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Abstract

The antinociceptive effects of spirocyclopiperazinium salt compound DXL-A-24 on neuropathic pain and chemical-stimulated
pain were investigated in this study. After the administration of DXL-A-24, the paw withdrawal latency (PWL) and mechani-
cal withdrawal threshold (MWT) were increased in rats suffering from neuropathic pain (chronic constriction injury, CCI) on
days 1, 3, 5, 7 and 14 after surgery, and pain responses were inhibited in mice stimulated with chemicals (formalin or acetic
acid). In the analysis of antinociceptive targets, the effect of DXL-A-24 was blocked by a peripheral nicotinic acetylcholine
receptor (nAChR) antagonist (hexamethonium, Hex) or a7 nAChR antagonist (methyllycaconitine, MLA) in the formalin test.
Meanwhile, the effect of DXL-A-24 was also blocked by a peripheral muscarinic acetylcholine receptor (mAChR) antagonist
(atropine methylnitrate, Amn) or M4 mAChR antagonist (tropicamide, TRO). The antinociceptive signalling pathway was
explored using molecular biology methods in ipsilateral dorsal root ganglions (DRGs) of CCI rats after the administration
of DXL.-A-24 for 7 days. Western blot analyses showed that the increased levels of phosphorylation of calcium/calmodulin-
dependent protein kinase II alpha (CaMKIla) and cAMP response element-binding protein (CREB) were eliminated, and
the qRT-PCR assay showed that the increase in the expression of Tumor necrosis factor alpha (TNF-a) mRNA was reduced.
Meanwhile, immunofluorescence staining revealed that the increase in calcitonin gene related peptide (CGRP) expression
was inhibited by the administration of DXL.-A-24, and the effect was blocked by MLA or TRO. In conclusion, DXL-A-24
exerts significant antinociceptive effects on neuropathic pain and chemical-stimulated pain. The antinociceptive effect of
DXL-A-24 is probably attributed to the activation of peripheral a7 nAChR and M4 mAChR, the subsequent inhibition of
the CaMKIIo/CREB signalling pathway, and finally the inhibition of TNF-a and CGRP expression.

Keywords Spirocyclopiperazinium salt compound DXL-A-24 - Neuropathic pain - &7 nAChR - M4 mAChR - Signalling
pathway

Introduction

Neuropathic pain, which is defined as ‘persistent pain result-
ing from peripheral nerve injury’ by the IASP, is character-
Ding Wang and Hua Yang contributed equally to this work. ized by hyperalgesia, allodynia and spontaneous pain [1, 2].
Many diseases cause neuropathic pain, such as autoimmune
diseases, metabolic disorders, infection, vascular diseases,
injuries, tumours, etc. [3]. According to an epidemiologi-
Department of Molecular and Cellular Pharmacology, cal study, 6.9-10% people experience neuropathic pain [4].
;Z};?ﬁéoéﬁ i}:la;macemml Sciences, Peking University, Currently, antidepressants (amitriptyline) and antiepileptic

’ drugs (pregabalin and gabapentin) are widely used in the
clinical as analgesics for neuropathic pain [5, 6]. However,
the prognosis is poor. Less than 40-60% of patients obtain
partial relief of neuropathic pain, and these patients suffer
from many side effects, including tolerance, addiction, car-
diotoxicity, dizziness, etc. [7]. Therefore, investigations of
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analgesics with high effects and low toxicity for neuropathic
pain are urgently needed.

The spirocyclopiperazinium salt compound DXL-A-24
(Fig. 1) was designed and synthesized based on its parent
compound LXM-15. As shown in a previous study, LXM-
15 exerts significant antinociceptive effects on several acute
pain models, without obvious toxicity. Receptor binding
assays showed that LXM-15 achieved its antinociceptive
effect by binding «7 nAChR and M4 mAChR [8]. Compared
with LXM-15, the process used to synthesize DXL-A-24
is less time-consuming and has a lower cost. In this study,
we investigated the antinociceptive effects of DXL-A-24 on
neuropathic pain and chemical-stimulated pain, and further
explored the antinociceptive mechanisms.

