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Abstract—Norepinephrine (NE) acts directly on the inhibitory interneurons of spinal lamina X and may act on
spinal lamina X neurons for inhibiting nociceptive synaptic transmission against pain. We investigated this mech-
anism within inflammatory pain model rats. Using immunohistochemical staining and in vivo extracellular record-
ing, the increased number of phosphorylated extracellular signal-regulated kinase profiles in lamina X
(n = 6/group) and increased frequency of spontaneous neuronal firing on putative lamina X (n = 14) under the
inflammatory pain were significantly suppressed by the direct application of NE (P < 0.01). Following in vivo
observation of enhanced spontaneous neuronal firing, we tested the impact of NE on this discharge using an
in vitro spinal slice preparation. Using in vitro patch-clamps recording, the baseline level of miniature inhibitory
postsynaptic currents (mIPSCs) frequency on spinal lamina X neurons cord is decreased under inflammatory
pain. Direct application of NE to spinal lamina X neurons in inflammatory pain model rats facilitates mIPSCs fre-
quency and induces an outward current (n = 8; P < 0.05), and these responses are inhibited by a1A- and a2-
receptor antagonists (n = 8; P > 0.05). Considering these results and those of our previous study (Ohashi
et al., 2019), NE might act on inhibitory interneurons of spinal lamina X to facilitate inhibitory transmission and
induces neurons located in or around lamina X membrane hyperpolarization. These NE-mediated responses
acted through a1A- and a2-receptors. These mechanisms of NE on spinal lamina X might contribute to analgesia
against inflammatory pain. � 2022 IBRO. Published by Elsevier Ltd. All rights reserved.
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INTRODUCTION

Lamina X is known to be localized surrounding the central

canal (CC) in the spinal cord (Nahin et al., 1983; Honda

and Lee, 1985; Honda and Perl, 1985; Ness and

Gebhart, 1987). Lamina X has ascending projection input

to supraspinal structures (Menétrey et al., 1983; Menétrey

and De Pommery, 1991; Koekkoek and Ruigrok, 1995;

Burstein et al., 1996) and receives from the descending

pathway (Holstege and Kuypers, 1987). These previous

studies investigated the localization of various neuro-

transmitters on lamina X through immunohistochemical
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methods, but only few studied the mechanisms of these

neurotransmitters on spinal lamina X. We previously

investigated and revealed that norepinephrine (NE),

which is one of the most important neurotransmitters

emanating through the descending pathway, acts on inhi-

bitory interneurons of lamina X to facilitate inhibitory

transmission, such as gamma-aminobutyric acid (GABA)

and glycine, through the a1A-receptors. NE also induces

neurons located in or around lamina X membrane hyper-

polarization through a2-receptors (Ohashi et al., 2019).

NE is one of the most important neurotransmitters for

nociceptive synaptic transmission because NE-contained

fibers emanating through the descending pain inhibitory

pathways terminate in the substantia gelatinosa (SG,

lamina II) of the spinal cord (Kumazawa and Perl, 1978;

Yoshimura and Jessell, 1989; Hache et al., 2011;

Obata, 2017). Indeed, previous studies that conducted

electrophysiological experiments on SG neurons have

revealed that NE enhances inhibitory transmission

(North and Yoshimura, 1984; Baba et al., 2000a,b). This
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evidence suggests that NE acts directly on the SG neu-

rons and contributes to inhibit the nociception at the spinal

level. It also pointed out that NE-contained fibers termi-

nate in the lamina X of the spinal cord (Westlund et al.,

1982; Jones and Yang, 1985), and NE is distributed to

be the highest in spinal lamina X (Basbaum et al., 1987;

Giroux et al., 1999). Furthermore, it was recently reported

that lamina X neurons around the CC of the spinal cord

receive inputs from Ad- and C-primary afferents, many

of which may be involved in nociceptive transmission

(Krotov et al., 2019). These previous studies indicated

that there is a possibility that NE might inhibit nociception

via spinal lamina X neurons. However, these studies,

including our previous study (Ohashi et al., 2019), have

reported the mechanisms of NE on lamina X under

healthy conditions, and there is no study investigating

whether NE contribute to inhibit the nociceptive transmis-

sion on spinal lamina X under pain conditions. Therefore,

we investigated the mechanisms of NE on spinal lamina X

neurons under pain conditions using immunohistochemi-

cal analyses and electrophysiological experiments

(in vivo extracellular recording and in vitro patch-clamp

recordings). As the pain model in this study, we chose

inflammatory pain model rats. Previously, it was reported

that retrograde viral vector-mediated inhibition of pon-

tospinal NE neurons produced no change in thermal

hyperalgesia, nociceptive behaviors, and spinal c-Fos
expression. This is a marker of neuron activation and an

indicator of pain in the neuropathic pain (Howorth et al,

2009). Contrarily, this study reported that these

responses were observed in inflammatory pain model rats

(Howorth et al, 2009). Therefore, to investigate whether

NE inhibits nociceptive transmission on lamina X of the

spinal cord, we adopted inflammatory pain model rats in

this study. We demonstrate that NE restores inhibitory

tone of spinal Lamina X Circuitry, thus contributing to

analgesia against inflammatory pain.

