed, and its average peak amplitude
was 4.5 ± 2.0 pA (n = 6; Fig. 4A). In terms of the subtypes
of α1-receptors, α1A-, α1B-, and α1D- receptors can be
identified pharmacologically in the spinal cord (Hieble
et al., 1995). Therefore, to identify which subtype of α1-
receptor is involved, we further investigated the effect of
NE on lamina X using selective α1-receptor antagonists. In
the presence of the α1A-receptor antagonist WB-4104, we
did not observe any NE-induced increase in mIPSC fre-
quency (Control: 1.9 ± 0.6 Hz; NE: 2.0 ± 0.5 Hz, 108.1 ±
14.9% of Control; n = 5; P = 0.45, paired t-test; Fig. 4B) or
amplitude (Control: 11.9 ± 1.4 pA; NE, 12.7 ± 0.9 pA;
107.3 ± 7.3% of Control; n = 5; P = .11, paired t-test;
Fig. 4B), but we still observed the NE-induced outward cur-
rent with an average peak amplitude of 5.1 ± 1.3 pA (n = 5;
Fig. 4B). However, in the presence of the α1B- and α1D-
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receptor antagonist chloroethylclonidine, we found an
increase in the NE-induced mIPSC frequency (Control:
2.1 ± 1.1 Hz; NE: 5.2 ± 1.4 Hz, 292.4 ± 168.8% of Control;
n = 5; P < .01, paired t-test; Fig. 4C) and amplitude (Con-
trol: 12.4 ± 1.5 pA; NE: 15.8 ± 1.0 pA, 128.3 ± 9.7% of
Control; n = 5; P < .01, paired t-test; Fig. 4C) and still
observed the NE-induced outward current with an average
peak amplitude of 5.4 ± 1.1 pA (n = 5; Fig. 4C).
In the presence of the α2-receptor antagonist yohimbine

and the β-receptor antagonist propranolol, we observed an
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NE-induced increase in mIPSC frequency (Yohimbine: Con-
trol, 1.8 ± 0.2 Hz; NE, 4.6 ± 1.1 Hz, 257.1 ± 73.9% of Con-
trol; n = 6; P < .01, paired t-test; Fig. 4D; Propranolol:
Control, 1.9 ± 1.1 Hz; NE, 4.2 ± 1.8 Hz, 229.4 ± 58.4% of
Control; n = 5; P < .01, paired t-test; Fig. 4E) and amplitude
(Yohimbine: Control, 11.6 ± 0.5 pA; NE, 14.0 ± 1.0 pA,
121.3 ± 11.4% of Control; n = 6; P < .01, paired t-test;
Fig. 4D; Propranolol: Control, 11.7 ± 1.9 pA; NE, 14.5 ±
3.4 pA, 123.2 ± 10.3% of Control; n = 5; P < .01, paired t-
test; Fig. 4E). While in the presence of yohimbine, we did
not observe an NE-induced outward current (0.5 ± 1.5 pA;
n = 6; Fig. 4D), in the presence of propranolol, we still
detected an outward current with an average peak ampli-
tude of 5.7 ± 3.0 pA (n = 5; Fig. 4E). Fig. 4F shows the com-
parison of NE effects on mIPSCs in the presence of α1-, α2-
, and β- receptor antagonists. The NE-induced increase in
mIPSC frequency and amplitude was significantly inhibited
by prazosin and WB-4101 but not by chloroethylclonidine,
yohimbine, and propranolol (one-way ANOVA followed by
Bonferroni post hoc comparisons; Fig. 4F). In contrast, the
NE-induced outward current was significantly inhibited by
yohimbine but not by prazosin, WB-4101, chloroethylcloni-
dine, or propranolol (one-way ANOVA followed by Bonfer-
roni post hoc comparisons; Fig. 4F). These results
suggest that NE facilitates inhibitory synaptic transmission
in lamina X through the activation of α1-receptors, particu-
larly of α1A-receptors, and induces an outward current
through the activation of α2-receptors.
Norepinephrine facilitates GABAergic and
glycinergic mIPSCs

