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The potent analgesia of intrathecal 2R, i

6R-HNK via TRPAT1 inhibition in LF-PENS-induced
chronic primary pain model
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Abstract

Background Chronic primary pain (CPP) is an intractable pain of unknown cause with significant emotional dis-
tress and/or dysfunction that is a leading factor of disability globally. The lack of a suitable animal model that mimic
CPP in humans has frustrated efforts to curb disease progression. 2R, 6R-hydroxynorketamine (2R, 6R-HNK)

is the major antidepressant metabolite of ketamine and also exerts antinociceptive action. However, the analgesic
mechanism and whether it is effective for CPP are still unknown.

Methods Based on nociplastic pain is evoked by long-term potentiation (LTP)-inducible high- or low-frequency elec-
trical stimulation (HFS/LFS), we wanted to develop a novel CPP mouse model with mood and cognitive comorbidi-
ties by noninvasive low-frequency percutaneous electrical nerve stimulation (LF-PENS). Single/repeated 2R, 6R-HNK
or other drug was intraperitoneally (i.p.) or intrathecally (i.t.) injected into naive or CPP mice to investigate their anal-
gesic effect in CPP model. A variety of behavioral tests were used to detect the changes in pain, mood and memory.
Immunofluorescent staining, western blot, reverse transcription-quantitative real-time polymerase chain reaction
(RT-gPCR) and calcium imaging of in cultured dorsal root ganglia (DRG) neurons by Fluo-8-AM were used to elucidate
the role and mechanisms of 2R, 6R-HNK in vivo or in vitro.

Results Intrathecal 2R, 6R-HNK, rather than intraperitoneal 2R, 6R-HNK or intrathecal S-Ketamine, successfully
mitigated HFS-induced pain. Importantly, intrathecal 2R, 6R-HNK displayed effective relief of bilateral pain hypersen-
sitivity and depressive and cognitive comorbidities in a dose-dependent manner in LF-PENS-induced CPP model.
Mechanically, 2R, 6R-HNK markedly attenuated neuronal hyperexcitability and the upregulation of calcitonin gene-
related peptide (CGRP), transient receptor potential ankyrin T (TRPAT1) or vanilloid-1 (TRPV1), and vesicular glutamate
transporter-2 (VGLUT2) in peripheral nociceptive pathway. In addition, 2R, 6R-HNK suppressed calcium responses
and CGRP overexpression in cultured DRG neurons elicited by the agonists of TRPAT or/and TRPV1. Strikingly,

the inhibitory effects of 2R, 6R-HNK on these pain-related molecules and mechanical allodynia were substantially
occluded by TRPAT antagonist menthol.

*An-Ran Liu, Zhen-Jia Lin and Ming Wei co-first authors, contributed equally
to this work.

*Correspondence:

ZhiTan

tanzhi@mail.sysu.edu.cn

Li-Jun Zhou

zhoulij3@mail.sysu.edu.cn

Xia Feng

fengxia@mail.sysu.edu.cn

Full list of author information is available at the end of the article

©The Author(s) 2023. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativeco
mmons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s10194-023-01667-1&domain=pdf

Liu et al. The Journal of Headache and Pain (2023) 24:141

Page 2 of 27

Conclusions In the newly designed CPP model, our findings highlighted the potential utility of intrathecal 2R,
6R-HNK for preventing and therapeutic modality of CPP. TRPA1-mediated uprgulation of CGRP and neuronal hyperex-
citability in nociceptive pathways may undertake both unique characteristics and solving process of CPP.

Highlights

1) We first establish the CPP mouse model by LF-PENS to mimic nociplastic pain.
2) Intrathecal 2R, 6R-HNK effectively alleviates LF-PENS-induced CPP in mouse models by inhibiting TRPA1 in DRG

neurons.
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Background

Chronic primary pain is the first subcate-
gory of chronic pain that cannot be unaccounted by
chronic secondary conditions and is characterized by
severe functional interference or emotional distress [1].
The diagnostic code for CPP in the 11th revision of the
International Statistical Classification of Diseases and
Related Health Problems (ICD-11) is MG30.0, which
includes chronic widespread pain (such as fibromyal-
gia), complex regional pain syndrome (CRPS), chronic
primary headache or orofacial pain [such as chronic
migraine, trigeminal autonomic pain, chronic burn-
ing mouth syndrome (BMS)], chronic primary visceral
pain [e.g. irritable bowel syndrome (IBS), chronic pel-
vic pain], and chronic primary musculoskeletal pain
[e.g. nonspecific low back pain [2]. It is a global public
health problem, and some types are relatively common
and rank high for the health metric of estimated years
lived with disability. However, the lack of a clear under-
lying etiology and suitable noninvasive animal models
have hindered the exploration of the pathogenesis of
CPP and the development of prevention and treatment
interventions.

Nociplastic pain is functional pain defined as altered
nociception without evidence of tissue or somatosensory
damage [3]. Mechanistically distinct from nociceptive
and neuropathic pain, it is more suitable to underlie CPP
conditions [4]. The IASP clinical criteria and grading sys-
tem for nociplastic pain replaced the 2014 clinical criteria
for predominant central sensitization pain affecting the
musculoskeletal system [5], suggesting that nociplastic
pain is a label to patients having a predominant central
sensitization pain. Our previous Cell Rep study reported
that LTP-inducible electrical stimulation (10 V high-fre-
quency or low-frequency) simulate ectopic discharge in
spinal dorsal horn (SDH) without significant nerve injury
caused nociplastic pain, suggesting that central sensi-
tization can directly cause chronic pain [6]. However,

this model still bears a certain degree of skin and muscle
damage. Based on these, it is necessary to establish a gen-
eral and suitable animal model to study the pathogenesis
of CPP as well as new drugs to control it.

Ketamine, a general anesthetic agent and N-methyl-
D-aspartate receptor (NMDAR) antagonist, represents
a promising modality for the management of periopera-
tive pain and refractory chronic pain [7]. However, the
well-known psychoactive action, cognitive impairment
and neurotoxicity restrict the clinical usefulness of keta-
mine. Besides, ketamine and its metabolites have rapid-
acting antidepressant effects [8—10]. Ketamine metabolite
2R, 6R-HNK stands out to be putative rapid antidepres-
sant drug candidate [11]. Compared with ketamine, 2R,
6R-HNK produces nearly non-existent ketamine-related
side-effects [7, 10] due to its low NMDAR-binding affin-
ity [12—14]. Thus, huge interest has grown regarding 2R,
6R-HNK. More surprisingly, several recent lines of evi-
dence have reported its potent analgesic actions when
administered ip. or intranasally in animal models of
acute/chronic inflammatory and neuropathic pain [15—
18]. However, the mechanism of 2R, 6R-HNK on pain
relief has still remained a mystery. Considering the anal-
gesic and central inhibitory effects of 2R, 6R-HNK, its
application and development prospects in CPP are worth
exploring.

In the present study, we reported that long-lasting
mechanical, thermal hypersensitivity and comorbid anxi-
ety, depression and cognitive disorders in a new CPP
mouse model induced by LF-PENS. Combining in vivo
experiments and in vitro calcium imaging in cultured
DRG neurons, we investigated the role of i.t. adminis-
tration of 2R, 6R-HNK in this model, and explored the
possible molecular targeting mechanism. In general, our
present study not only established a new noninvasive ani-
mal model of CPP, but also provided important insights
into the analgesic effects of intrathecal 2R, 6R-HNK and
its mechanism.
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Materials and methods

Animals

C57BL/6 female mice 7-8 weeks old (Guangdong Medi-
cal Laboratory Animal Center, China) were pre-habitu-
ated to animal facilities (a 12/12 light dark cycle, 23+1
°C, and ad libitum food and water) for one week prior to
experimental and behavioral testing. Previous evidences
have shown that ketamine exerts enhanced antidepres-
sant actions in female rodents compared to males [19,
20]. In addition, 2R, 6R-HNK in the brains of female mice
is approximately three times higher compared to that of
males when the levels of ketamine and norketamine were
equivalent [10]. Therefore, only female mice were cho-
sen in this study. Excluding cell experiments, a total of
220 mice were used in the in vivo experiments. The ani-
mals used in different experimental processes are shown
in Table 1. Some animals that violated the guidelines of
tests were excluded from results (e.g., showed no interest
in any object during the New-object recognition test). All
the behavioral tests were performed by two experiment-
ers, one blinded to drugs and/or surgical treatments. The
experimental protocols and animal handling procedures
were approved by the Institutional Animal and Use Com-
mittee (IASUC), Sun Yat-sen University (Nos. SYXK
(yue) 2017-0081 and 2022-0081).

Table 1 The animals used in different experimental processes
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Drug administration

The drugs included 2R, 6R-HNK (SML1873, Sigma, USA),
S-Ketamine (Esketamine, Jiangsu Hengrui Medicine
Co., Ltd, China), formaldehyde (252,549, Sigma-Aldrich,
USA), menthol (M2772, Sigma), Allyl-isothiocyanate
(HE-3277, Beijing Henghui Bio Co., China), capsaicin
(21,750, Sigma), capsazepine (GC17918, Glpbio, USA),
KCL (P816354, Macklin, China) or vehicle (saline in vivo
or HHBS in vitro).