EXPERIMENTAL PROCEDURES

Study approval

According to a previous study (Ohashi et al., 2019), all

procedures were investigated in accordance with related

international ethical guidelines; we minimized pain or dis-

comfort to all the animals in this study. Institutional Animal

Care and Use Committee of Niigata University Graduate

School of Medical and Dental Science approved for this

study and approval number was SA00185.

Animals

Male Wistar rats (weight, 200–250 g) were used in this

study (immunohistochemical analyses, n = 18; in vivo
extracellular recording, n = 7; in vitro patch-clamp

recording, n = 11). Animals were housed with ad libitum
access to food and water under a 12-h light/dark cycle.

Inflammatory pain model

As the pain model for our study, the rats were

subcutaneously injected with 100 lL of complete

Freund’s adjuvant (CFA) using a 100-lL microsyringe
(Hamilton, Reno, NV, USA) with a 29-gauge needle into

the plantar surface of the hind paw in the approximate

center. Two days after the CFA injection, rats that had

the threshold for paw withdrawal by von Frey filaments

(1.4–2.0 g) were used as inflammatory pain models. All

behavioral studies were performed by the same tester

and judged by two evaluators (N.O. and M.O.). Because

there was a possibility that mirror-image pain may have

occurred in the rats with the CFA injection, the

contralateral side was not adopted as a control to strictly

exclude this bias.

Immunohistochemical staining for phosphorylated
extracellular signal-regulated kinase on lamina X

We used immunohistochemical analyses to assess

phosphorylated extracellular signal-regulated kinase

(pERK) expression, which is a marker of neuron

activation and an indicator of pain (Ohashi et al., 2015).

Using urethane (1.5 g/kg, i.p.), the rats were anesthetized

and underwent dorsal laminectomy. The lumbosacral

segment of the spinal cord was subsequently removed.

Then, the spinal cord was placed in pre-oxygenated ice-

cold Krebs solution. After severing all the ventral and dor-

sal roots, the arachnoid membrane was removed. The

spinal cord was mounted on the stage of a microslicer

(Linear Slicer PRO 7; Dosaka, Kyoto, Japan) and cut into

a 650-lm-thick transverse slice. This transverse slice was

put on a recording chamber and perfused with Krebs solu-

tion (10–15 mL/min) during the experiments, which was

equilibrated with a 95% O2/5% CO2 gas mixture at

36 ± 1 �C at least 3 h before NE application. The Krebs

solution contained the following: NaCl, 117 mM; KCl,

3.6 mM; CaCl2, 2.5 mM; MgCl2, 1.2 mM; NaH2PO4,

1.2 mM; NaHCO3, 25 mM; and D-glucose, 11.5 mM. Sub-

sequently, NE (20 lM) was applied to the spinal cord slice

in the perfusate for 10 min. Slices were fixed in 4%

paraformaldehyde for 60 min and equilibrated with

sucrose overnight and cut into 30-lm-thick sections using

a cryostat. Sections were rinsed in phosphate-buffered

saline (PBS) and permeabilized with 0.3% Triton X-100

(Sigma Chemicals, St. Louis, MO) in PBS (PBS-TX). Sec-

tions were incubated with 10% normal goat serum (Vector

Laboratories, Inc., Burlingame, CA, USA) for 1 h at room

temperature (RT), and were subsequently incubated with

rabbit anti-pERK1/2 antibody (Cell Signaling Technology,

Danvers, MA, USA; 1:1000) in PBS-TX at room tempera-

ture (RT) overnight. Then, the sections were incubated

with biotinylated goat anti-rabbit IgG (Vector Laboratories,

Inc., Burlingame, CA, USA) for 1 h at RT followed by incu-

bation with a Vectastain ABC system kit (Vector Laborato-

ries, Inc., Burlingame, CA, USA) for 1 h at RT following

the manufacturer’s instructions. Following further rinsing,

the sections were incubated with 3,30 diaminobenzidine

(DAB) chromogen until a precipitate was visible on the

pERK-positive sites. Further, tissue sections were slide

mounted, dehydrated, and covered with DPX non-

aqueous mounting media (Sigma-Aldrich, St. Louis, MO,

USA). To count the number of pERK-positive neurons

on the lamina X under a microscope equipped with a dig-

ital camera system (Nikon, Tokyo, Japan), at least five

sections were randomly selected. Under the microscope,
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lamina X could be identified to be translucent around the

CC, as described previously (Ohashi et al., 2019); thus,

we counted the number of pERK-positive neurons in the

lamina X that were dorsal to the CC on the ipsilateral side

to the CFA injection.
In vivo extracellular recording from spinal lamina X
neurons

In vivo extracellular recordings of spinal lamina X neurons

were obtained as described previously (Oti et al., 2021;

Uta et al., 2021). Briefly, rats were anesthetized with

urethane (1.5 g/kg, i.p.). Thoracolumbar laminectomy

was performed to expose the spinal column from T11 to

L4, and the animal was placed in a stereotaxic apparatus.