Since mIPSCs consist of GABAergic and glycinergic com-
ponents, we next evaluated which type of mIPSCs were
facilitated in lamina X by NE. GABAergic mIPSCs were iso-
lated by adding TTX and the glycine receptor antagonist
strychnine to the perfusate. As a result, bath-applied NE
(2 min) increased both the mean GABAergic mIPSC fre-
quency (Control: 1.2 ± 0.9 Hz; NE: 4.3 ± 2.9 Hz, 383.9 ±
199.9% of Control; n = 5; P < .05, paired t-test; Fig. 5A),
and amplitude (Control: 8.8 ± 2.2 pA; NE: 11.3 ± 1.9 pA,
130.7 ± 25.4% of Control; n = 5; P < .01, paired t-test;
Fig. 5A). Moreover, compared to the control condition, NE
shifted the cumulative distribution of GABAergic mIPSC
inter-event intervals to the left and of the amplitudes to the
right (Kolmogorov–Smirnov test, P < .01; Fig. 5A). NE also
induced an outward current with an average peak amplitude
of 5.0 ± 2.3 pA (n = 5; Fig. 5A).
Fig. 3. Direct application of the α1-receptor agonist phenylephrine to lamina X fac
receptor agonist clonidine induces an outward mIPSC current, respectively.(A-C)
cation of the α1-receptor agonist phenylephrine (10 μM, 2 min; A), α2-receptor
(40 μM, 2 min; C) to lamina X. Phenylephrine increases both mIPSCs frequen
induce an outward current (n = 5). Clonidine and isoproterenol do not affect the
terenol, clonidine induces an outward current (n = 6).(D) Comparison of the effe
quency and amplitude was significantly increased by norepinephrine (NE; 20
P < .01 compared with clonidine or isoproterenol group, one-way ANOVA follow

was produced by NE and clonidine, but not phenylephrine or isoproterenol. P
ANOVA followed by Bonferroni post hoc comparisons.Data are given as means
Similarly, glycinergic mIPSCs were isolated by adding
TTX and the GABA receptor antagonist bicuculline to the
perfusate. As a result, bath-applied NE (2 min) increased
both the mean glycinergic mIPSC frequency (Control:
0.7 ± 0.6 Hz; NE: 1.6 ± 1.0 Hz, 242.9 ± 86.7% of Control;
n = 7; P < .01, paired t-test; Fig. 5B), and amplitude (Con-
trol: 15.8 ± 3.5 pA; NE: 17.4 ± 3.5 pA, 110.8 ± 6.3% of Con-
trol; n = 7; P < .01, paired t-test; Fig. 5B). Compared to the
control condition, NE shifted the cumulative distribution of gly-
cinergic mIPSC inter-event intervals to the left and of the ampli-
tudes to the right (Kolmogorov–Smirnov test, P < .01; Fig. 5B).
NE also induced an outward current with an average peak
amplitude of 5.7 ± 2.9 pA (n = 7; Fig. 5B). These results sug-
gest that direct application of NE to lamina X facilitates both
GABAergic and glycinergic mIPSCs.
Norepinephrine does not affect postsynaptic
GABA and glycine receptors

The NE-induced changes in amplitude distributions might
be attributable to an increase in postsynaptic responsive-
ness to GABA and glycine. To rule out this possibility, we
next evaluated whether NE affected postsynaptic respon-
siveness of lamina X neurons to exogenously applied
GABA (30 s) and glycine (30 s), under TTX to block the
conduction of action potentials. The mean amplitude of the
elicited GABA outward current and the integrated area were
not affected by NE (amplitude: Control, 433.7 ± 48.7 pA;
NE, 431.7 ± 26.1 pA, 100.2 ± 8.2% of Control; n = 5; P =
.90, paired t-test; Fig. 6A; and area: Control, 5813.6 ±
5532.7 pA s; NE, 6007.8 ± 4178.7 pA s, 103.7 ± 7.1% of
Control; n = 5; P = .34, paired t-test; Fig. 6A), although NE
facilitated inhibitory synaptic transmission. Similarly, the
mean amplitude of the elicited glycine outward current and
integrated area were also not affected by NE (amplitude:
Control, 156.8 ± 20.3 pA; NE, 157.1 ± 18.0 pA, 100.6 ±
9.2% of Control; n = 6; P = .97, paired t-test; Fig. 6B; and
area: Control, 2276.8 ± 4231.9 pA s; NE, 2390.7 ± 4418.0
pA s, 105.6 ± 13.4% of Control; n = 6; P = .41, paired t-
test; Fig. 6B), although NE facilitated inhibitory synaptic
transmission. These results suggest that NE does not affect
the postsynaptic responsiveness of GABA and glycine
receptors in lamina X.
DISCUSSION