It has been reported that i.p. injection (10 mgkg™) of
2R, 6R-HNK also turn out to be more effectively anal-
gesic than ketamine in nerve-injury neuropathic pain,
postoperative pain and CRPS pain models in preclinic
study via a p-opioid receptor-independent pathway [18],
making it a putative anodyne candidate either. Besides,
studies have shown that 2R, 6R-HNK concentrations in
plasma and brain tissue rapidly peak within 30 min after
intravenous (i.v.)/per os (p.o.) administration and then
decline fast, which is similar to the liver metabolic phar-
macokinetic properties of Ketamine and its high lipid
solubility [14, 21]. Based on the previous study, 7 ~21 uM
i.t. injection of 2R, 6R-HNK is equivalent to i.p. injec-
tion of 10 mg-kg™" [22], which is also the concentration
for antidepressants [10, 23]. Therefore, to figure out the
inhibitory effect of 2R, 6R-HNK on spinal nociception on

Animals Usage Size
HFS- Sham 3 w (5); HFS 3 w (5); Verification of the role of intrathecal 2R, 6R-HNK n=>55
induced HFS 3 w+HNK(15). on HFS-induced acute or chronic pain (n =5, Fig.
acute or Sham 7 d (5); HFS 7 d (5); ).
chronic Ket+HFS 7 d (10);
pain model ~ HNK+HFS 7 d (10).
Long-term  Saline 30 d (12); LF-PENS 30 Long-term behavior tracking (n = 5~14, Figs. 2-3). n=>52
tracking of  d (12); LF-PENS 30 d+21 pM
CPP model HNK (14); LF-PENS 30 d+42 Immunofluorescent staining & Western blot : brains
UM HNK (14). (n=12, 14, Fig. 4c), DRGs and SDHs (n = 12, 14,
Figs. 6-7).
These animals also experienced behavioral tests.
Short-term Saline 4 d (5); LF-PENS 4 d  Short-term behavior tracking (n = 5~7, Fig. 5a-¢). n=93
tracking of (7); LF-PENS 4 d+21 uM
CPP model  HNK (7); LF-PENS 4 d+42
UM HNK (6).
Saline 3 h (16); LF-PENS 3h Immunofluorescent staining : brains (n = 5, Fig. 4a),
(14); 21 pM HNK+LF-PENS DRGs and SDHs (n =5, Figs. 5-7);
3 h(5); 42 uM HNK+LF-
PENS 3 h (14). Western blot : DRGs and SDHs (n =3, Fig. 7);
Quantitative RT-PCR: DRGs (n = 6~8, Figs. 6-7).
Saline 1 d (7); LF-PENS 1 d  Quantitative RT-PCR: SDHs (n = 6, 7, Fig. 7b).
(6); 42 uM HNK+LF-PENS 1
d (6).
Verification of ~ Saline 15 d (5); LF-PENS 15  Reverification of the contribution of TRPA1 to the n=20
mechanism d (5); LF-PENS 15 2R,6R-HNK’s effect (n =5, Fig. 10d, e).
d+HNK/menthol (10).
Total n=220
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CPP mouse model, we not only examined the antinocic-
eptive effects of i.t. (7, 21 and 42 uM) and traditional i.p.
(10 mgkg™) administrations, but also compared their
actions with S-Ketamine. As for the calcium imaging and
cell cultures, our medicine timing and dosage referred to
previous literature [24, 25] and were described in detail
below.

Adult female mice (20+2 g) were anesthetized with
1.5% isoflurane and injected intrathecally with differ-
ent drugs in a volume of 10 pl with a Luer-Tip Hamilton
syringe at the level of the pelvic girdle. Given that cere-
brospinal fluid volume was about 200 pl in each mouse,
intrathecal drugs were formulated to 20 times the work-
ing concentration in saline, divided and stored at -20 °C
before injection. Menthol (420 pM i.t.; 300 uM in vitro)
was conserved in equal proportion as effective 2R,
6R-HNK concentration (42 pM i.t.; 30 uM in vitro) from
vitro to vivo.

HFS-induced acute and chronic pain model

Protocols of surgical preparation for HFS-induced acute
(within 7 days) and chronic (more than 2 weeks) pain
model in mice have been described in our previous study
[6]. Briefly, mice were anesthetized with 2% isoflurane
anesthesia and the left sciatic nerves were dissected for
electrical stimulation with Pt electrodes. HFS at 10 V
(HFS: 100 Hz, 0.5 ms, 100 pulses given in 4 trains of 1 s
duration at 10 s intervals) was delivered to the left sci-
atic nerve. In the sham group, only the sciatic nerve was
exposed. At the end, the muscle and skin were sutured in
two layers.

LF-PENS-induced acute and chronic pain model

To improve HFS-induced acute and chronic pain model
without skin and muscle injuries, we chosen low-fre-
quency percutaneous electric nerve stimulation (2 Hz,
0.5 ms, 10V, a total of 120 pulses within 1 min) to induce
acute and chronic pain model for CPP. Under 2% isoflu-
rane anesthesia, the back skins of mouse left thigh were
shaved and LF-PENS was percutaneously delivered to the
popliteal fossae with Pt electrodes. Saline controls were
only shaved after anesthesia.

Mechanical sensitivity (von Frey) test

Mice had been continuously acclimated to the test envi-
ronment and the experimenter for 0.5 h since 3 d prior
to formal test. To test mechanical allodynia, mice were
placed in the 10x10x10 cm?® isolation rooms on ele-
vated wire grid for 0.5 h to be peaceful but not sleepy. A
set of von Frey filaments (0.04-1.4 g; North Coast medi-
cal, USA) was used to mechanically stimulate the plantar
surface. Each filament was applied vertically to the lateral
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and medial plantar surface of the paw, and withdrawal
response evoked in up to 5 s/at least one of five repeti-
tive stimuli was positive. Mechanical paw withdrawal
threshold (PWT) was determined using the up-down
method. Mice with pre-surgery/treatment basal thresh-
old (Bas) less than 0.6 g were excluded [26]. We used
analgesic efficiency to evaluate the inhibition efficiency of
the drug. Rate of change in mouse PWT = (In2In(PWT))/
(In2 - In0.02) X 100, analgesic efficiency=(PW'T change
rate in model group—PW T change rate in treated group)
/ PWT change rate in model group x 100.

Open field test (OFT)

The mice had been given pre-adaption for 0.5 h per day in
a 40X 40 x40 cm? open acrylic box in the last 3 d before
test. During the formal experiment, mice were put in the
center of the open field or facing the wall. Their tracks,
average speeds and times both in the central (30x30
cm?) and peripheral area within 10 min were recorded
and analyzed with the tracking software.

Hargreaves test

Hargreaves test was measured by the Plantar Test
Apparatus (390G, IITC Life Science, USA). Mice had
been given pre-adaption in single home cages about
15x15x15 cm?® for 1 h per day since 3 d before test.
Radiation intensity was adjusted to 30, so that the heating
temperature reaches about 52~55 °C within 20-s-trial
[27]. In the formal experiment, the mice were placed in
the isolation rooms on glass for 0.5 h. With the aiming
spot of the transmitter aiming at the middle of foot, the
irradiation was turned on, and the latency of shrink-
ing, lifting, licking feet, or jumping was recorded (no
response during trials was recorded as 20 s). The test
would be repeated 3 times on each rodent foot after no-
less-than-5-min interval.

Tail-flick test

To further evaluate CPP thermal pain, tail-flick test, a
commonly used measure of nociception in animals [28],
was also performed in this study. The positive tail with-
drawal is not only a spinal reflex, but also involved higher
brain centers [29]. According to a previous study [26],
the cylinder limiter (50 ml) was used to limit mice in size
with their tails exposed. Mice were acclimated to the lim-
iter prior to formal test until not be obviously resisting
to enter and struggling inside. In the formal experiment,
the limiter was held in hand and closed by thumb, leav-
ing the tail hang down naturally. 1/3 to the distal of the
tail was drown into the thermostatic water bath (50 °C),
and the latency to evoked tail flick reaction within 15 s
was recorded (not-reaction was counted as 15 s). The
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experiments were repeated for 3 times at each tempera-
ture with an interval of more-than-1-min, and the tails
were wiped until dry at the end of each test.

Acetone test

After 3 d of continuous acclimatization, mice were placed
in the 10x10x 10 cm? isolation rooms on elevated wire
grid for 0.5 h to be peaceful but not sleepy. Then, acetone
in syringe was sprayed into the plantar surface of each
mouse through blunt-plastic-needle. The latency of reac-
tion and corresponding behavioral score were recorded
within 3 repeats between no-less-than-1-min interval
(foot lifting/shaking/shaving counted 1 while foot licking
counted 2, and 1 additionally counted for behavioral con-
tinuity) [26, 30].

Spontaneous pain behavior test

After acclimatization, mice were placed in single trans-
parent home cages about 15x15x 15 cm? to record the
spontaneous behaviors during 20-min-exploration/40-
min-resting period. According to a previous study
[31], spontaneous pain related behaviors of mice were
recorded and analyzed (foot retraction/ lifting counted 1
and licking counted 2).

Sucrose preference test (SPT)

Before SPT, mice were habituated to water depriva-
tion but food ad libitium for 24 h (from 8:00 PM on the
7%/20™ d after LF-PENS to 8:00 PM on 8"/21™ d). The
purpose of water deprivation is to increase the times
and total amount of liquid intake within 24 h of the test,
improve the difference among groups, and try to avoid
the error caused by insufficient intake. For the next
24 h, the mice were placed in individual compartments
(15x15% 15 cm®) separated by 0.5x 0.5 cm? wire in plas-
tic cages with adequate food and bedding materials, so
that the mice could sense and communicate with their
companions. Distilled water and 2% sucrose solution
were loaded in pairs of water feeder separately. The bot-
tles of sucrose solution/water were weighed before and
after the later 24-h test to calculate liquid consumption.
According to the previous study [27], preference was
defined as a percentage of sucrose intake to total volume
consumed during trials.

Tail suspension test (TST)

Mice were hanging over with tail stuck by medical tape
at 1 cm to the distal and body naturally hanged down,
and the distance from the fall protection is not less than
50 cm. Within 5 min their struggling and stable time
were recorded on a white background. Mice were also
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recorded as stationary due to inertial swing. If a mouse
successfully escaped by grasping its tail, the animal will
be excluded [32, 33].

Forced swimming test (FST)

The FST was performed in a transparent glass beaker
with inner diameter of 30 cm, containing water about
25 °C. Water was changed between rodents and water
level was no less than 20 cm for bottom contactless [27].
Animals would have 10 min swim-adaption 3 d before
test, and be forced swimming for 5 min in formal trials.
All mice would dry by electric fire and their behaviors in
test were recorded directly above the containers. The vid-
eos were then analyzed by tracking software.

New-object recognition test (NORT)

We performed NORT based on a previous study [34].
Since 3 d before test, the mice had been given pre-adap-
tion for 0.5 h per day in a 40x40x40 cm® open acrylic
box, and objects A and B with limited edges and corners
(balls and cylinders) were selected as new objects for
identification. In the formal experiment, two identical
objects A were fixed in the central area of the box about
10 cm apart, and mice were put into the box in turn facing
the wall. Combined with the trajectory tracking software,
the movement of mice within 5 min and their interacting
time with two objects were recorded (included sniffing,
pushing, climbing and other behaviors, and single inter-
action time less than 1 s was counted as 1 s). After tak-
ing out the mice, the ones who spent more time on were
reserved, while the other were replaced with new objects
B. The mice were put into the box once again facing the
box wall, and so did the recorder work. The box would be
wiped with 70% ethanol solution after each trial. Interact-
ing time to objects A and B within the latter 5 min were
analyzed to calculate the new object preference, which
was defined as a percentage of B-interacting time to total
interaction during trials.