Materials and Methods
Animals

SD rats (200-250 g) and ICR mice (20-22 g) of both
sexes (half males and half females) were purchased from
the Department of Laboratory Animal Science of Peking
University. Animals were housed under standard conditions
(22 +£0.5 °C, relative humidity of 55 +5% and an alternating
12 h light—dark cycle), and were provided food and water
ad libitum. All experiments were approved by the Institu-
tional Animal Care and Use Committee of Peking Univer-
sity, and complied with the recommendations of the Com-
mittee for Research and Ethical Issues of the International
Association for the Study of Pain.

Drugs and Reagents

Drugs: Aspirin (Beijing Shuguang Pharmaceutical Co. Ltd,
Beijing, China), Gabapentin (Jiangsu Hengrui Medicine,
Lianyungang, China), methyllycaconitine citrate (MLA)
(Abcam, Cambridge, MA, USA), hexamethonium (Hex),
atropine methylnitrate (Amn), tropicamide (TRO) (Sigma
Chemical Co., St. Louis, MO, USA), formalin and acetic
acid (Beijing Chem. Works, Beijing, China) were used in
the present study. DXL-A-24 was synthesized by Runtao Li
and Xin Wang. All of the drugs were dissolved in double
distilled water (DDW) or normal saline (NS) immediately
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Fig.1 The chemical structure of the Spirocyclopiperazinium salt
compound DXL.-A-24

before use and were administered via the intragastric (i.g.),
subcutaneous (s.c.) or intraperitoneal (i.p.) route.

Reagents: RIPA lysis buffer (Beijing Beyotime Institute
of Biotechnology, Beijing, China), protease inhibitor cock-
tails, phosphatase inhibitors cocktails, the bicinchoninic acid
(BCA) protein assay kit (Beijing Applygen Technologies
Inc. Beijing, China), anti-phospho-calcium/calmodulin-
dependent protein kinase Ilo (Thr286) (pCaMKlIla) anti-
body, anti-CaMKIla antibody, anti-calcitonin gene related
peptide (CGRP) antibody, anti-phospho-cAMP response
element-binding protein (Ser133) (pCREB) antibody, anti-
CREB antibody (Abcam, Cambridge, MA, USA), f-actin
(Beijing Zhongshan Golden Bridge Biotechnology, Beijing,
China), and specific horseradish peroxidase (HRP)-conju-
gated secondary antibodies (M&G Technology Beijing Ltd,
Beijing, China), high-capacity cDNA reverse transcription
kits (Invitrogen, Carlsbad, CA, USA), Alexa Fluor-488-con-
jugated donkey secondary antibodies(Jackson ImmunoRe-
search Inc. PA, USA) were also used in this study.

Chronic Constriction Injury Model

A rat model of chronic constriction injury (CCI) was estab-
lished according to the procedure described by Bennett and
Xie in 1988 [9]. The baseline mechanical withdrawal thresh-
old and paw withdrawal latency of each rat were measured
prior to the operation. After rats were anesthetized with
sodium pentobarbital (60 mg/kg, i.p.), the skin of right
midthigh was incised and muscles were separated to expose
the sciatic nerve. The sciatic nerve was ligated loosely for
four times with 4-0 silk thread at 1 mm intervals. After
ligation, incisions in the muscle and skin were sequentially
sutured. In sham-operated animals, the sciatic nerve was
exposed but not ligated. After the operation, the mechanical
withdrawal threshold and paw withdrawal latency of rats
were measured. The CCI rats that failed to exhibit thermal
hyperalgesia and mechanical allodynia were excluded from
the study.

Antiepileptics are the most frequently studied drugs in
neuropathic pain, and gabapentin (a GABA inhibitor) has
been strongly recommended as a first-line treatment for
peripheral and central neuropathic pain [10]. In the present
study, gabapentin was chosen as the positive drug. Thirty-
six rats of both sexes were divided into six groups and
treated with DXL-A-24 (1, 0.5 or 0.25 mg/kg, i.g.), gabap-
entin (100 mg/kg, i.g.) or vehicle (DDW, i.g.) daily after the
operation. Behavioural tests were conducted 2 h after drug
administration on days 1, 3, 5, 7 and 14 after ligation.