After removing the dura and cutting away the arachnoid

membrane to create a window large enough for a tungsten

microelectrode, the surface of the spinal cord was equili-

brated with Krebs solution (10–15 mL/min) and irrigated

with a 95% O2/5% CO2 gas mixture at 36 ± 1 �C. The
Krebs solution was the same as that described in the

Immunohistochemical staining section. According to previ-

ous studies (Oti et al., 2021; Uta et al., 2021), extracellular

single-unit recordings were performed. Recording neu-

rons in this study were obtained from dorsal to the CC

whose depth was 890–1330 mm from the dorsal surface.

This lesion was considered as lamina X because previous

studies (Oti et al., 2021; Uta et al., 2021) were performed

in which the Nissl staining after insertion of a tungsten

electrode revealed that the position of electrode insertion

was in spinal lamina X. However, we did not stain the

spinal cord after in vivo extracellular recording; therefore,

it might have been obtained from putative lamina X neu-

rons. Unit signals were acquired with an amplifier (EX1;

Dagan Corporation, Minneapolis, MN, USA). The data

were digitized using a digital converter (Digidata 1400A,

Molecular Devices, Union City, CA, USA) stored and ana-

lyzed with a software package (Clampfit version 10.2;

Molecular Devices, Union City, CA, USA).
In vitro patch-clamp recordings from spinal lamina X
neurons

In vitro patch-clamp recordings of spinal lamina X were

obtained as described previously (Ohashi et al, 2019).

Spinal cord slices were prepared as described in the

Immunohistochemical staining section. The surface of

the spinal cord was equilibrated with Krebs solution (10–

15 mL/min) and irrigated with a 95% O2/5% CO2 gas mix-

ture at 36 ± 1 �C. Under a microscope, lamina X could be

identified to be translucent around the CC. Using a micro-

manipulator, we inserted the patch electrode into the dor-

sal to the CC, and gigaohm sealing was performed blindly

(Ohashi et al., 2015; Ohashi et al., 2017; Ohashi et al.,

2019). Patch electrodes were fabricated using a puller

(Sutter Instrument, Novato, CA, USA), and these showed

a resistance of 5–10 MX when filled with a cesium-based

intracellular solution with the following: Cs2SO4, 110 mM;

CaCl2, 0.5 mM; MgCl2, 2 mM; EGTA, 5 mM; HEPES,

5 mM; tetraethylammonium, 5 mM; and ATP-Mg, 5 mM.

If values of series resistances changed by more than

15% during the recordings, the data were rejected.
After establishing the whole-cell configuration,

voltage-clamped neurons were held at �70 mV and

0 mV to record excitatory postsynaptic currents

(EPSCs) and inhibitory postsynaptic currents (IPSCs),

respectively. To block the conduction of action

potentials, we recorded miniature postsynaptic currents

(mPSCs) with tetrodotoxin (TTX). Using the Axopatch

200B amplifier (Molecular Devices, Union City, CA,

USA), the signals were amplified with a filter at 2 kHz

and digitized at 5 kHz. The data were stored and

analyzed with a software package (Clampfit version

10.2; Molecular Devices, Union City, CA, USA).
Analysis of mPSCs

The strength of synaptic transmission altered through

modulation of both ‘‘probability of transmitter release”

and ‘‘postsynaptic responsiveness.” Changes in mPSCs

frequency indicate a presynaptic effect, which affect the

probability of transmitter release, and changes in

mPSCs amplitude indicate postsynaptic response

(Malgaroli and Tsien, 1992; Manabe et al., 1992). We

adopted the two points to analyze the mPSCs, before

application of the NE as a control and 30 s before the

end of their application.
Drug application

NE (20 lM) and 2-[(2,6-Dimethoxyphenoxyethyl)

aminomethyl]-1,4-benzodioxane (WB-4101; 0.5 lM)

were purchased from Sigma-Aldrich (St. Louis, MO,

USA). Tetrodotoxin (TTX; 0.5 lM) and yohimbine (1 lM)

were purchased from Wako (Osaka, Japan). Stock

solutions were first dissolved in distilled water at a

concentration of 1000 times for the final concentration

and stored. Before use, we diluted these stock solutions

in Krebs solution to the final concentrations. The

concentrations were adopted from previous studies

(Baba et al., 2000a, b; Ohashi et al., 2019).
Statistical analysis

Sample sizes were based on previous

electrophysiological studies (Baba et al., 2000a, b;

Ohashi et al., 2015; Ohashi et al., 2017; Ohashi et al.,

2019). We did not perform a power analysis, but we con-

sider that there was no divergence between our study and

previous studies. However, we tried to take cell samples

as evenly as possible from individual animals and then

judged that our sample size was enough to compare the

results between the groups when there was a significant

difference.