Elevated plus maze test (EPMT)

In this experiment, pre-adaption was abandoned to
get rid of bias caused by memory. Mice were put in the
center of a plus maze (each arm 30x5 cm?), elevated
one meter above the floor with two face-to-face open
arms and two closed arms (with 20 c¢m-tall walls on
both sides) at less than 100 Ix. Each mouse was head-
ing to open arms at first and recorded with videotapes in
5 min. The plus maze would be wiped with 70% ethanol
solution after each trial. The times of rodents’ entrance
of different arena [35] were evaluated and statistically
analyzed.
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Immunofluorescent staining (IF)

Mice were perfused intracardially with 20 ml PBS (4 °C,
pH="7.4) followed by 20 ml 4% paraformaldehyde (PFA,
4 °C; Sigma) in PBS. Brains, L4 DRGs and L4 ~5 spinal
cord were harvested and post-fixed for 4~6 h. After
dehydration with 30% sucrose in PBS at 4 °C, all the tis-
sues were sliced into 25 pm (brain),16 pm (DRG),18 pm
(spinal cord) sections using a cryotome (CM3050S, Leica,
Germany), transferred on to Superfrost Plus Microscope
slides (FD Neuro Technologies, Inc, USA). After 3 washes
in PBS, the cultured DRG neurons on coverslips were
fixed with 4% PFA for 30 min and then washed in PBS
for another 3 times without dehydration. Next, the slices/
neurons were blocked with 5% donkey serum in 0.3%
Triton X-100 (Sigma) for 60/30 min at room tempera-
ture (RT), and then incubated for 18 h on cradle at 4 °C
with a mixture of primary antibodies: rabbit anti-c-Fos
antibody (1:500, 22508, Cell Signaling Technology (CST),
USA), rabbit anti-p-ERK antibody (1:500, 4370, CST),
mouse anti-GFAP antibody (1:500, 3670, CST), goat
anti-Ibal antibody (1:1000, ab5076, Abcam, USA), goat
anti-CGRP antibody (1:1000, NBP3-00520, Novus, USA),
mouse anti-CGRP antibody (1:2000, ab81887, Abcam),
rabbit anti-TRPA1 antibody (1:500, SAB2105082, Sigma),
rabbit anti-TRPV1 antibody (1:1000, GTX54762, Gene-
tex, USA), mouse anti-VGLUT2 antibody (1:100, MA5-
27,613, Invitrogen, USA). Following 3 washes, the
sections were then incubated with secondary antibodies
(Alexa Fluor 488, 555, 647; Life Technologies, USA) at RT
for 60 min and rinsed for another 60 min. The slices were
protected by Antifade Mounting Medium with DAPI
(P0131, Beyotime, China) under coverslips and fluores-
cent images were obtained with a fluorescence micro-
scope (EVOS FL, Thermo Fisher Scientific, USA).

The ranges of nuclei of interest were determined
by mouse brain atlas (for example, the ACC was
0.62~0.14 mm before bregma and other brain nuclei
were 1.46~1.94 after bregma). 5 mice were used for

Table 2 Primers for RT-gPCR in tissues and cells
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analysis in each group, and 4 slices with strong posi-
tive signal within the limited range of the nuclei (Fig. 4a,
red boxes) were blindly selected from the 6-10 stained
ones in each group for statistics. The total number of
c-Fos, p-CREB, p-ERK and other positive immunore-
active cells were calculated in each section by Image]
software (National Institutes of Health, Bethesda, MD).
According to the previous study [6], the intensity of the
positive immunoreactivity was quantified using relative
optical density (RelOD) by the Image] image processing.
The intensity in sample from sham, saline or control tis-
sues was set as 1 or 100% baseline. The IF quantitative
statistical methods in L4 DRGs and L4 ~5 SDHs were
the same as above.

RT-qPCR
L4 DRGs, L4~5 SDHs or cultured DRG neurons were
extracted and homogenized in RNAzol® RT (RN190-200,
MRC, China). RNA was isolated using RNAzol/double-
free water extraction and cDNA was prepared from total
RNA by reverse transcription reaction with Evo M-MLV
RT Premix (AG11706, Accurate Biology, China). qPCR
was performed with CEX 96 touch (C1000™, Bio-rad,
USA) using 2 X Master qPCR Mix SYBR Green I (TSE201,
TSINGKE, China) in following conditions: 95 °C for 30 s;
40 cycles of 95 °C for 5 s, 60 °C for 30 s and melting analy-
sis at last. Primers sequences were as follow (Table 2),
and relative mRNA expressions were normalized to Actb
in each group and the ratios from saline/sham/control
group were set as baseline 1.

Western blot (WB)

Mice were subjected to deep anesthesia by urethane, fol-
lowed by transcardial perfusion with cold PBS. Ipsilat-
eral L4~L5 DRGs and SDHs were carefully dissected,
homogenized, and sonicated in a lysis buffer containing
a protease inhibitor cocktail (Cat# P1045, Beyotime Bio-
technology). For protein analysis, 15 pg total proteins

Primers Forward (5°-37) Reverse (5°-3%)

Actb CCACACCCGCCACCAGTTCG TACAGCCCGGGGAGCATCGT

Bdnf TACCTGGATGCCGCAAACAT AGTTGGCCTTTGGATACCGG

Calca AAGGGAGCACGTGTTATGGT TCCATTCTGAATTGAGGGTGGG
Calcp CTCTCAGCACGATATGGGTCC GCAAGAGATGTTTTTCCTGGTCG
Nr2b TGCTACAACACCCACGAGAA CTCCTCCAAGGTAACGATGC

Trpal GCAGGTGGAACTTCATACCAACT CACTTTGCGTAAGTACCAGAGTGG
Trpvi CAGCTGACAACACCAAGTTC CAGTGACACGGAAATAGTC

Vglut2 CCCTCGGACAGATCTACAGGGTGC CCACGCCCAGGTTACAGCGG
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were loaded into each well, separated using SDS-PAGE,
and subsequently transferred to PVDF membranes.
The membranes were blocked with a solution of 5%
bovine serum albumin in TBST (Tris-buffered saline,
0.1% Tween 20) at RT for 1 h. Next, they were incubated
overnight at 4 °C with primary antibodies including Rb
anti-p-ERK (#4370, Cell Signaling Technology, 1:1000),
Rb anti-TRPA1 (SAB2105082, Sigma, 1:1000), Rb anti-
TRPV1 (GTX54762, Genetex, 1:200, and Ms anti-B-actin
(ab170325, Abcam, 1:1000). Subsequent steps involved
incubating the blots with horseradish peroxidase-con-
jugated IgG at RT for 1 h. Protein bands were detected
by Omni-ECL"'Femto Light Chemiluminescence Kit
(5Q201, Epizyme) and then captured by Tanon-5200
Chemiluminescent Imaging System (Tanon Science
and Technology, China). The integrated optical density
of each immunoreactive band was measured Software
Image] 1.51j8, and then normalized to B-actin. The pro-
tein X/PB-actin ratio in the saline group was established as
the baseline for comparison.

DRG neuronal culture

3-week C57BL/6 female mice (Guangdong Medical Lab-
oratory Animal Center, China) were made unconscious
under isoflurane anesthesia (5%) and then decapitated
immediately. All the DRGs were dissected out, cut into
pieces and transferred to DMEM/F12 (C11330500BT,
GIBCO, USA). The samples were digested with 5 mL
DMEM/F12 containing collagenase (3 mg, C9891, Sigma)
and trypsin (2 mg, T9201, Sigma) for 20~25 min and
then the same volume of complete medium (DMED/
F12+10% FBS+1% penicillin and streptomycin (100X,
GIBCO)) was added to stop the digestion. Next, the sam-
ples were filtrated (100 pM, BS-100-CS, Biosharp, China)
and centrifuged for twice (1000 gx5 min, 20 °C), and
then resuspended into single cells.

For calcium imaging, these cells were cultured in 0.01%
PLL-coated (Poly-L-Lysine, P4832, Sigma) 96-well plates
in complete medium in humid conditions and 5% CO,
at 37 °C for 6 h. For TRPA1 agitation test in vitro, DRG
neurons were incubated in coated 24-well plates for 72 h
in complete medium containing 2% B-27 Supplement
50%(17,504-044, GIBCO), which were renewed every
day. 5 pg /mL Ara-C (C2035, TCI, China) was added at
24 h to remove irrelevant cells [36]. The time course and
concentration of 2R, 6R-HNK (30 uM, at 48 h), menthol
(300 uM, at 48 h), capsazepine (10 uM, at 48 h+ 30 min)
and formaldehyde (10 uM, at 48 h+30 min) referred to
our results or previous research [36].

Calcium imaging
DRG cells were incubated with Fluo-8 Calcium Flux
Assay Kit (ab112129, Abcam) in 37 °C CO, incubator
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and RT for 30 min without light exposure, and then fluo-
rescence dye was rinsed and replaced with 50 pul HHBS
(CB1048, G-CLONE, China) [24, 25]. Then, calcium
imaging was carried on Automatic High-pass Living Cell
Imaging Analysis System (lionheart FX, BioTek, USA) in
the following conditions: 37 °C, 5% CO, in dark, with cyl-
inders of Auto Sampler filled with 10x drugs, containing
1 mM Allyl-isothiocyanate (AITC, an agonist of TRPA1
receptor, 100 uM, 120 or 30 s), 10 uM capsaicin (Cap,
an agonist of TRPV1 receptor, 1 uM, 30 s) and 1.44 M
KCL (a broad agonist of neurons, 144 mM, 30 s). Cells
turned out to be overlapping or losing of integrity, as well
as floating during experiments were excluded. To avoid
interference from inactive/dead cells, the DRG neurons
with calcium activity in response to KCL were used for
statistical analysis. Besides, those turned out to be inac-
tive (ascending average fluorescence intensity/base-
line < 10%) to both AITC/Cap and KCL were classified as
meaningless.

In details, blank control was added with HHBS, and the
experimental group was pre-incubated by 2R, 6R-HNK
(3, 10, 30 pM in HHBS) for 3 h before being put on the
machine. Ex/Em=490/525 nm, and the baseline was
recorded for 15 s at 3 s/sheet, followed by AITC or cas-
paicin stimulation, and recorded for 15 s at 30 ms/sheet.
Finally, cells were recorded for another 30 s at 30 ms/
sheet after 2"¢ stimulation from KCL or capsaicin. The
interval between administrations is 2 min/80 s. Fluores-
cence intensity was analyzed and statistically analyzed
using Graphpad Prism.