Mechanical Withdrawal Threshold Measurement

Rats were placed in transparent plastic boxes with a metal
wire mesh floor 30 min to allow them to adapt to the
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environment. Then, electronic von Frey filaments (IITC
2390, USA) were applied to the middle plantar surface of the
right hind paws. The minimum force triggering paw with-
drawal was recorded automatically as the mechanical with-
drawal threshold (MWT) of rats. The MWT was measured

number of vehicle — number of experiment

i.g.) or vehicle (DDW, i.g.) 2 h before the injection of 0.6%
acetic acid (0.2 ml in NS, i.p.). The number of abdominal
constrictions was counted and recorded from the Sth min
to the 20th min after the acetic acid injection. The percent
inhibition was calculated using the following formula:

x 100

Inhibition ratio (% ) = ber of vehicl
number of vehicle

for three times at 5 min intervals. The percentage of Pain
Threshold Elevation (PTE %) was calculated using the fol-
lowing formula:

MWT of experiment — MWT of vehicle

PTE% = -
MWT of vehicle

x 100

Paw Withdrawal Latency Measurement

Rats were placed on a heated surface (50.5 °C), and the
intervals from placement to the first response (licking or
biting their hind paws or jumping) were regarded as the paw
withdrawal latency (PWL). Fourteen seconds was set as the
cut-off time. The percentage of Maximal Possible Effect
(MPE %) was calculated using the following formula:

PWL of experiment — PWL of vehicle

MPE% = - -
cut off time — PWL of vehicle

x 100

Chemical Stimulation-Induced Pain Model
Formalin Test

Five groups of 6 mice of both sexes were administered DXL-
A-24 (0.5, 0.25 or 0.125 mg/kg, i.g.), aspirin (300 mg/kg,
i.g.) or vehicle (DDW, i.g.) 2 h before the injection of 2.5%
formalin (20 pl in NS, s.c.) into the right hind paw. Aspirin,
a non-steroidal anti-inflammatory drug (NSAID), is now
considered one of the most effective and versatile medica-
tions for the treatment of mild-to-moderate pain [11]. Aspi-
rin was used as the positive drug in this study. The time
spent licking or biting injured paws after the formalin injec-
tion was recorded. The first 5 min was regarded as phase
I, and the interval from the 10th min to the 60th min was
regarded as phase II. The percent inhibition was calculated
using the following formula:

time of vehicle — time of experiment

Inhibition ratio (% ) = x 100

time of vehicle

Acetic Acid Test

Five groups of 6 mice of both sexes were administered DXL-
A-24 (0.5, 0.25 or 0.125 mg/kg, i.g.), aspirin (300 mg/kg,
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Receptor Blocking Tests

Eight groups of 6 mice of both sexes were pretreated with
hexamethonium (Hex, a peripheral neuronal nAChR antag-
onist, 18 pmol/kg, i.p.), atropine methylnitrate (Amn, a
peripheral mAChR antagonist, 14 pmol/kg, i.p.), methylly-
caconitine (MLA, an o7 nAChR antagonist, 3 pmol/kg, i.p.),
tropicamide (TRO, a M4 mAChR antagonist, 3 pmol/kg,
i.p.) or NS (i.p.), respectively. Fifteen min later, mice were
administered DXL-A-24 (0.5 mg/kg, i.g.) or DDW (i.g.).
The formalin tests were conducted as described in section
“Formalin test”.

Western Blot

Eighteen rats of both sexes were divided into three groups:
Sham group (DDW, i.g.), Vehicle group (DDW, i.g.),
DXL-A-24 group (1 mg/kg, i.g.). Sham-operated rats and
CClI rats were sacrificed 2 h after the administration of
DXL-A-24 or vehicle on day 7 after surgery. Then, the
ipsilateral DRGs (L4 and L5) were harvested and homog-
enized in ice-cold RIPA lysis buffer supplemented with
2% protease inhibitors and 1% phosphatase inhibitors.
Collected tissue samples were centrifuged at 12,000xg
for 5 min and the supernatant was collected. The protein
concentration of each supernatant was measured using
the bicinchoninic acid (BCA) protein assay kit accord-
ing to the manufacturer’s instructions. Each sample was
adjusted to an equal concentration, mixed with sodium
dodecyl sulfated (SDS) sample buffer and boiled for 5 min.
Samples containing equal amounts of protein were sepa-
rated using 10% sodium dodecyl sulfate—polyacrylamide
gel electrophoresis (SDS-PAGE) and subsequently electro-
transferred onto a polyvinylidene fluoride (PVDF) mem-
brane (0.45 pm). After blocking with 5% skim milk in
Tris-buffered saline containing Tween-20 (TBST) for 1.5 h
at room temperature, the membrane was incubated with
primary antibodies, including a rabbit anti-calcium/calm-
odulin-dependent protein kinase Il (CaMKIlIa) antibody,
rabbit anti-phospho-CaMKIla (Thr286) antibody, rabbit
anti-cAMP response element-binding protein (CREB)
antibody, rabbit anti-phospho-CREB (Ser133) antibody
and mouse anti-p-actin monoclonal antibody (diluted in
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5% skim milk in TBST, 1:1000-1:5000) overnight at 4 °C.
Then, the membrane was washed three times with TBST
and incubated with a horseradish peroxidase-conjugated
goat anti-rabbit IgG or anti-mouse IgG (1:2000, diluted
in 5% skim milk in TBST) for 1 h at room temperature.
The membrane was washed three times with TBST again,
and the blots were visualized using a ChemiDoc imag-
ing system after an incubation with a chemiluminescence
(ECL) reagent. The protein levels were normalized to the
intensity of f-actin, a control protein.