We used a fixed-effects statistical model. Data are

expressed as mean ± standard deviation. The

Shapiro–Wilk test was used for evaluating normally

distributed data and nonparametric tests were used for

non-normally distributed data. Levene’s test was used to

assess the equality of variances for two or more groups.

Data obtained using immunohistochemical studies were

analyzed using one-way analysis of variance (ANOVA)

with a Bonferroni multiple post-hoc comparison when

the homogeneity of variances was assumed, while
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Welch’s ANOVA with a Games–Howell post-hoc test was

employed for unequal variance. Normally distributed data

obtained using electrophysiological experiments were

compared between two groups using Student’s paired t-
tests, Student’s unpaired t-test for equal variance, and

Welch’s t-test for unequal variance. In comparisons

among three or more groups, one-way ANOVA for

equal variance and Welch’s ANOVA for unequal

variance were performed. For non-normally distributed

data, nonparametric tests such as Wilcoxon rank-sum

test were employed. To compare cumulative

distributions of postsynaptic currents parameters, the

Kolmogorov–Smirnov test was used. Statistical

significance was defined as p < 0.05. To conduct

statistical analyses, we used SPSS software (version

27; IBM Corp., Armonk, NY, USA).
RESULTS

NE suppressed pERK activation on spinal lamina X in
inflammatory pain model rats

To examine the distribution of the neurons on lamina X in

the inflammatory pain model rats that responded to NE,

we first examined pERK activation using

immunohistochemical staining. Fig. 1A, B show naı̈ve

and inflammatory pain model rats in the presence of

Krebs solution. Fig. 1C shows inflammatory pain model

rats after direct application of NE to the spinal cord

slices for 2 min. The number of pERK-positive neurons

on lamina X was significantly different among the naı̈ve

rats (5.7 ± 2.4, n = 6), the inflammatory pain model

rats (26.2 ± 8.6, n = 5), and the inflammatory pain

model rats after direct application of NE to the spinal

cord slices (14.4 ± 4.0, n = 6) (Levene’s test,

p = 0.021; FWelch (2, 7.588) = 21.1, p = 0.002,

Welch’s ANOVA; Fig. 1A–D). The Games–Howell post-
hoc comparisons demonstrated that the number of

pERK-positive neurons in inflammatory pain model rats

was significantly higher than those in the naı̈ve rats

(p = 0.011) and the inflammatory pain model rats after

direct application of NE to the spinal cord slices

(p = 0.036; Fig. 1A–D). Moreover, the number of

pERK-positive neurons in inflammatory pain morel rats

was still higher than that in the naı̈ve rats even after

spinal cord slices were treated with NE (p = 0.025;

Fig. 1A, C, D). These results indicated that NE acts on

spinal lamina X and suppresses pERK activation, which

may contribute to analgesia against inflammatory pain.
Direct NE application to the spinal cord suppresses
spinal spontaneous firing on putative lamina X
neurons in inflammatory pain model rats

Our immunohistochemical evidence suggests that NE

inhibits neuronal activity on lamina X evoked by

inflammatory pain; therefore, we subsequently

investigated whether NE suppresses spinal firing on

lamina X neurons evoked by inflammatory pain under

in vivo conditions, using extracellular recording.

The frequency of spontaneous neuronal firing on

putative lamina X neurons in inflammatory pain model
rats was significantly increased compared to that in

naı̈ve rats (naı̈ve rats: 0.91 ± 0.47 Hz; n = 14;

inflammatory pain model rats: 2.1 ± 0.85 Hz; n = 16;

t23.8 = 4.7, p < 0.001, Welch’s t-test). Recordings were

obtained from putative lamina X neurons, and there was

no difference at an average depth from the surface

(naı̈ve rats: 1106.57 ± 135.98 mm; n = 14;

inflammatory pain model rats: 1125.63 ± 141.07 mm;

n = 16; t28 = 0.38, p = 0.71, unpaired t-test). Bath-
applied NE to the spinal cord slices (5 min) in the naı̈ve

rats did not have statistically significant effects on

spontaneous neuronal firing on the putative lamina X

neurons of the spinal cord (n = 14; F4, 65 = 2.1,

p = 0.085, one-way ANOVA, Fig. 2A). Contrarily, bath-

applied NE to the spinal cord slices (5 min) in

inflammatory pain model rats significantly decreased

spontaneous neuronal firing on the putative lamina X of

the spinal cord; the maximal effect was observed 10 min

after NE treatment, and this was gradually closer to the

baseline level (n = 16; F4, 36.6 = 14.9, p < 0.001,

Welch’s ANOVA followed by Games-Howell post-hoc

comparison. Fig. 2B). These results indicated that NE

inhibits spinal neuronal activity on putative lamina X

neurons in inflammatory pain model rats under in vivo

conditions, which may contribute to analgesia against

inflammatory pain.
NE does not affect miniature EPSCs (mEPSCs) on
spinal lamina X neurons in inflammatory pain model
rats

Our immunohistochemical and in vivo extracellular

recording experiments suggest that NE induces

analgesia against inflammatory pain through inhibition of

the neuronal activity in lamina X of the spinal cord.