The primary aim of our study was to investigate the actions
of NE on lamina X and their underlying mechanisms using
ilitates miniature inhibitory post-synaptic currents (mIPSCs), and the α2-
Changes in the mean mIPSC frequency and amplitude after direct appli-
agonist clonidine (10 μM, 2 min; B), or β-receptor agonist isoproterenol
cy and amplitude (n = 5; P < .05, P < .01, paired t-test) but does not
mean mIPSC frequency or amplitude (n = 6), but, in contrast to isopro-
cts of α1-, α2-, and β- receptor agonists on mIPSCs. The mIPSCs fre-
μM, 2 min, n = 7), phenylephrine, but not clonidine or isoproterenol.
ed by Bonferroni post hoc comparisons. In contrast, an outward current
< .05 compared with phenylephrine or isoproterenol group, one-way
± standard deviations. TTX, tetrodotoxin; NE, norepinephrine.
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the in vitro whole-cell patch-clamp technique. We demon-
strated that NE acts at presynaptic terminals of GABAergic
and glycinergic interneurons in lamina X to increase mIPSC
frequency and amplitude through the activation of α1A-
receptors. Moreover, we observed that NE directly induces
an outward current through the activation of α2-receptors
but does not affect mEPSC or GABA- and glycine-induced
currents.

Norepinephrine facilitates inhibitory synaptic
transmission by activating α1A-receptors and
induces hyperpolarization by α2-receptor activa-
tion in lamina X, respectively

The NE-induced facilitation of mIPSCs in lamina X was
mediated by adrenergic α1-receptors, since phenylephrine
(α1-receptor agonist) mimicked, while prazosin and WB-
4101 (α1-receptors antagonists) inhibited the NE-induced
increase in mIPSC frequency and amplitude. Furthermore,
we found that the NE-induced facilitation of mIPSCs is
highly sensitive to WB-4101 (α1A-receptor antagonist) but
resistant to cloroethylclonidine (α1B- and α1D- receptors
antagonist). Therefore, the receptors most responsible for
NE-induced inhibitory transmission facilitation in lamina X
are the α1A-receptors. The present study examined the
pharmacology of NE-induced facilitation of a mixture of
GABAergic and glycinergic mIPSCs (Figs. 3, 4); considering
that mIPSCs consist of GABAergic and glycinergic compo-
nents, the blockade of NE-induced mIPSCs enhancement
in the presence of an α1A-receptor antagonist suggests that
both GABAergic and glycinergic mIPSCs were enhanced
via the activation of the α1A-receptor. However, as we did
not examine the effects of adrenoceptor agonists and
antagonists separately on GABAergic or glycinergic
mIPSCs, we cannot exclude the possibility that the exact
pharmacological mechanisms of NE-induced GABAergic
and glycinergic mIPSC enhancements might differ.
We also found that NE application induces outward cur-