qRT-PCR

As described in section “Western Blot”, eighteen rats of both
sexes were divided into three groups and DRGs were col-
lected. Total RNA was extracted using Trizol reagent, and
2 pg of total RNA from each sample were reverse transcribed
into first-strand complementary DNAs (cDNAs) using the
high-capacity cDNA reverse transcription kits. Two micro-
liters of cDNA products were used as templates for PCR and
amplified with specific primers (for TNF-q, sense: 5'- GCA
TGATCCGAGATGTGGAA-3' and antisense: 5'- AGACAC
CGCCTGGAGTTCTG-3'; for B-actin, sense: 5'- TGTGAT
GGTGGGAATGGGTCAG-3' and antisense: 5'- TTTGAT
GTCACGCACGATTTCC-3"). PCR was conducted with the
following parameters: 50 °C for 2 min, 95 °C for 2 min, 40
cycles of 95 °C for 15 s, 58 °C for 15 s, 72 °C for 1 min.

Immunofluorescence

Twenty rats of both sexes were divided into five groups:
Sham group (NS/DDW), Vehicle group (NS/DDW), DXL-
A-24 group (NS/DXL-A-24), MLA group (MLA/DXL-A-
24), TRO group (TRO/DXL-A-24). After operation, rats
were pretreated with MLA (3 mg/kg, i.p.), TRO (3 mg/kg,
i.p.) or NS (i.p.), respectively, 20 min prior to the administra-
tion of DXL-A-24 (1 mg/kg, i.g.) or DDW (i.g.) for 7 days.
The rats were anaesthetized with pentobarbital (60 mg/kg,
i.p.) and perfused with physiological saline on day 7. The
ipsilateral DRGs were harvested, post-fixed with 4% para-
formaldehyde and dehydrated through successive incuba-
tions with 10%, 20% and 30% sucrose solutions. DRGs were
cut to 16 pm frozen sections and stored in — 80 °C freezers
until use. Frozen sections were processed for immunofiuo-
rescence staining for the CGRP protein as described below.
Sections were hydrated in PBS for 10 min and then blocked
with a blocking solution (PBS + 10% donkey serum + 1%
Triton X-100) at 37 °C for 2 h. The sections were exposed
to the goat primary antibody for CGRP (1:400, diluted
in PBS +2% donkey serum+0.5% Triton X-100) at 4 °C

overnight. After rinses with PBS, sections were incubated
with Alexa Fluor-488-conjugated donkey secondary anti-
bodies (1:400, diluted in PBS +2% donkey serum + 0.5%
Triton X-100) at 37 °C for 2 h. Then, sections were cover
slipped. Images were captured with an Olympus fluores-
cence microscope.

Acute Toxicity Test

The limit test for the acute toxicity of DXL-A-24 was con-
ducted according to Organisation for Economic Cooperation
and Development (OECD) guideline 423. After six mice
were administered DXL-A-24 (1000 mg/kg, i.g.), the behav-
ioural, neurological, and autonomic states and any lethality,
moribund state, or death were observed for 72 h with special
attention and thereafter up tol4 days [12].