However, the cellular mechanisms of nociceptive

transmission caused by NE on spinal lamina X is still

unknown; therefore, we subsequently investigated the

effect of NE on synaptic transmission on the spinal

lamina X under inflammatory pain using in vitro patch-

clamp recordings.

First, we investigated whether NE affects excitatory

synaptic transmission on lamina X neurons. Miniature

EPSCs were isolated by adding TTX. Similar to our

previous results (Ohashi et al., 2019), bath-applied NE

(2 min) induced an outward current whose average peak

amplitude was 11.9 ± 8.3 pA (n = 6; Fig. 3), while it did

not affect the mean mEPSCs frequency (Control: 6.1 ± 6.

0 Hz; NE: 6.0 ± 5.8 Hz, 98.3 ± 14.1% of Control; n = 6;

Z = �0.67, p = 0.50, Wilcoxon rank-sum test; Fig. 3) or

amplitude (Control: 17.8 ± 6.3 pA; NE: 17.4 ± 6.0 pA,

97.7 ± 4.8% of Control; n=6; Z= �1.36, p=0.17, Wil-

coxon rank-sum test; Fig. 3). These results indicated that

NE does not affect excitatory synaptic transmission on

lamina X neurons.
NE facilitates miniature IPSCs (mIPSCs) frequency
and induces an outward current on spinal lamina X
neurons in inflammatory pain model rats

We next investigated whether NE affects inhibitory

synaptic transmission on spinal lamina X neurons.



Fig. 1. Norepinephrine (NE) suppressed phosphorylated extracellular signal-regulated kinase (pERK) on spinal lamina X in inflammatory pain

model rats. Representative images of pERK-positive neurons on slices of spinal lamina X. Images corresponding to (A) naı̈ve rats (n = 6) and (B)
inflammatory pain model rats in the presence of Krebs solution (n = 6). (C) Images showing inflammatory pain model rats after direct application of

NE to the lamina X of the spinal cord horn for 2 min (n = 6). (D) Graph representing the number of pERK-positive neurons on lamina X, which are

dorsal to the central canal on the ipsilateral side of complete Freund’s adjuvant injection. Data presented using a box and whisker plot. Circles

represent each individual data point. *P < 0.05, Welch’s analysis of variance with a Games–Howell post-hoc comparisons.
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Miniature IPSCs were isolated by adding TTX. NE (2 min)

increased mean mIPSCs frequency (Control: 1.0 ± 1.0

Hz; NE: 1.5 ± 1.2 Hz, 151.9 ± 126.8% of Control;

n = 8; Z = 2.53, p = 0.012, Wilcoxon rank-sum test;

Fig. 4) but did not affect mean mIPSCs amplitude

(Control: 18.2 ± 3.9 pA; NE: 18.3 ± 3.4 pA,

101.0 ± 4.6% of Control; n = 8; t14 = �0.048,

p = 0.78, paired t-test; Fig. 4).
Fig. 4 shows the effect of NE on the cumulative

distribution of mIPSCs amplitudes and inter-event

intervals. NE shifted the cumulative distribution of the

inter-event intervals to the left compared to the control,

(Kolmogorov–Smirnov test, P � 0.01; Fig. 4), while NE

had no effect on the cumulative distribution of the

amplitudes. NE also induced an outward current (peak

amplitude: 5.5 ± 3.1 pA; n = 8; Fig. 4) in the lamina X

neurons. These results indicated that NE facilitates

presynaptic inhibitory transmission on spinal lamina X

neurons in inflammatory pain model rats.
NE-induced increases in mIPSCs frequency and
outward current are inhibited through a1A- and a2-
receptors on spinal lamina X neurons in inflammatory
pain model rats

According to our previous study using naı̈ve rats (Ohashi

et al., 2019), NE increased mean mIPSCs frequency

through a1A-receptors and induced an outward current

through a2-receptors. Therefore, we next investigated,

using inflammatory pain model rats, whether these NE-

induced facilitation of mIPSCs and outward current on

spinal lamina X neurons is inhibited by a1A- and a2-
receptor antagonists, similar to the response using naı̈ve

rats. In the presence of the a1A-receptor antagonist WB-

4104 and a2-receptor antagonist yohimbine, we did not

observe any NE-induced increase in mIPSCs frequency

(Control: 1.1 ± 0.7 Hz; NE: 1.0 ± 0.7 Hz, 94.7 ± 5.3%

of Control; n = 8; Z = �1.37, p = 0.17, Wilcoxon

rank-sum test; Fig. 5) or amplitude (Control: 15.4 ± 2.0



Fig. 2. Direct norepinephrine (NE) application to the spinal cord suppresses spinal spontaneous firing on putative lamina X neurons in inflammatory

pain model rats. Direct NE (20 lM, 5 min) application to putative lamina X neurons of the spinal cord in the naı̈ve rats did not have statistically

significant effects on spontaneous neuronal firing (n = 14, p = 0.085, one-way analysis of variance (ANOVA); (A)), but in inflammatory pain model

rats, it significantly decreased spontaneous neuronal firing (n = 16, p < 0.001, Welch’s ANOVA followed by Games–Howell post-hoc comparison;

(B)). **P < 0.01 for comparisons with control. Data are presented using a box and whisker plot. Circles represent each individual data point.
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pA; NE, 15.5 ± 2.0 pA; 100.9 ± 2.3% of Control; n = 8;

t14 = �0.13, p = 0.90, paired t-test; Fig. 5) or an NE-

induced outward current (0.53 ± 2.0 pA; n = 8; Fig. 5).