Statistical analysis

All data were presented as mean + SEM. Statistical analy-
sis was calculated using GraphPad Prism Version 8.3.0
(GraphPad Software, LLC, CA, USA). Level of signifi-
cance was set at p<0.05. Kruskal-Wallis non-paramet-
ric test (followed by Dunn’s multiple comparisons test
to establish significance) was applied to the data that
do not pass the homogeneity of variance test or not fol-
low the normal distribution. When the data in groups
were normally distributed with equal variances, t-test
(2 tailed) was performed between 2 groups or ANOVA
(followed by Tukey’s or Bonferroni’s) for more groups.
Behaviors results containing time and group two factors
were tested by two-way repeated ANOVA (followed by
Tukey’s). Detailed statistical analysis is summarized in
Supplementary Table 1 (Table S1).

Results

Single intrathecal 2R, 6R-HNK produces delayed
antinociception in HFS-induced acute and chronic pain

To investigate the actions of 2R, 6R-HNK in CPP,
we firstly evaluated its analgesic efficiency in 10 V
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HFS-induced acute and chronic pain model [6] by two
administration routes: common ip. (10 mgkg™!) and
innovative i.t. (7, 21 uM) injections. Consistent with our
previous study [6], the mechanical PWT significantly
decreased in HFS pain model (Fig. 1a, b). A single i.p.
2R, 6R-HNK (10 mg-kg™?) slightly reversed the reduc-
tion of ipsilateral- and contralateral-PWT (Ipsi-PWT &
Contr-PWT) by HES from 6 h to 2 d (Fig. 1a). We also
observed a mild analgesic effect of 7 uM intrathecal 2R,
6R-HNK at 2 ~ 3 d. Strikingly, intrathecal 2R, 6R-HNK at
high dose of 21 uM was more effective than that of 7 uyM
low dose or even equal concentration of i.p. 10 mg-kg™
intraperitoneal injection in the treatment of mechani-
cal pain (from 6 h to 4 d). The strongest antinociceptive
efficiency of i.p. 2R, 6R-HNK was at 1 d after administra-
tion, while that of i.t. 2R, 6R-HNK was at 2 d. A similar
analgesic action also has been observed on the contralat-
eral side. All the data suggested that i.t. 2R, 6R-HNK pro-
duced a dose-dependent and delayed antinociception on
HFS-induced nociplastic pain, which is more effective
and persistent than the i.p. dose (10 mg-kg™! equal with
i.t. 21 pM). Due to the use of S-Ketamine for preclinical
and clinical analgesia [37, 38], we also compared isodose
i.t. 2R, 6R-HNK with S-Ketamine in preventing HFS-
induced nociplastic pain (Fig. 1b). S-Ketamine (7, 21 uM)
had no effect on the development of mechanical allo-
dynia by HFS. Surprisingly, both doses of intrathecal 2R,

a Intrathecal vs Intraperitoneal HNK in chronic pain
—o— Sham+saline i.t., n=5 HFS+7 uM HNK i.t., n=5
—o— HFS+saline i.t.,, n=5 —o— HFS+21 pM HNKi.t., n=5
—o— HFS+10 mg-kg ' HNK i.p., n=5

1.5
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°
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-
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6R-HNK markedly inhibited the early induction of bilat-
eral mechanical hypersensitivity in dose-dependent man-
ner. Together, intrathecal 2R, 6R-HNK owned a delayed
antiallodynic effect in acute and chronic nociplastic pain.

Multiple intrathecal 2R, 6R-HNK alleviates chronic pain
induced by LF-PENS
Since HFS-induced chronic pain model still has a certain
degree of skin and muscle damages, we established LF-
PENS-induced chronic pain model by low-energy stimuli
(2 Hz, 0.5 ms, 10 V, a total of 120 pulses for 1 min) in
the left popliteal fossa (Fig. 2b). A variety of behavioral
techniques were used to evaluate the changes of pain,
mood and cognition of this model, and the therapeutic
effects of 2R, 6R-HNK (7, 21, 42 uM) on the model were
also examined (Fig. 2a). TST and OFT showed that the
model mice exhibited normal hind-limb splay and motor
function at 4 (Fig. 2¢, d), 7 or 21 d (data not shown) after
LE-PENS as compared to saline group, suggesting no sig-
nificant tissue injury. Pain behavioral tests demonstrated
that LF-PENS-induced model mice displayed bilat-
eral mechanical hypersensitivity (Fig. 2e) and cold allo-
dynia (Fig. 2f) lasting for 3 ~4 weeks. Overall, LEF-PENS
induced a noninvasive chronic pain model.

Considering our above results showing that a single
intrathecal 2R, 6R-HNK had an antinociceptive effect
lasting 4 days (Fig. 1), we utilized multiple intrathecal

b Intrathecal HNK vs KET in acute pain
—o— Saline i.t.+Sham, n=5 —o— 21 uM HNKi.t.+HFS, n=5
—o— Saline i.t.+HFS, n=5 7 uM Ket i.t.+HFS, n=5
7 UM HNKit+HFS, n=5 —o— 21 uMKetit.+HFS, n=5

151
—~~
2
— 1.01
<
Q 05
K]
Q.
= 0.0 Ty : ' . : ; ;
B#AA 1d 2d 3d 4d 5d 6d 7d
Time after HFS
_ 15+
9 ke Kk
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0.
_:0.5-
o
Q S
O 0.0 r—— . . . - : :
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Fig. 1 Intrathecal 2R, 6R-HNK exerts delayed antinociceptive effects on HFS-induced acute and chronic pain. a Intrathecal (i.t. 7, 21 uM, 10 pl)

or intraperitoneal (ip. 10 mg-kg™") 2R,6R-HNK (HNK) reversed the reduction of the ipsilateral (Ipsi-) or contralateral (Contr-) paw withdrawal
threshold (PWT) at 3 w after 10V high-frequency-stimulation (HFS) of left sciativ nerve (n=5 mice/group). Blue triangles indicated the time point
of saline or drugs treatment ( the same in the follows). b Intrathecal preadministration of 2R, 6R-HNK rather than S-Ketamine (Ket) at the roughly
same dosages (7, 21 uM) delayed HFS-induced acute mechanical pain. 2R, 6R-HNK, S-Ketamine or saline was intrathecally delivered 30 min

before HFS. Red triangles showed the time point of sham operation or HFS delivered to sciatic nerve. p<0.05, "p<0.01, "p<0.001,

*xx o

"p<0.0001

versus the HFS +saline it. or Saline i.t.+ HFS group; 'p < 0.05, #p <0.01, *1p < 0.001, #*p < 0.0001 versus the HFS+ 10 mg-kg™" HNKi.p.or 7 uM Ket i.t.
+HFS group; °p<0.05, **p < 0.01, ***p <0.001, ****p < 0.0001 versus the HFS +7 uM HNK i.t. or 7 uM HNK it. +HFS group
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Fig. 2 Multiple intrathecal 2R, 6R-HNK provides a sustained analgesic effect on chronic pain induced by LF-PENS. a Schematic overview

of experiments for intrathecal injections of 2R, 6R-HNK (21, 42 uM, 10 pl, since 4 d after LF-PENS, at 5-days intervals) or saline and a variety

of behavioral tests in LF-PENS-induced chronic pain model. OFT, open field test; EPM, elevated plus maze test; SPT, sucrose preference test; FST,
forced swim test; TST, tail suspension test; NOR, new object recognition test; IF, immunofluorescence. Blue or red triangles indicated the time
point of drugs/saline or LF-PENS treatments. As the same in the follows (n=5~8 mice/group). b Representative images of LF-PENS (2 Hz, 0.5 ms,
10V, a total of 120 pulses for 1 min) of the left popliteal fossa. ¢ Tail suspension test showed normal hind-limb splay at 4 d after LF-PENS. d No
difference of the walking speed was noticed within 10 min among the groups. e The time course of Ipsi- or Contr-PWT to respond to mechanical
stimulus following LF-PENS with multiple intrathecal treatments of saline or 2R, 6R-HNK (21, 42 uM). f 2R, 6R-HNK dose-dependently reversed
LF-PENS-induced cold hyperalgesia. Acetone tests were performed at 15-18 d after LF-PENS. ‘p<0.05, "p<0.01, "p<0.001, “"p<0.0001

versus the LF-PENS + saline group; *p < 0.05, #p < 0.01, #p < 0.001 versus the LF-PENS +21 M HNK group; *°p <0.01 versus Day 8™ or 9"

after LF-PENS

administration with a 5-day interval to assess the thera-
peutic effect of 2R, 6R-HNK on LF-PENS model (Fig. 2a).
To be mentioned, 2R, 6R-HNK did not affect the velocity
of movement in OFT at 0.5 h after intrathecal adminis-
tration, indicating no sedative effect at the tested dosage
(Fig. 2d). Unlike 7 uM dosage (data not shown), sequen-
tial intrathecal 2R, 6R-HNK (21, 42 pM) from 4 to 29 d
after LF-PENS elevated the decreased PWT (Fig. 2e).
Interestingly, 2R, 6R-HNK in the LF-PENS model
reached the strongest analgesic response at the 2" d after

each dose, similar with that in the HFS model. Moreover,
multiple intrathecal administration did not reduce the
analgesic benefit of 2R, 6R-HNK. Instead, the 5™ applica-
tion of 42 uM 2R, 6R-HNK produced a stronger analge-
sic effect on day 4 or 5 than the 1* treatment (day 28 vs.
8, day 29 vs. 9 after LF-PENS). In addition, 2R, 6R-HNK
also alleviated bilateral cold pain sensitivity in a dose-
dependent manner (Fig. 2f). Collectively, intrathecal 2R,
6R-HNK at therapeutic doses did not display analgesic
tolerance, but rather a superimposed effect.
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Repeated intrathecal 2R, 6R-HNK relieves

the LF-PENS-induced depression and cognitive
dysfunction, but not anxiety

To explore whether LF-PENS-induced chronic pain
model is applicable to CPP studies, we also synchronically
examined behavioral changes in mood and cognition
(Fig. 2a). SPT provided that 3-w LF-PENS mice but not
1-w ones displayed higher water intake but lower sucrose
preference in 24-h protocols with only water deprivation
(Fig. 3a), indicating LF-PENS model displayed progres-
sive anhedonia, a core symptom of depression. Addition-
ally, in TST (Fig. 3b) or FST (Fig. 3c), 3-w LF-PENS mice
demonstrated increased immobility time as compared
to saline mice. Besides, in NORT, 3-w LF-PENS mice
exhibited no significant difference in exposure time to old
and new objects, but a decrease in preferential explora-
tion of the new objects compared to saline mice (Fig. 3d).
We had also assessed anxiety behavioral by EPMT at 2-w
after LF-PENS, and found that the enter rate to the open
arm was significantly decreased in model mice (Fig. 3e).
In general, our findings demonstrated that the LF-PENS