Statistical Analysis

Analyses were performed with SPSS 23.0 software. Data are
presented as mean + SD. The mechanical withdrawal threshold
and paw withdrawal latency in the chronic constriction injury
(CCI) model were analysed with repeated-measures & mixed
design ANOVAs. Other comparisons were analysed with one-
way ANOVA followed by the Dunnett post hoc analysis. A
value of P <0.05 was considered statistically significant.

Results

Antinociceptive Effect of DXL-A-24 on Neuropathic
Pain

CCI surgery induced significant thermal hyperalgesia and
mechanical allodynia. As shown in Fig. 2, the paw withdrawal
latency (PWL) and mechanical withdrawal threshold (MWT)
of CClI rats were significantly shorter (P <0.01). The PWL
decreased to the minimum level on day 3 after surgery and
remained stable, and the MWT decreased to lowest value on
day 7 and remained stable. The administration of DXL-A-
24 (1, 0.5 or 0.25 mg/kg, i.g.) prolonged the PWL on days
1, 3,5, 7 and 14, and the MPE % was 74%, 38% and 26%,
respectively, on day 7. The DXL-A-24 groups showed a sig-
nificant difference compared with the vehicle group at all
time points (P <0.01) (Fig. 2a). The repeated-measures &
mixed design ANOVA revealed a significant effect of treat-
ment (F(5,25)=42.75, P<0.01), but not time (F(5125)=1.45,
P>0.05) or the treatment X time interaction [F(25,125)=1.04,
P>0.05], on CCI. Meanwhile, the administration of DXL-A-
24 (1, 0.5 or 0.25 mg/kg, i.g.) increased the MWT, and the
PTE % was 121%, 90% and 81%, respectively, on day 7. The
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Fig.2 Antinociceptive effect of DXL-A-24 on neuropathic pain in
CCI rats. Sham or CCI rats were administered DXL-A-24 (1, 0.5
or 0.25 mg/kg, i.g.), gabapentin (100 mg/kg, i.g.) or vehicle (DDW,
i.g.) daily after surgery. The paw withdrawal latency (PWL) (a) and
mechanical withdrawal threshold (MWT) (b) were measured 2 h after
drug administration on days 1, 3, 5, 7 and 14 after ligation. Data are
presented as mean =+ SD of 6 rats per group. *P<0.05 and **P<0.01
compared with the Vehicle group

DXL-A-24 groups showed a significant difference compared
with the vehicle group at all time points (P <0.01) (Fig. 2b).
The repeated-measures & mixed design ANOVA revealed
significant effects of treatment (F(5,25)=207.67, P<0.01),
treatment X time interaction [F(25,125)=5.84, P<0.01], but
not time (F(5,125)=0.24, P>0.05), on CCI. The gabapen-
tin group exhibited an MPE % and PTE % of 62 and 142%,
respectively, on day 7(P <0.01).
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spent licking or biting the injected paw was recorded. The first 5 min
was regarded as phase I, and the interval of time from the 10th min
to the 60th min was regarded as phase II. b Antinociceptive effect of
DXL-A-24 on mice in the acetic acid test. At 2 h after the administra-
tion of DXL-A-24, mice were injected with 0.6% acetic acid and the
number of abdominal constrictions was recorded from the 5th min to
the 20th min. Data are presented as mean+SD of 6 mice per group.
*P<0.05 and **P<0.01 compared with the Vehicle group

Antinociceptive Effect of DXL-A-24 on Chemical
Stimulation-Induced Pain

Mice injected with 2.5% formalin displayed an obvious
response of licking and biting the injured paws. As shown
in Fig. 3a, the administration of DXL-A-24 (0.5, 0.25 or
0.125 mg/kg, i.g.) significantly attenuated the nociceptive
behaviour (F(4,25)=18.11, P<0.01), and the percent inhi-
bition was 64%, 39% and 28%, respectively. The positive
control drug aspirin (300 mg/kg, i.g.) inhibited the nocicep-
tive behaviour with a percent inhibition of 57%.
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In the acetic acid test, 0.6% acetic acid induced severe
abdominal constrictions in mice. The administration
of DXL-A-24 (0.5, 0.25 or 0.125 mg/kg, i.g.) signifi-
cantly reduced the number of abdominal constrictions
(F(4,25)=12.05, P<0.05, P<0.01), with a percent inhibi-
tion of 60%, 43% and 36%, respectively. Aspirin (300 mg/
kg, i.g.) inhibited 70% of abdominal constrictions (Fig. 3b).