rents, even in the presence of TTX. These currents are
mimicked by clonidine (α2-receptor agonist) but inhibited
by yohimbine (α2-receptor antagonist), suggesting that NE
evokes membrane hyperpolarization in lamina X, mediated
by α2-receptor activation. On the other hand, although NE-
induced outward currents at the holding potential of 0 mV
were observed in all recorded neurons, the outward current
quickly returned to the control level after NE washout. Con-
sequently, the duration of NE-induced membrane hyperpo-
larization was shorter than that of NE-induced facilitation
of inhibitory transmission (Fig. 2). The difference in the acti-
vated adrenoceptor subtype, α1A-receptor in the
Fig. 4. Norepinephrine (NE)-induced facilitation of miniature inhibitory post-syn
receptor antagonists, and α2-receptor antagonist inhibits the NE-induced outw
and amplitude induced by NE in the presence of the α1-receptor antagonist pr
n = 5; B), α1B- and α1D- receptor antagonist chloroethylclonidine (10 μM; n =
antagonist propranolol (1 μM; n = 6; E) in lamina X. NE-induced increase in mIP
yohimbine, and propranolol ( P < .01, paired t-test) but not prazosin or WB-4104
of prazosin, WB-4101, chloroethylclonidine, or propranolol but not in the prese
receptor antagonists on mIPSCs induced by NE. P < .05, P < .01 compared
by Bonferroni post hoc comparisons.Data are given as means ± standard devia
enhancement of inhibitory transmission and α2-receptors
in the membrane hyperpolarization, may account for the
duration discrepancy.
Furthermore, several previous studies investigating the

action of NE on SG neurons have reported that NE facilitates
GABAergic and glycinergic mIPSCs through the activation of
presynaptic adrenergic α1A-receptors (Baba et al., 2000a,b),
while NE induced an outward current through the activation
of adrenergic α2-receptors (North and Yoshimura, 1984; Yajiri
et al., 1997; Baba et al., 2000a,b). Moreover, the NE-induced
outward currents through the activation of α2-receptors have
been also reported in other neurons including mesopontine
cholinergic (Williams and Reiner, 1993), median preoptic (Bai
and Renaud, 1998), and lateral septum neurons (Liu and
Alreja, 1998). Since these results are similar to our data, we
consider that same mechanism of synaptic modulation caused
by NE might occur in lamina X.

Norepinephrine acts at presynaptic terminals of
GABAergic and glycinergic neurons in lamina X
to facilitate inhibitory transmitter release without
any effect on postsynaptic responsiveness

We found that NE facilitates both GABAergic and glyciner-
gic neurons in lamina X. This is not surprising since lamina
X neurons contain GABA and glycine; thus GABA and gly-
cine can be released in lamina X (Barber et al., 1982; Spike
et al., 1993; Seddik et al., 2007). Moreover, we demon-
strated that NE facilitates both frequency and amplitude of
GABAergic and glycinergic mIPSCs. Since changes in
mPSC frequency indicate a presynaptic effect and those in
its amplitude reflect the postsynaptic responsiveness – as
described in Methods – our observation that NE enhances
both mIPSC frequency and amplitude suggests that NE
acts not only on GABAergic and glycinergic presynaptic
terminals to facilitate inhibitory transmission release, but
also on their respective postsynaptic receptors. However,
the amplitude of outward currents elicited by exogenously
applied GABA and glycine in lamina X neurons was not
affected by NE; based on similar responses of SG neurons
to NE, previous studies concluded that NE did not alter the
responsiveness of subsynaptic GABA or glycine receptors,
and the temporal summation of mIPSCs might cause NE-
induced enhancement of mIPSCs (Baba et al., 2000a,b).
Indeed, we calculated the amplitude of mIPSCs using Mini
Analysis 6.0 software and measured them individually from
the initial inflection point (not from the baseline) to avoid any
effects of temporal summation on amplitude distribution.
However, when two or more quantal events occur exactly
at the same time, they could not be distinguished; therefore,
aptic currents (mIPSCs) in lamina X is significantly decreased by α1A-
ard mIPSC current, respectively.(A-E) Changes in mIPSC frequency
azosin (0.5 μM; n = 6; A), α1A-receptor antagonist WB-4104 (0.5 μM;
5; C), α2-receptor antagonist yohimbine (1 μM; n = 6; D), or β-receptor
SC frequency and amplitude are detected only for chloroethylclonidine,
. However, NE-induced outward current is still observed in the presence
nce of yohimbine.(F) Comparison of the effects of the α1-, α2-, and β-
with norepinephrine group (20 μM, n = 7), one-way ANOVA followed
tions. TTX, tetrodotoxin; NE, norepinephrine.