1 w after LF-PENS

3 w after LF-PENS
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model mice not only develop noninvasive chronic pain,
but also present the comorbidities: depression and cogni-
tive deficits at the 3'¢ week, and anxiety at the 2" week.
The network of neural circuits associated with mood
and stress, which consists of amygdala (Amy) [39], piri-
form cortex (Pir) [40], lateral habenular nucleus (LHD)
[41], anterior cingulate cortex (ACC) [42] and hypo-
thalamus [43], is more susceptible to chronic pain. The
various nuclei of the hypothalamus [such as ventromedial
nucleus of hypothalamus (VMH) and dorsomedial hypo-
thalamic nucleus (DM)] form a vital hub in this network
and play a key role in depressive symptoms [43]. Next, we
used three markers of neuronal excitability [c-Fos [44],
phosphorylation of cAMP-response-element-binding
protein (p-CREB) [45] and extracellular signal-regulated
protein kinase (p-ERK) [46, 47]] to examine the changes
in these brain regions (Fig. 4a), which are associated with
the above behaviors and clinical CPP [48-55]. Amaz-
ingly, we noticed these excitatory signals were enhanced
in bilateral Amy, Pir, LHb, VMH and DM at 3 h after LF-
PENS (Fig. 4b, c), and even in ACC, Pir and VMH at 30

a Sucrose preference test
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Fig. 3 Multiple intrathecal HNK inhibits LF-PENS-induced depression and cognitive deficits, but not anxiety. a-d Multiple intrathecal 2R, 6R-HNK
administration eliminated LF-PENS-induced changes in sucrose preference test (a), tail suspension test (b), forced swimming test (c), new object
recognition test (d) at 3-w after stimuli. e Both dosages of 2R, 6R-HNK had no effect on anxiety-like behavior at 2-w after LF-PENS (n=12 or 14 mice/
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Fig. 4 2R, 6R-HNK reverses the activation of several brain nuclei induced by LF-PENS. a Schematic diagram of nuclei of interest in brain slices.

ACC: Amy: amygdala; Pir: piriform cortex; LHb, lateral habenular nucleus; VMH: ventromedial nucleus of hypothalamus; DM: dorsomedial
hypothalamic nucleus. b-c Representative images and quantification of the number of c-Fos*, p-CREB* or p-ERK™ cells showing that 2R, 6R-HNK
pretreatment suppressed the increases in their expression in the bilateral Amy, Pir, LHb, VMH or DM at 3 h after LF-PENS. d-e Representative images
and quantification of the number of p-ERK™ cells indicating that multiple 2R, 6R-HNK appliance suppressed the increases of neuron excitability

markers' expression in bilateral ACC, Pir and VMH at 30 d (n=5 mice/group, 4 sections/mouse), 'p<0.05, "p<0.01,™
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d (Fig. 4d, e). Accordingly, we preliminarily considered
that LF-PENS-induced chronic pain as a newly successful
CPP model.

Synchronously, we also investigated the effects of
repeated intrathecal 2R, 6R-HNK (21, 42 pM) on mood
and cognitive behaviors in this model. Both doses of 2R,
6R-HNK markedly suppressed the increase of water con-
sumption and the decline of sucrose preference at 3-w
following LEF-PENS (Fig. 3a). Likewise, 2R, 6R-HNK
only in high concentration clearly reduced LF-PENS-
induced increases of the immobility time in the tail
suspension and forced swimming tests (Fig. 3b, c), and
prevented the cognitive index NOR decline in LF-PENS
mice (Fig. 3d). However, 2R, 6R-HNK at our used con-
centration had no inhibitory effect on LF-PENS-induced
anxious behavior (Fig. 3e). Besides, 2R, 6R-HNK (21,
42 uM) also offered wholly or partly inversion effect on
altered brain in CPP model (Fig. 4). Given the above,
our preclinical studies suggested that intrathecal 2R,
6R-HNK had an inhibitory efficacy in LF-PENS-induced
comorbid depression and cognitive impairments, but
not anxiety, which may be related to the inhibition of
c-Fos, p-CREB and p-ERK expression in the involved
brain regions.

2R, 6R-HNK pretreatment mitigates acute hypersensitivity
induced by LF-PENS

To explore the mechanism of 2R, 6R-HNK on CPP, we
further evaluated the preventive effects of 2R, 6R-HNK
on LF-PENS-induced acute pain (Fig. 5a). Given the
delayed effect of 2R, 6R-HNK on pain behaviors from
Kroin’s report [18], it was intrathecally performed 1
d before LF-PENS. We observed that a dramatically
decrease in bilateral mechanical PWT as early as 1 h
after LF-PENS, as well as an increase in spontaneous
pain-like behavior during the exploratory and quiet
periods (Fig. 5b, c). Similarly, LF-PENS decreased the
latencies until response to thermal stimuli in ipsilateral
Hargreaves test (Fig. 5d) and Tail-flick test (Fig. 5e).
These data demonstrated that LF-PENS induced
intense bilateral acute mechanical allodynia, sponta-
neous pain and thermal hyperalgesia, similar with the
effect of HES we reported previously [6]. As expected,

(See figure on next page.)
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the pretreatment of single intrathecal 2R, 6R-HNK
distinctly prevented the decline of bilateral PWT
(Fig. 5b) from 1 h to 4 d after LF-PENS. In addition, 2R,
6R-HNK produced clearly antinociceptive efficacy in
spontaneous pain-like behavior (Fig. 5¢) and ipsilateral
thermal hyperalgesia (Fig. 5d, e). In contrast to chronic
pain, pretreatment of intrathecal 2R, 6R-HNK had
relatively slightly antinociceptive effect on LF-PENS-
induced acute pain without significant dose depend-
ency. Subsequently, we also examined the changes of
p-ERK and c-Fos signals in neurons of DRG and SDH
(marked by NeuN). Consistent with the results of pain
behaviors, p-ERK and c-Fos upregulations in bilateral
DRGs and the superficial layer of SDH at 3 h after LF-
PENS were also prevented by 2R, 6R-HNK pretreat-
ment (Fig. 5f-i). Besides, Western blot results not only
confirmed the changes of p-ERK in L4-5 DRGs and
SDHs of each group at 3 h after LF-PENS, but also
indicated that at 30 d, multiple intrathecal administra-
tion of 2R, 6R-HNK also reduced the upregulation of
p-ERK (Fig. 5j, k). Together, our results supported that
a sustained analgesic effect of intrathecal 2R, 6R-HNK
probably by inhibiting neuronal hyperexcitability in
ascending nociceptive pathway.

Intrathecal 2R,6R-HNK strictly depresses LF-PENS-induced
CGRP upregulation but not microglial activation
Considering the essential role of CGRP in the patho-
physiology of migraine (a common CPP) [56] and the
correlation of its expression with HFS-induced chronic
pain [6], we also quantitatively examined the expres-
sion of CGRP in the LF-PENS model and the possi-
ble mechanism of 2R, 6R-HNK’s effect. Our RT-qPCR
data showed that the cycle quantification (Cq) value of
CGRPa (Calca) was lower than B (Calcf) in naive DRG
samples (Fig. 6a), indicating Calca mRNA took pre-
dominant role in DRGs. The result was in line with the
previous reports [57]. Compared to saline group, LF-
PENS indeed caused the upregulation of Calca mRNA
in the ipsilateral DRG at 3 h after stimuli (Fig. 6b) rather
than Calcf or brain-derived neurotrophic factor (Bdnf)
mRNA. Intrathecal 2R, 6R-HNK observably reversed
this increase. Immunofluorescent staining indicated

Fig. 5 Intrathecal pre-administration of 2R, 6R-HNK alleviates LF-PENS-induced acute pain and neuronal hyperexcitability. a Experimental timeline
of 2R, 6R-HNK pretreatment on LF-PENS-induced acute pain. 2R, 6R-HNK (21, 42 uM, 10 ul) or saline was i.t. injected 1 d prior to LF-PENS. b-e
Intrathecal preconditioning of 2R, 6R-HNK reversed LF-PENS-induced behavioral changes in bilateral PWT (b), spontaneous pain-related behavioral
scores (c), and response latencies to Hargereaves test (d) and tail-flick test () (n=5~7 mice/group), p<0.05, p<0.01, "p<0.001, " p<0.0001
versus the same timepoint of the Saline 1 d +LF-PENS group. f-i: Representative images and quantification of the number of p-ERK*/NeuN*

(f, g) or c-Fos™/NeuNT (h, i) cells showing that 2R, 6R-HNK pretreatment suppressed the increases in p-ERK and c-Fos's expression in neurons

of the bilateral DRGs or SDHs 3 h after LF-PENS (n=5 mice/group, 4 sections/mouse). j, k: Western blot results showing the changes of p-ERK
expression in the ipsilateral L4, 5 DRGs and SDH at 3 h or 30 d after LF-PENS with or without signal or multiple intrathecal 2R, 6R-HNK (n=3 mice/

group), p<0.05, "p<001, "p<0.001,p<0.0001 between groups
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that 42 uM 2R, 6R-HNK obviously suppressed the over-
expression of CGRP in the bilateral DRGs and SDHs
at 3 h (Fig. 6¢, d) and 30 d after LE-PENS (Fig. 6e, f).
Although LF-PENS caused similar early-and-long-term
changes in microglia morphology and number as HFS
stimulation model [6], intrathecal 2R, 6R-HNK did not
reverse these alterations (Fig. 6g-i). Taken together,
these data suggested that intrathecal 2R, 6R-HNK sig-
nificantly inhibits neuronal hyperexcitability and CGRP
upregulation.