Considering our previous study (Ohashi et al., 2019),

these results indicated that NE might facilitate inhibitory

transmission on spinal lamina X through a1A-receptors
and induce an outward current through a2-receptors in

inflammatory pain model rats.

All results of statistical analysis for evaluating data

normality and equality of variance between the groups

are shown in a Supplementary Table 1 (Table S1).
DISCUSSION

This study aimed to investigate the contribution of NE for

nociception on spinal lamina X under inflammatory pain

using immunohistochemical and electrophysiological

experiments. In the immunohistochemical experiments,

we demonstrated that NE acts on spinal lamina X and

suppresses pERK activation evoked by inflammatory

pain; in the electrophysiological experiments, we also

demonstrated that NE suppresses spinal spontaneous

firing on putative lamina X neurons evoked by

inflammatory pain, facilitates mIPSCs frequency, and

induces an outward current. These NE-mediated

responses acted through a1A- and a2-receptors.
Decreased inhibitory tone in lamina X circuitry under
inflammatory pain

To compare with our previous study on mIPSCs using

in vitro electrophysiological recordings (Ohashi et al.,

2019), we did not investigate spontaneous IPSCs so as

not to directly evaluate the response between sponta-

neous neuronal firing with in vivo extracellular recording

and sIPSCs with in vitro electrophysiological recordings.

We also did not compare spontaneous IPSCs between

naı̈ve and inflammatory pain model rats using in vitro
electrophysiological recordings. However, in this study,

in vivo extracellular recording showed that the frequency

of spontaneous neuronal firing on putative lamina X neu-

rons in inflammatory pain model rats was significantly

increased compared to that in naı̈ve rats; but in vitro
patch-clamps showed that the mIPSCs frequency of

baseline on lamina X neurons in inflammatory pain model

rats was much smaller than that in naı̈ve rats (naı̈ve rats:

1.9 ± 0.9 Hz; Ohashi et al., 2019). We consider that the

difference in baselines of mIPSCs frequency between

naı̈ve and inflammatory pain model rats in our study is

caused by the loss of inhibitory interneurons on lamina

X neurons under inflammatory pain condition. Similar

phenomena are seen in several previous reports using

electrophysiological experiments on superficial spinal dor-

sal horn. For example, it is reported that spontaneous

IPSCs frequency on SG neurons was decreased under

inflammatory pain condition and spinal cord injury



Fig. 3. Norepinephrine (NE) does not affect miniature excitatory postsynaptic currents (mEPSCs) on

spinal lamina X in inflammatory pain model rats. Norepinephrine (20 lM, 2 min) does not affect mean

mEPSCs frequency or amplitude, while NE induces an outward current (n = 6). Downward arrows

indicate outtakes of the top trace shown on an expanded timescale. TTX, tetrodotoxin.
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(Kopach et al., 2015; Kopach et al., 2017). It is also

reported that glycinergic mIPSCs frequency on spinal

lamina I neurons was significantly reduced by peripheral

inflammation and neuropathic pain (Müller et al., 2003;

Chiu et al., 2016). These cellular mechanisms altering

inhibitory neurotransmission under inflammatory and neu-

ropathic pain have not yet been studied detail, but it is

considered that the inflammatory pain and neuropathic

pain induce necrotic and/or apoptotic cell death among

inhibitory interneurons, resulting in a loss of GABAergic

and glycinergic inhibition of the spinal superficial dorsal

horn neurons. Indeed, previous studies reported a loss

of GABA neurons in the dorsal horn due to nerve injury

(Castro-Lopes et al., 1993; Ibuki et al., 1997; Eaton

et al., 1998; Moore et al., 2002). It is also reported that

presynaptic excitatory drive following nerve injury was

reduced to GABA neurons (Leitner et al., 2013). However,

other studies reported that loss of inhibitory interneurons

is not necessary for the development of chronic pain con-

ditions (Polgár et al., 2003; Polgár et al., 2004; Polgár and

Todd, 2008). Therefore, we could not exactly conclude

the mechanism underlying the decreased mIPSCs fre-

quency on lamina X neurons under inflammatory pain in

our study. We also did not investigate using sham

vehicle-injected animals, and there is a possibility that

the baseline level of inhibition is different among naı̈ve,

sham, and inflammatory pain model rats. Taken together,
we consider that a further study is

needed to reveal these

mechanisms.