Fig. 5. Direct application of norepinephrine (NE) to lamina X facilitates GABAergic and glycinergic miniature inhibitory post-synaptic currents (mIPSCs).
(A, B) Changes in GABAergic (A) or glycinergic (B) mIPSC frequency and amplitude induced by NE (20 μM, 2 min) in the presence of the glycine receptor
antagonist strychnine (2 μM; n = 5; A) or the GABA receptor antagonist bicuculline (20 μM; n = 7; B). In both cases, NE increases the mean frequency
and amplitude of mIPSCs ( P < .01, paired t-test) and shifts the cumulative distribution of inter-event intervals to the left and of amplitudes to the right,
when compared to the control condition ( P < .01, Kolmogorov–Smirnov test). NE also induces an outward current.Data are given as means ± standard
deviations. TTX, tetrodotoxin; NE, norepinephrine.
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we may have measured them as a single mIPSC. This type
of error is more likely to occur under conditions in which the
mIPSC frequency is increased - as was the case in our
study. On the other hand, because exogenously applied
GABA or glycine activates receptors situated in both sub-
and extra-synaptic sites, we cannot exclude the possibility
that NE may alter the responsiveness of subsynaptic but
not extrasynaptic GABA or glycine receptors.
Norepinephrine does not affect the excitatory
interneurons in lamina X

We showed that NE increases mIPSC frequency in lamina
X neurons, without affecting postsynaptic responsiveness.
In contrast, NE changed neither the mEPSC frequency nor
its amplitude. These results suggest that NE selectively
facilitates the release of inhibitory transmitters from presy-
naptic terminals of inhibitory interneurons and does not
affect excitatory interneurons in lamina X. A similar discre-
pancy between inhibitory and excitatory neurons has been
observed regarding NE's action on SG neurons, since it is
considered that NE receptors are mainly expressed by inhi-
bitory but not excitatory interneurons (Baba et al., 2000a,b;
Kawasaki et al., 2003). Therefore, it is reasonable that we
did not find any NE effects on mEPSCs of lamina X
neurons.
Mechanism of NE action on lamina X neurons

Almost all NE-containing terminals in the dorsal horn are
supraspinal in origin (Dahlstrom and Fuxe, 1965), and those
emanating from brain stem descending pathways terminate
in superficial layers of the dorsal spinal cord, particularly on
SG neurons, thus modulating nociceptive information. How-
ever, the mechanism by which these descending pathways
act on other spinal cord regions and especially on lamina X
has not been investigated. Here, we propose the following
circuit model to describe a new underlying mechanism of
NE action in lamina X (Fig. 7). First, NE acts at presynaptic
GABAergic and glycinergic interneuron terminals to facili-
tate inhibitory transmitter release, demonstrated by the fact
that NE-induced increase in mIPSC frequency occurs
through α1A-receptors activation. Second, NE directly
induces membrane hyperpolarization of inhibitory interneur-
ons by its postsynaptic action on adrenergic α2-receptors.
On the other hand, α2-receptors reportedly induce