Intrathecal 2R,6R-HNK reverses the increase in TRPA1,
TRPV1 and VGLUT2 expression and the co-expression

with CGRP

Given the critical roles of TRPA1, TRPV1 and VGLUT2
in the development of pain and CGRP expression or
releasing [58—60], we established the acute impact of 2R,
6R-HNK on these molecules in DRG neurons to explore
the mechanism. Intrathecal 2R, 6R-HNK administra-
tion essentially blocked the increases of Trpal, Trpvi,
Vglut2 mRNA in ipsilateral DRGs at 3 h after LF-PENS
and Nr2b in ipsilateral SDH at 1 d but not 3 h (Fig. 7a).
Immunofluorescence staining further demonstrated that
TRPA1, TRPV1 and VGLUT?2 were up-regulated in most
cells of bilateral L4 DRG 3 h after LE-PENS (Fig. 7b-d),
and TRPA1 progressively increased at 30 d (Fig. 7e-g).
Notably, in addition to small-diameter DRG neurons,
these pain-related molecules in model were also remark-
ably upregulated in medium and large ones. More impor-
tantly, these increased molecules were mostly co-stained
with upregulated CGRP not only at 3 h after LF-PENS
but also at 30 d (Fig. 7d, g), and 2R, 6R-HNK significantly
reversed these pathological changes. Furthermore, West-
ern blot results further validated changes in expression
of TRPA1 and TRPV1 in the ipsilateral L4 DRGs and
revealed similar changes in SDH (Fig. 7h, i). Thus, in
parallel with the regulation of CGRP, 2R, 6R-HNK also
inhibits the expressions of major TRPs and their func-
tional partner VGLUT?2.

2R, 6R-HNK preincubation suppresses Ca?* response

and CGRP expression evoked by TRPA1 or/and TRPV1
activation in cultured DRG neurons

We next performed in vitro calcium imaging to exam-
ine whether 2R, 6R-HNK impacted the activity of sen-
sory neurons by affecting TRPA1/TRPV1 alone or

(See figure on next page.)
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together. Under vehicle conditions, 43.84% of live DRG
neurons responded to 100 uM TRPA1 agonist AITC
during 120-s trail (Fig. 8a). Interestingly, preincuba-
tion with 10 and 30 uM 2R, 6R-HNK effectively elimi-
nated the proportion of responding cells to 19.15% and
15.91%, respectively. Of note, 2R, 6R-HNK blocked
the AITC-evoked Ca?* response in all sized DRG neu-
rons with concentration dependence (Fig. 8b, c¢). In
contrast, 3 uM 2R, 6R-HNK did not suppress the rate
of total responded cells, but dramatically postponed
AITC-induced calcium peak (Fig. 8a-c). In addition, 3
and 10 pM 2R, 6R-HNK dose-dependently abolished
the evoked Ca®' influxes induced by 1 uM TRPV1
agonist capsaicin mainly in small-diameter neurons
(Fig. 8d-f). Unlike TRPA1, 30 uM 2R, 6R-HNK con-
tradictorily facilitated TRPV1 activation by capsaicin.
Given TRPA1 has a complex interaction and collabo-
ration with TRPV1 [61], and TRPA1 increased jux-
taposed with TRPV1 in our model, sequential stimuli
with AITC and then capsaicin were set to observe
reciprocal actions of TRPs. In control group, few cells
(5.41%) responded to AITC and capsaicin because the
80-s interval is shorter than the time it took for neu-
rons to fully regain their ability to respond (Fig. 9a).
To our surprise, 2R, 6R-HNK reduced both the per-
centages of AITC- and Cap-responding neurons in an
approximately dose-dependent manner (Fig. 9a, b).
More importantly, 30 uM 2R, 6R-HNK not only stably
blocked TRPA1 activation, but also promoted a coop-
erative inhibition on TRPV1 (Fig. 9a, b). Subsequent
immunofluorescence results showed that 2R, 6R-HNK
suppressed the expression and co-expression of p-
ERK and CGRP in a concentration-dependent man-
ner (Fig. 9¢, d). These findings imply that 2R, 6R-HNK
could synergistically affect the function of TRPA1 and
TRPV1 channels to inhibit neuronal excitability and
CGRP overexpression.

The inhibitive effects of 2R, 6R-HNK on CGRP expression
and CPP are occluded by blocking TRPA1

To further address whether blocking TRPA1 is required
for the inhibitory effects of 2R, 6R-HNK on CGRP expres-
sion and CPP, we used TRPA1 agonist formaldehyde or
antagonist menthol [36, 62] as pharmacologic inhibition
or activation. In vitro DRG cells culture experiments,
capsazepine (a TRPV1 antagonist) was preincubated to

Fig. 6 LF-PENS-induced CGRP overexpression rather than microglial activation is suppressed by intrathecal 2R,6R-HNK. a PCR cycle quantification
(Cq) value of CGRPa mRNA (Calca) was lower than (3 (Calcp) in Saline 1 d L4 DRGs (n=6 or 8 mice/group). b RT-qPCR analysis of Calca, 8, and Bdnf
mRNA in bilateral DRGs at 3 h from different groups (n=>5 ~7 mice/group). c-i Representative immunofluorescent images and statistical analysis
demonstrated that CGRP upregulation but not microglial activation in bilateral L4 DRGs and L4 ~5 SDH at 3 h (¢, g) or 30 d (e, h) after LF-PENS
was inhibited by 2R, 6R-HNK (n=5 mice/group, 4 sections/mouse). p<0.05, p<0.01, "p<0.001, " p<0.0001 between groups
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avoid TRPV1 interference. Consistent with a previous
study [36], 30 uM formaldehyde (a TRPA1 agonist) mark-
edly increased the expression of TRPA1 protein at 24 h
after treatment (Fig. 10a, b), indicating the function and
expression of TRPA1 may have positive feedback. For-
maldehyde also led to the upregulation in VGLUT2 and
CGRP which were co-stained with TRPA1. Conversely,
30 uM 2R, 6R-HNK preincubation basically reversed the
changes of TRPA1, VGLUT2 and CGRP. Blocking TRPA1
by menthol (300 uM) had a similar inhibitory effect on
these three molecules and a combined occluding effect
occurred when applied together. In addition, RT-qPCR
analysis showed that only VGLUT2 and CGRP mRNA
were increased after Formaldehyde treatment for 24 h
(Fig. 10c). 2R, 6R-HNK pretreatment had no effect on
TRPA1 mRNA expression, but decreased the increases
of VGLUT?2, CGRP and BDNF. Menthol alone or in
combination with 2R, 6R-HNK clearly decreased all the
molecules, suggesting that 2R, 6R-HNK exert its inhibi-
tory effect by blocking TRPA1. To be mentioned, men-
thol exerted better inhibitive effect on increased CGRP
mRNA than 2R, 6R-HNK (“p=0.0043) or combination
of the two ("p<0.0001) after 1 d formaldehyde treat-
ment. Finally, in LF-PENS-induced acute pain experi-
ments, intrathecal treatment of menthol before or 4 d
after stimulation significantly increased bilateral PWT
from 1 h to 2 d, as well as the combination with 30 uM
2R, 6R-HNK (Fig. 10d). Interestingly, therapeutic admin-
istration of menthol in chronic pain reached its peak
antinociceptive effect soon and dropped then, while
multiple 2R, 6R-HNK guaranteed a comparatively stable
analgesia (Fig. 10e). These data suggested that blocking
TRPA1 might be a key mechanism by which intrathe-
cal 2R, 6R-HNK exerts the therapeutic and prophylactic
effects on CPP.

Discussion

CPP is a challenge in both preclinical pain research and
clinical medicine due to the lack of suitable animal mod-
els and the complex and unclear mechanisms. In this
study, we established a novel noninvasive animal model
of CPP with the comorbidities of anxiety, depression and
cognitive impairment by using LF-PENS that mimics
abnormal neuronal discharges of the nociceptive nerves

(See figure on next page.)
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[63]. We found that intrathecal 2R, 6R-HNK produces
long-lasting and intense analgesia in LF-PENS induced
acute and CPP pain states as well as in HFS-induced
nociplastic pain. Mechanistically, we identified that 2R,
6R-HNK mainly affected the expression and function of
TRPA1 in DRG neurons, which resulted in the decreased
expression of CGRP (Fig. 11).

A newly created mouse model of CPP induce by 10V
LF-PENS

CPP is characterized by severe pain with no clear
underlying cause, and exists different subclasses and
high heterogeneity. However, patients with differ-
ent CPP subtypes often experience sensitization of
the nervous system due to changes in neurons [64].
Most animal models of different CPP subclasses were
built upon enhancing neuronal excitability, e.g., trini-
trobenzene sulfonic acid (TNBS)-modified potassium
channel for BMS [65], stress-based (cold, sound, or
swim) approaches for fibromyalgia [66] or IBS [67],
and electrical, physical or chemical stimulation of the
trigeminal ganglion for chronic migraine [68]. Accord-
ingly, CPP has a common pathogenesis—nociplastic
pain—only central sensitization without significant
tissue damage [4]. It is known that central sensitiza-
tion is essential in the pathogenesis of maintaining
chronic pain and spinal LTP of C-fiber-evoked field
potentials is considered as a synaptic model for cen-
tral pain sensitization [69, 70]. For these reasons, CPP
models can be created by using LTP-inducible electri-
cal stimulation to simulate abnormal neural excitation
without peripheral damage. Our previous study dem-
onstrated that 10 V LTP-inducible HES or LES directly
on sciatic nerve produced nociplastic pain without
significant nerve injury [6], which was roughly con-
sistent with the characteristics of CPP. However, this
model presents skin and muscle injuries. By using
a modified method of percutaneous electric nerve
stimulation (PENS), we found that LF-PENS with the
same parameters (10 V LFS) caused not only bilateral
chronic mechanical and cold pain (Fig. 2), but also
emotional and cognitive impairment (Fig. 3). These
behavioral changes in this model are basically consist-
ent with the characteristics of CPP. Unlike analgesic

Fig. 8 Pretreatment with 2R, 6R-HNK blockes TRPA1- or TRPV1- activated calcium influx in DRG neurons. a Statistical donut charts showed

the percentage of responding neurons to allyl-isothiocyanate (AITC, an agonist of TRPAT receptor) in different groups. b Representative images

of Ca®* responses in cultured DRG neurons before or during perfusion of AITC (100 uM, 120 s) and KCL (144 mM, 30 s) with HHBS or different
dosage of 2R, 6R-HNK (3, 10, 30 uM) preincubation 3 h before trials. ¢ Summary of Ca** responses in small (< 18 um), medium (= 18 um and <25 pm)
and large (> 25 um) DRG neurons pretreated with 2R, 6R-HNK or not. d-f Representative images (e), percentage of responding neurons (d)

and time course plots (f) showing the changes in Ca?* responses to capsaicin (Cap, TRPV1 agonist, 1 UM, 120 s) and KCL with or without 2R, 6R-HNK

pretreatment,  p<0.001, ""p<0.0001 compared with HHBS group
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transcutaneous electrical nerve stimulation (TENS),
which reduces the activity and excitability of central
pain-transmitting neurons by activating non-noxious
low threshold A-fibers [71, 72], LF-PENS used in
our pain model in mouse is 10 V noninvasive voltage
stimulation to excite the pain-conducting C-fibers. In
addition to the peripheral pain pathways in DRGs and