NE acting at presynaptic axon
terminals of inhibitory
interneurons contributes to
inhibition of nociceptive
transmission on spinal lamina X
against inflammatory pain

In this study, we demonstrated that

NE increased mIPSCs frequency

in inflammatory pain model rats,

and these NE-induced responses

are similar to those obtained in

previous studies in spinal lamina

X in naı̈ve rats (Ohashi et al.,

2019). As described, NE is one of

the most important neurotransmit-

ters for nociceptive synaptic trans-

mission, and NE-contained fibers

emanating from the brain terminate

in the spinal cord through the

descending pain inhibitory path-

ways, which contributes to inhibit

the nociception at the spinal level.

Indeed, antidepressants, such as

serotonin NE reuptake inhibitors,

which are clinically used as a rep-

resentative medicine against neu-

ropathic pain treatment, induce

analgesia by inhibiting reuptake of

NE, which leads to an increase in

NE in the spinal dorsal cord
(Chen et al, 2017; Ito et al, 2018). However, a previous

study reported that retrograde viral vector-mediated inhi-

bition of pontospinal NE neurons produced no change in

thermal hyperalgesia, nociceptive behaviors, and spinal

c-Fos expression, which is a marker of neuron activation

and indicator of pain in the spared nerve injury model of

neuropathic pain (Howorth et al, 2009). On the contrary,

that study reported that these responses were observed

in inflammatory pain model rats (Howorth et al, 2009).

Therefore, to investigate whether NE inhibits nociceptive

transmission on spinal lamina X, we chose inflammatory

pain model rats in this study. As a result, in the electro-

physiological experiments, we demonstrated that NE sup-

presses spinal spontaneous firing on putative lamina X

neurons and facilitates mIPSCs frequency. We also

demonstrated in immunohistochemical experiments that

NE suppresses pERK activation on lamina X neurons

evoked by inflammatory pain. It is known that pERK acti-

vation is rapid after stimulation but returns to baseline

gradually (Gao and Ji, 2009). In our study, pERK activa-

tion was detected without external stimulation and took

10 min to apply NE to the spinal cord. Considering the

characteristics of pERK activation as described previ-

ously, it would take more time for NE to reach adequate

bath concentration and action, and the number of

pERK-positive neurons would be expected to reduce fully

after an extended period (>10 min). Taken together, it



Fig. 4. Norepinephrine (NE) facilitates miniature inhibitory postsynaptic current (mIPSC) frequency

and induces an outward current on spinal lamina X in inflammatory pain model rats. Norepinephrine

(20 lM, 2 min) increases mIPSCs frequency (n = 8; *P < 0.05, Wilcoxon rank-sum test) but did not

affect the mean mIPSCs amplitude (n = 8; P > 0.05, paired t-test) on spinal lamina X neurons in

inflammatory pain model rats. Cumulative distribution graphs of mIPSC inter-event intervals and

amplitudes are shown, and NE shifted the cumulative distribution of the inter-event intervals to the left

compared to the control (Kolmogorov–Smirnov test, **P < 0.01), while it had no effect on the

cumulative distribution of the amplitudes. Norepinephrine also induced an outward current in lamina X.

Downward arrows indicate outtakes of the top trace shown on an expanded timescale. TTX,

tetrodotoxin.
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can be considered that NE acting at presynaptic axon ter-

minals of inhibitory interneurons contributes to inhibition

of nociceptive transmission on spinal lamina X against

inflammatory pain.

Moreover, it is known that visceral afferent sensory

information is innervated to lamina X neurons (Ness and

Gebhart, 1987; Eijkelkamp et al., 2007; Deuchars and

Lall, 2015). Therefore, it is thought to be important for vis-

ceral nociceptive inputs that lamina X neurons in the lum-

bosacral cord play an important role in male sexual

function, but the detailed function of lamina X neurons

remains poorly understood. We consider that further

research of lamina X might be needed to confirm these

speculations of NE.
Mechanism of NE on spinal
lamina X neurons under
inflammatory pain

NE-contained fibers emanating

from the brainstem terminals

(Dahlstrom and Fuxe, 1965) termi-

nate in not only SG neurons but

also lamina X neurons through

the descending pathways. Con-

trary to our previous study

(Ohashi et al., 2019), we did not

investigate the mechanism of NE-

mediated responses using a1A-
and a2-receptor antagonists sepa-

rately in this study. Therefore, we

did not elucidate exactly, but this

is a series of experiments with our

previous study (Ohashi et al.,

2019); then, we proposed the

mechanism of NE on spinal lamina

X under inflammatory pain for the

following circuit model (Fig. 6). As

described above, under inflamma-

tory pain, there is a possibility that

a decreased inhibitory tone is a

pain mechanism characteristic for

all nociceptive-processing spinal

regions, including lamina X. First,

NE might act at the presynaptic

inhibitory interneuron terminals to

facilitate inhibitory transmission

through a1A-receptors. Second,

NE might induce neurons located

in or around lamina X membrane

hyperpolarization through postsy-

naptic a2-receptors. In general, it

is known that inhibitory interneu-

rons contain GABA and glycine,

which are important for sensory

processing, especially in spinal

pain modulation (Yaksh, 1989;