Fig. 6. Direct application of norepinephrine (NE) to lamina X does not affect the amplitude and integrated area of currents induced by exogenous GABA or
glycine.(A, B) Representative currents elicited by NE (20 μM, 2 min) in the presence of exogenous GABA (200 μM, 30 s; n = 5; A) or glycine (500 μM,
30 s; n = 6; B) and quantifications of the amplitude and integrated area of the current. In both cases, NE does not affect the amplitude or integrated area.
Data are given as means ± standard deviations. TTX, tetrodotoxin; NE, norepinephrine.
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hyperpolarization in tandem with a change of input resis-
tance via a blockade of Ih current or the opening of K+ chan-
nels, and inhibit Ca2+ channels (Marzo et al., 2009).
Fig. 7. Mechanism of noradrenaline (NE) in lamina X.NE-containing fibers eman
in the SG and lamina X of the spinal cord. In lamina X, NE acts at presynaptic axo
neurotransmitters (GABA or glycine) through the activation of α1A-receptors. NE
through the activation of α2-receptors.
However, we used a patch-pipette solution that contained
K+ channel blockers; therefore, there is a possibility that
the outward current is not mediated by the opening of K+
ate from the brain stem through the descending pathways and terminate
n terminals of inhibitory interneurons to facilitate the release of inhibitory
also directly induces inhibitory interneuron membrane hyperpolarization
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channels. Therefore, to clarify the more detailed mechan-
isms following the activation of α2-receptors, further studies
using intracellular solution containing Ba+ or GDP-β-S and
those analyzing the voltage–current relationship of the out-
ward current using a voltage-step pulse are necessary.
GABAand glycine aremajor inhibitory neurotransmitters in the

central nervous system (Todd et al., 1996), and their receptors
are particularly abundant in the spinal dorsal horn, are important
for sensory processing, and are thought to be involved in spinal
anti-nociception. Indeed, intrathecal administration of GABA and
glycine is anti-nociceptive (Dirig and Yaksh, 1995; Simpson et
al., 1997), while GABA and glycine receptor antagonists induce
spontaneous pain, like biting and escape behaviors, in response
to light tactile stimulation (Yaksh, 1989; Sivilotti andWoolf, 1994;
Milne et al., 1996). These observations suggest that GABA and
glycine-containing interneurons are responsible for painmodula-
tion, and the samemechanism has been pointed out in SG neu-
rons (Baba et al., 2000a,b).
The present study observed that the actions and mechan-

isms of synaptic modulation induced by NE in lamina X and
SG neurons are similar, providing support for our aforemen-
tioned hypothesis: NE similarly affects lamina X and SG neu-
rons. However, no investigations – including the present
study – have identified synaptic connections between SG and
lamina-X neurons; thus, the relationships between the actions
of NE in lamina X neurons and nociceptive transmission
remains unknown. Moreover, because lamina X contains sym-
pathetic preganglionic neurons (Deuchars and Lall, 2015; Kro-
tov et al., 2017), NE may contribute to autonomic regulation.
Further research is necessary to confirm these speculations
on the physiological roles of NE in lamina X.
On the other hand, our findings seem to contradict reports of

morphine-induced hyperalgesia (Holden et al., 1999). – i.e.,
morphine facilitates nociception mediated by α1-receptors and
inhibits nociceptionmediated by α2-receptors in the spinal cord.
However, while Holden et al. (1999) examined the actions of
morphine on spinally projecting noradrenergic A7 neurons by
determining the effects of intrathecal injections of relatively
selective α-receptors antagonists, our study uses applied the
in vitro whole-cell patch-clamp technique to a transverse spinal
cord slice; it is thus inappropriate to directly compare the results
of Holden et al. to our own. However, the discrepancy between
the two studies indicates the need for in vivo investigations
employing the whole-cell patch-clamp technique.
Moreover, several behavioral studies reported male Wister

rats exhibit a heightened elevation of NE levels to stress rela-
tive to their female counterparts (Renard et al., 2005; Uji et
al., 2007); the opposite results were found in Sprague–
Dawley rats (Livezey et al., 1985; Weinstock et al., 1998).
Therefore, the action of NE may depend on sex or species.
Although we used male Wistar rats in the current study, further
investigations regarding the impacts of sex or animal type on
the action of NE on lamina X neurons are also necessary.
CONCLUSIONS

Wedemonstrated the cellular basis of NE action in laminaX, by
which NE acts at presynaptic axon terminals of GABAergic and
glycinergic interneurons to facilitate inhibitory transmitter
release through the activation of α1A-receptors and directly
induces inhibitory interneuron membrane hyperpolarization
through the activation of α2-receptors.
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