SDHs (Fig. 5), aberrant neuronal activity is observed
in Amy, LHb, ACC and other brain regions that are
associated with pain-related adverse emotion, cogni-
tion, memory, social function and possible autonomic
nervous system changes (Fig. 4). Moreover, the impor-
tant pain-related molecules such as CGRP and TRPs
were significantly increased in our model (Figs. 6, 7).
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Fig. 10 The inhibitory effects of 2R, 6R-HNK on CGRP expression and allodynia are occluded by TRPA1 inhibitor menthol. a, b Representative
images and RelOD statistics show the changes of TRPA1, VGLUT2 and CGRP expression in DRG neurons 24 h after the TRPA1 agonist formaldehyde
(Formal, 30 uM) incubation with or without 30 uM 2R, 6R-HNK and/or 300 uM menthol. Before that, DRG neurons were planted under equal
density, and test started when cells reconstructed their synaptic growth at 48 h (n=11 samples/group). ¢ Quantification of Trpal, Vglut2,

Bdnf and Calca mRNA in DRG neurons in vitro from different groups 24 h after formaldehyde stimulation (n=9 samples /group), 'p<0.05,

"p<0.01,""p<0.001

6R-HNK on LF-PENS-induced mechanical pain were mostly coupled (n=5 mice/group), p<0.05, "p<0.01,
with saline 1 d+LF-PENS or LF-PENS + saline group; *p < 0.05 compared with Menthol 1

CGRP levels were particularly elevated in many clini-
cal CPP subtypes and animal models (such as primary
trigeminal neuralgia [73, 74], migraine [56], IBS [75]
and fibromyalgia syndrome [76, 77], and inhibiting
or blocking CGRP signaling pathway is an effective
strategy to treat migraine [78, 79]. Besides, the over-
expression of CGRP™ terminals in the superficial SDH
was still increased at 30 d following LF-PENS (Fig. 6e,

,""p<0.0001 between groups. d, e The preventive (d) and therapeutic (e) effects of TRPA1 inhibition by menthol and 2R,

"p<0.001, " p<0.0001 compared

d+LF-PENS or LF-PENS +menthol group

f). This suggested that LF-PENS induced CPP exhib-
ited structural plasticity changes consistent with HFS-
induced nociplastic pain, which is an important basis
for LF-PENS-induced chronic pain. Up to now, we
have considered that 10 V LF-PENS-induced chronic
pain can be used as a common mouse model of CPP,
especially for skeletal muscle pain and idiopathic low
back pain.
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Fig. 11 Schematic diagrams of intrathecal 2R, 6R-HNK analgesia mechanism of in LF-PENS-induced CPP mouse model. A novel mouse model

of CPP with comorbidities (anxiety, depression and/or cognitive impairment) is established by noninvasive LF-PENS of popliteal fossa. Intrathecal

2R, 6R-HNK produces potent analgesia on LF-PENS-induced CPP and alleviates the comorbidities depression and cognitive impairment

in dose-dependent manner. Mechanically, 2R, 6R-HNK not only suppresses the upregulation of TRPA1 and other functional partners (including
CGRP, TRPV1 and VGLUT2) in DRG neurons and neuronal excitability in the ascending pain pathways, but also decreases TRPA1- and TRPV1-mediated
Ca2+ influxes and CGRP overexpression in cultured DRG neurons. Together, TRPA1 is critical for the occurrence and development of CPP, as well

as the potent analgesia of intrathecal 2R, 6R-HNK

Unilateral C-fiber-activated electrical stimulation
caused bilateral pain and increased excitability of
peripheral and central neurons may be related to het-
erogenous sensitization of pain transmission by het-
erosynaptic LTP [80-82] and glial LTP [83], but the
mechanism still remains to be further investigated.

LF-PENS-induced CPP is combined with affective

and cognitive impairment

Accumulating evidence has shown that chronic pain is
associated with comorbidities such as cognitive impair-
ment and emotional disorders (anxiety or depression),
as well as molecular, functional and structural changes
in many brain regions [84, 85]. Various stressors (such
as pain) and negative emotional stimuli may induce neu-
ronal activation (indicated by the expressions of c-Fos, p-
ERK, p-CREB or calcium activity) in these brain regions,
such as LHb [41]. For example, Amy is a limbic region
that plays a key role in emotional-affective behaviors
(fear memory, anxiety-like behaviors and pain-induced
aversion) and pain modulation [39], and enhanced c-Fos
expression in the central Amy correlates with nocicep-
tive input [86] or aversive stimuli [87]. A previous study
suggests that in the early phase of postoperative pain,
pain-related anxiety and mechanical hypersensitivity are

tightly linked and regulated by the increase of p-ERK in
the ACC, while in the late phase, ERK activation in the
ACC is only required for the expression of pain-related
anxiety [88]. Our IF results showed that the three molec-
ular markers of neuronal activity (c-Fos, p-CREB, p-ERK)
were increased in Amy, Pir, LHb, VMH and DM in the
early phase (3 h after LF-PENS) and in ACC, Pir and
VMH in the later phase (30 d after LF-PENS) (Fig. 4).
And these changes are consistent with the behaviors of
pain and its comorbidities. Based on these studies and
our findings, we suggest that the changes of these com-
patible molecular markers (c-Fos, p-CREB, p-ERK) in dif-
ferent nuclei may correspond to the changes of chronic
pain and its comorbidities in CPP. However, these issues
remain to be further addressed.

Intrathecal 2R, 6R-HNK is effective for CPP

Previous preclinical evidence has demonstrated that
i.p. injection of 2R, 6R-HNK (10 mg-kg™!) had antino-
ciceptive and analgesic effects in neuropathic pain [16],
CRPS-1, postoperative pain [18] and inflammatory pain
[16]. A recent study reported that single-dose intrana-
sal 2R, 6R-HNK (10 mg-kg™") rapidly improved thermal
response in control mice, nociceptive response and anxi-
ety levels during the second tonic phase of the formalin
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test [17]. To date, the analgesic effect of 2R, 6R-HNK
remains elusive. To explore the possible targets of 2R,
6R-HNK, we first evaluated the i.p. and i.t. delivery sys-
tems of 2R, 6R-HNK on analgesic efficiency. Compared
with i.p. injection of equal concentration, a single intrath-
ecal 2R, 6R-HNK had stronger and longer antinocicep-
tion at 3-w after HES from 6 h to 4 d after administration
(Fig. 1a). These results suggested that DRG and/or SDH
may be the direct targets of 2R, 6R-HNK. We also inves-
tigated the analgesic efficiency of intrathecal S-Keta-
mine and 2R, 6R-HNK at the same dose and found that
intrathecal 2R, 6R-HNK, but not S-Ketamine, delayed
the occurrence of HFS-induced mechanical hypersen-
sitivity (Fig. 1b). This is consistent with previous studies
showing that i.p. injection of 2R, 6R-HNK produces a
delayed antinociceptive effect while ketamine has a tran-
sient short-lived antinociception [16].

Subsequently, several behavioral results in the newly
developed CPP model further established that multiple
intrathecal 2R, 6R-HNK relieved bilateral mechanical,
cold allodynia for several days in a dose-dependent man-
ner (Fig. 2). Additionally, intrathecal pre-administration
of 2R, 6R-HNK completely blocked acute mechanical
pain and spontaneous pain-like behaviors induced by
LE-PENS, and partially suppressed thermal pain (Fig. 5a-
e). In brief, this study is the first to report that i.t. 2R,
6R-HNK displays an effective analgesic effect on CPP.
Moreover, multiple intrathecal administration of 2R,
6R-HNK did not reduce the analgesia and produce toler-
ance, but rather produced an additive effect. In addition,
intrathecal 2R, 6R-HNK also displayed an antidepressant
effect in the CPP model (Fig. 3a-c), in line with a previ-
ous report [10] of i.p. administration. More rarely, mul-
tiple 2R, 6R-HNK reduced the comorbidity of memory
impairment in CPP (Fig. 3d). Accordingly, our findings
declare that intrathecal administration of 2R, 6R-HNK
provide a satisfactory therapeutic effect for CPP.

In this study, intrathecal administration of 2R, 6R-HNK
has a stronger and long-lasting analgesic effect, which
is not only superior to the duration of i.p. or intranasal
delivery reported in other studies, but also significantly
exceeded the cycle of 2R, 6R-HNK enrichment in tissues
and normal metabolism of drug enzymes through the
liver. There may be the following mechanisms and rea-
sons: 1) Lp. injection has the problems of tissue enrich-
ment, liver and kidney metabolism, half-life and low
efficiencies of crossing blood—brain barrier and blood-
spinal barrier. 2) The route of i.t. injection has the advan-
tages of direct action on the nervous system, relatively
higher local concentration and low local metabolism. 3)
Our in vivo and in vitro results confirmed that intrathecal
injection of 2R, 6R-HNK significantly inhibits the expres-
sions and functions of TRPA1l and TRPA1l channels,
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neuronal excitability in the ascending pain pathways,
and important molecules that affect the plasticity of pain
synapses, such as CGRP, BDNF and VGLUT?2. 4) Fur-
thermore, given that i.t. injection can directly enter the
subarachnoid space, the analgesic targets of 2R, 6R-HNK
may not only target the adjacent DRG and/or SDH, but
also act on the pain-related circuits of the brain. Taken
together, our findings suggest that the analgesic effects
of intrathecal 2R, 6R-HNK may be related to the direct
action on the structural and functional plasticity of dif-
ferent target sites in pain pathways, especially DRG.
However, to fully elucidate the pharmacodynamic prop-
erties of 2R, 6R-HNK, it is necessary to clarify whether it
is directly bind to TRPA1, the domain and the character-
istics of its action.