Sivilotti and Woolf, 1994; Dirig

and Yaksh, 1995; Simpson et al.,

1997). It is known that GABA and

glycine exist in spinal lamina X

(Barber et al., 1982; Seddik et al.,

2007). Therefore, we suggest that

NE acts on inhibitory interneurons
of spinal lamina X to facilitate inhibitory transmission

against inflammatory pain. Furthermore, the data that

NE-induced outward in our results were derived from

recording neurons, which are unidentified neurons

located in or around lamina X. There is a high possibility

that these recording neurons are excitatory neurons

because it is known that they are more prevalent than

inhibitory neurons in the central nervous system and

spinal cord. Therefore, the finding that NE induced an out-

ward response in our results might be mediated through

the excitatory neurons, and this membrane hyperpolariza-

tion might contribute to analgesia. Considering these

mechanisms, we conclude that NE restores the inhibitory



Fig. 5. Norepinephrine (NE)-induced increases in miniature inhibitory postsynaptic currents

(mIPSCs) frequency and outward current are inhibited through a1A- and a2-receptors in spinal

lamina X in inflammatory pain model rats. In the presence of the a1A-receptor antagonist WB-4104

and a2-receptor antagonist yohimbine, an NE-induced increase in mIPSCs frequency and outward

current was inhibited (n = 8; P > 0.05, Wilcoxon rank-sum test). TTX, tetrodotoxin; WB-4101, 2-

[(2,6-Dimethoxyphenoxyethyl) aminomethyl]-1,4-benzodioxane (WB-4101; 0.5 lM).
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tone of the spinal lamina X circuitry, thereby increasing

the release of inhibitory neurotransmitters, hyperpolariz-

ing excitatory neurons, and contributing to analgesia

against inflammatory pain.

Previous studies using in vitro patch-clamps

recordings have reported that NE acts on SG neurons

to inhibit nociceptive transmission, whose synaptic

mechanisms induced by NE are similar in lamina X

(Baba et al., 2000a, b; Ohashi et al., 2019). Similarly,
Fig. 6. Mechanism of norepinephrine (NE) in spinal lamina X under inflammatory pain. Under inflamma

neurons may cause a loss of inhibitory interneurons. NE acts at the presynaptic inhibitory interneuron

transmitter release and induces neurons located in or around lamina X membrane hyperpolarization. CC
another previous study using

in vivo whole-cell patch-clamps

recordings reported that antinoci-

ceptive effects of NE originating

from the descending pathway are

mediated by the action on SG neu-

rons through presynaptic sites,

which reduce noxious stimuli-

induced EPSCs and postsynaptic

sites, inducing hyperpolarizations

(Sonohata et al., 2004). However,

previous in vivo electrophysiologi-

cal analyses have been performed

only on SG neurons involved in

pain (Bennett et al., 1980; Woolf

and Fitzgerald, 1983; Light and

Kavookjian, 1988; Furue et al.,

1999; Kiguchi et al., 2020) because

the deeper regions, such as lam-

ina X, could be evaluated only by

slice preparation or ex-vivo prepa-

ration (Phelan and Newton, 2000;

Bradaia and Trouslard, 2002;

Krotov et al., 2017). However, a

group recently reported that they

have succeeded in establishing a

novel technique for recording the

in vivo electrical response of spinal

lamina X neurons (Oti et al., 2021;
Uta et al., 2021). Using this novel technique, we revealed

that the spontaneous neuronal firing on the putative lam-

ina X is increased under inflammatory pain and that these

responses are inhibited by NE. These results suggest that

NE inhibits spinal neuronal activity on putative lamina X

neurons in inflammatory pain model rats in vivo, which
may contribute to analgesia against inflammatory pain.

To the best of our knowledge, we believe that this is the
tory pain, there is a possibility that lamina X

terminals on lamina X to facilitate inhibitory

, central canal; DRG, dorsal root ganglion.
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first report that revealed the mechanism of the analgesic

effect of NE under pain conditions using in vivo recordings

from spinal lamina X neurons. Taken together, we

demonstrated that NE acts on not only SG neurons but

also lamina X neurons to inhibit nociception under pain

using in vitro and in vivo electrophysiological recordings.

In this study, we tried to take cell samples as evenly

as possible from individual animals but acquired multiple

samples from individual animals and then used these

without within-subject averaging. We also assessed

non-independent data into our statistical analysis. A

previous study pointed out that these techniques

concern the collection of multiple observations from one

cell, thereby yielding nested data (Aarts et al., 2014).

Therefore, we consider that the electrophysiological

experiments in our study are limited by design. However,

we demonstrated that NE might act at the presynaptic

axon terminals of inhibitory interneurons on putative lam-

ina X to facilitate inhibitory transmission through a1A-
receptors and induces neurons located in or around lam-

ina X membrane hyperpolarization through postsynaptic

a2-receptors. These mechanisms suggest that NE

restores inhibitory tone of the spinal lamina X circuitry,

thus contributing to analgesia against inflammatory pain.
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