2R, 6R-HNK suppresses neuronal excitability and plasticity
in the ascending pain pathway

It is known that 2R, 6R-HNK plays an antidepressant
role by increasing glutamate release and a-amino-3-
hydroxy-5-methyl-4-isoxazole-propionic acid receptors
(AMPAR) expression to increase AMPAR-dependent
synaptic transmission [10, 89]. By using antagonists, a
previous study has found that AMPARs but not opioid
receptors are involved in the initiation mechanism of 2R,
6R-HNK delayed analgesia [15]. However, 2R, 6R-HNK
was i.p. injected and did not reflect the precise analgesic
mechanism of 2R, 6R-HNK. Thus, the key target sites and
molecular mechanisms of 2R, 6R-HNK analgesia remain
unclear.

Subcutaneous (2R, 6R; 2S, 6S)-HNK (10 and/or
30 mg-kg™') does not possess antinociceptive properties
[90], while a single intranasal 2R, 6R-HNK (10 mg-kg™)
presented a fast-acting analgesia, with maximum
efficacy observed 30 min after administration [17].
Intranasal delivery is a noninvasive way to get drug
into the brain bypassing the blood—brain and blood-
cerebrospinal fluid barriers [91]. Together, the differ-
ence in therapeutic efficacy between the two routes
of administration implicates that 2R, 6R-HNK may
exert its analgesic effect by acting directly on the nerv-
ous system. Intrathecal drug delivery system (IDDS) is
well-established as an effective therapeutic approach
to patients with chronic non-malignant or malignant
pain in targeted medical actions upon spinal cords
and DRGs [92]. Here, we found the analgesic effect of
intrathecal 2R, 6R-HNK was superior that of i.p. injec-
tion in both magnitude and duration (Fig. 1a), strongly
suggesting that the key analgesic site(s) of intrathe-
cal 2R, 6R-HNK may be related to the direct effect
on DRG and/or SDH. This hypothesis was confirmed
by the following series of experiments: 1) LF-PENS-
induced bilateral mechanical allodynia, spontaneous
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pain and thermal hyperalgesia were rapidly alleviated
by pre-intrathecal 2R, 6R-HNK in a dose-response
(Fig. 5b-e); 2) Increased neuronal excitability (marked
by p-ERK and c-Fos) in DRGs and SDHs (Fig. 5f-k) and
upregulation of CGRP and BDNF at 3 h after LF-PENS
were clearly suppressed by 2R, 6R-HNK (Figs. 6, 7); 3)
Calcium influxes and the changes of pain-related mol-
ecules evoked by TRPV1 or/and TRPA1 agonists in cul-
tured DRG neurons were restrained by 2R, 6R-HNK in
an approximately dose-dependent manner (Figs. 8, 9).
Therefore, we consider that DRG neurons may be the
key sites for 2R, 6R-HNK analgesia. Although there is
no direct electrophysiological evidence, based on the
above findings, we suggest that 2R, 6R-HNK can inhibit
neuronal excitability in the ascending pain pathway.

Previous studies have addressed that 2R, 6R-HNK pro-
duces longer-lasting antinociception than circulating
drugs regardless of the type of pain [16]. However, the
half-life for 2R, 6R-HNK is about 1 h in the mouse brain
[10], whereas 0.2-0.8 h in the plasma [23]. Similarly, our
results showed that a single intrathecal 2R, 6R-HNK sup-
pressed nociplastic pain by LTP-inducing HFS (Fig. 1)
and LF-PENS (Figs. 2, 5) for up to 4 days. Surprisingly,
single or multiple intrathecal injections of 2R, 6R-HNK
significantly inhibited acute or chronic enhancement of
CGRP expression and CGRP terminal structural plastic-
ity (Fig. 6b-f). Accordingly, the inhibition of long-term
plasticity changes in the pain pathway may be responsible
for the long-lasting sustained analgesia of 2R, 6R-HNK.

Our data showed that intrathecal 2R, 6R-HNK also
clearly alleviated LF-PENS-induced comorbidities
depression and cognitive deficits (Fig. 3), and neuronal
hyperexcitability in related brain regions (Fig. 4). This
may be related to the direct action of 2R, 6R-HNK in
brain regions, or an inhibition of pain pathway, which is
worthy of further study.

2R, 6R-HNK suppresses CGRP expression mainly

by regulating TRPA1 channels

CGRP is highly expressed in trigeminal ganglion (TG)
and DRG primary sensory neurons of various CPP, such
as idiopathic trigeminal neuralgia [73], IBS, Fibromyal-
gia [77], and is a hallmark and clinical therapeutic target
of migraine attack [79]. In the current study, we dem-
onstrated that intrathecal 2R, 6R-HNK suppressed LF-
PENS-induced acute or chronic CGRP overexpression
in DRG neurons and the superficial SDH, but did not
inhibit microglia activation (Fig. 6¢c-i). 2R, 6R-HNK also
inhibited the overexpression and co-staining of CGRP
and p-ERK (a neuronal excitability marker) in cultured
DRG neurons (Fig. 9¢, d). In short, 2R, 6R-HNK spe-
cifically leads to functional desensitization of CGRP-
expressing DRG neurons and central synaptic terminals.
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Preclinical and clinical evidence has highlighted the
role of the activation of TRP channels (mainly TRPA1)
in the pathophysiology of various chronic pain (such as
migraine) by promoting CGRP release [93, 94]. Although
TRPA1 can contribute to pain sensitivity on its own
[95], it always has a complex interaction and collabora-
tion with TRPV1 [61]. In recent years, it has also been
found that the basis of their cooperation largely lays
stress on TRPA1’s structural convenience of calcium
modulation [96]. Since TRPAL is the only TRPs member
known to be sensitive to electrophiles [97], it should be
directly activated by LE-PENS. As expected, TRPs chan-
nel (especially TRPA1) mRNA and protein were mark-
edly upregulated by LE-PENS (Fig. 7). Amazingly, these
changes were significantly abolished by intrathecal 2R,
6R-HNK. 2R, 6R-HNK also depressed TRPV1 or/and
TRPA1 agonist-induced calcium influx into DRG neu-
rons in a rough dose response (Figs. 8, 9). Additionally,
2R, 6R-HNK not only inhibited the increase in TRPA1
protein expression induced by TRPA1 agonist formalde-
hyde in cultured DRG neurons in vitro (Fig. 10a, b), but
also delayed or attenuated the induction or maintenance
of mechanical hypersensitivity induced by TRPA1 activa-
tion in vivo (Fig. 10d, e). Furthermore, the reversal effects
of 2R, 6R-HNK on CGRP expression and pain were
occluded by blocking TRPA1 by the antagonist menthol.
It is worth mentioning that 2R, 6R-HNK also decreased
the upregulation of VGLUT?2 (Figs. 7a, 10c), a key media-
tor for glutamate transmission [98] and a major player in
TRPV1 thermal nociception [99], and NR2B (a key subu-
nit of NMDA receptor) in SDH. It has been reported that
VGLUT?2 mediates glutamatergic transmission in Trpvl-
Cre afferents together with CGRP [100]. In cultured
DRG neurons, 2R, 6R-HNK also reversed formaldehyde-
induced increases of CGRP mRNA and protein, but its
effect on mRNA was much weaker than menthol after
24 h incubation (Fig. 10a-c). Combined with the results
of cell culture and behavior (Fig. 10), we considered that
the effect of menthol is more rapid and transient, while
that of 2R, 6R-HNK is relatively long-lasting. The effects
of the two drugs were still chelated in general, but didn’t
achieve completely consistent result in different time
periods. Taken together, our findings suggest that 2R,
6R-HNK may suppress TRPA1 expression and function
to affect TRPV1 channel, CGRP and VGLUT2, but fur-
ther studies are needed.

Conclusions

In summary, we have developed a distinctive mouse
model of CPP with the comorbidities of anxiety, depres-
sion and cognitive impairment by using noninvasive LTP-
inducible LF-PENS. On this basis, the antidepressant
and analgesic effects of intrathecal 2R, 6R-HNK were
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first replicated in CPP, and the inhibitions of CGRP and
TRPA1 upregulation in DRG neurons may be targets for
the treatment of CPP. Our findings, to some extent, shed
light on the key role of TRPA1 in the occurrence and
development of CPP, as well as the promising prospect
of intrathecal 2R, 6R-HNK in the therapeutic strategies
against chronic pain.

Abbreviations

CPP Chronic primary pain

2R, 6R-HNK 2R, 6R-hydroxynorketamine

LTP Long-term potentiation

HFS High-frequency electrical stimulation

LFS Low-frequency electrical stimulation

LF-PENS Low-frequency percutaneous electrical nerve stimulation

i.p. Intraperitoneally

it Intrathecally

RT-gPCR Reverse transcription-quantitative real-time polymerase chain reaction

DRG Dorsal root ganglion

CGRP Calcitonin gene-related peptide

TRPAT Transient receptor potential ankyrin 1

TRPV1 Transient receptor potential vanilloid-1

VGLUT2 Vesicular glutamate transporter-2

ICD-1 The 11th revision of the International Statistical Classification of
Diseases and Related Health Problems

CRPS Complex regional pain syndrome

BMS Burning mouth syndrome

IBS Irritable bowel syndrome

SDH Spinal dorsal horn

NMDAR N-methyl-D-aspartate receptor

i.v. Intravenous

p.o. Per os

PWT Paw withdrawal threshold

Bas Basal threshold

OFT Open field test

SPT Sucrose preference test

TST Tail suspension test

FST Forced swimming test

NOR New-object recognition

EPM Elevated plus maze test

IF Immunofluorescence

PFA Paraformaldehyde

RT Room temperature

RelOD Relative optical density

WB Western blot

PLL Poly-L-Lysine

AITC Allyl-isothiocyanate

Cap Capsaicin

Ipsi Ipsilateral

Contr Contralateral

Amy Amygdala

Pir Piriform cortex

LHb Lateral habenular nucleus

ACC Anterior cingulate cortex

VMH Ventromedial nucleus of hypothalamus

DM Dorsomedial hypothalamic nucleus

p-CREB Phosphorylation of cAMP-response-element-binding proteins

p-ERK Phosphorylation of extracellular signal-regulated protein kinases

Cq Cycle quantification

BDNF Brain-derived neurotrophic factor

TNBS Trinitrobenzene sulfonic acid

PENS Percutaneous electric nerve stimulation

TENS Transcutaneous electrical nerve stimulation

AMPAR a-Amino-3-hydroxy-5-methyl-4-isoxazole-propionic acid receptors
IDDS Intrathecal drug delivery system

TG Trigeminal ganglion
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