Potential Antinociceptive Targets of DXL-A-24
In the formalin test, DXL-A-24 exerted a significant analge-

sic effect. Pretreatment with Hex or Amn blocked the antino-
ciceptive effect of DXL-A-24, and the percent inhibition was

2 4004 == NS/DDW
g == NS/DXL-A-24
g 1 Hex/DXL-A-24
o) — Amn/DXL-A-24
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g
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£
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£ 0 e
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Fig.4 Effects of Hex, Amn, MLA or TRO on the antinociceptive
effect of DXL-A-24. a Mice were pretreated with Hex (18 pmol/kg,
i.p.), Amn (14 pmol/kg, i.p.) or NS (i.p.) before the administration of
DXL-A-24 (0.5 mg/kg, i.g.) or DDW (i.g.). b Mice were pretreated
with MLA (3 pmol/kg, i.p.), TRO (3 pmol/kg, i.p.) or NS (i.p.) before
the administration of DXL-A-24 (0.5 mg/kg, i.g.) or DDW (i.g.). Two
hours later, formalin tests were performed. Data are presented as
mean +SD of 6 mice per group. **P<0.01 compared with the Vehi-
cle group

reduced from 54% to 11% and 8%, respectively (Fig. 4a)
(F(3,20)=22.42, P <0.01). Furthermore, pretreatment with
MLA and TRO also blocked the antinociceptive effect of
DXL-A-24, and the percent inhibition was reduced from
61% to 17% and 16% respectively (Fig. 4b) (F(3,20)=32.61,
P <0.01). Significant differences were not observed between
the vehicle group and antagonists-pretreated groups
(P>0.05).

Potential Signalling Pathway
Level of the pCaMKlla Protein in DRGs

In western blot tests, we evaluated the effect of DXL-A-
24 on the level of CaMKIla protein. In CCI rats, the phos-
phorylation of CaMKIla in the DRGs was significantly
increased compared with sham-operated rats (P <0.01). The
administration of DXL-A-24 decreased the phosphorylation
of CaMKlIla by 38% (F(2,15)=23.73, P<0.01) (Fig. 5a).
Meanwhile, the expression of CaMKIla remained stable in
each group (F(2,15)=1.80, P> 0.05) (Fig. 5b).

Level of the pCREB Protein in DRGs

Subsequently, the levels of pCREB in DRGs were explored.
In CCl rats, the phosphorylation of CREB in the DRGs was
significantly increased compared with sham-operated rats
(P<0.01). The administration of DXL-A-24 inhibited the
increase in CREB phosphorylation by 54% (F(2,15)=17.65,
P <0.01) (Fig. 5¢). A significant difference in CREB levels
was not observed (F(2,15)=0.52, P>0.05) (Fig. 5d).

Expression of the TNF-a mRNA in DRGs

We next examined the effect of DXL-A-24 on TNF-a expres-
sion after CCI operation. Our quantitative real-time PCR
analysis revealed increased expression of the TNF-o« mRNA
in the DRGs of CCI rats compared with the sham group
(P<0.01). DXL-A-24 (1 mg/kg) effectively inhibited this
change by 60% (F(2,15)=14.60, P <0.01) (Fig. 6).

Expression of the CGRP in DRGs

Immunofluorescence staining was conducted to examine
CGRP expression in the DRGs of CCI rats. A few CGRP-
positive cells were observed in the DRGs of sham-operated
rats (Fig. 7a). After CCI operation, CGRP expression was
obviously increased in the DRGs (Fig. 7b). The adminis-
tration of DXL-A-24 substantially inhibited the increase in
CGRP expression (Fig. 7¢). Pretreatment with MLA and
TRO blocked the effect of DXL-A-24 (Fig. 7d and e). CGRP
expression in the DRGs was calculated using the percentage
of CGRP positive cells in the total DRG cells (Fig. 7f.)
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Fig.5 Effects of DXL-A-24 on pCaMKIla and pCREB levels in
CCI rats. After nerve injury, rats were administered with DXL-A-
24 daily and ipsilateral DRGs (L4 and L5) were harvested from the
sham or CCI rats on day 7. The levels of pCaMKIla (a), CaMKIla

Acute Toxicity

Mice administered DXL-A-24 (1000 mg/kg, i.g.) exhibited
normal behavioural, neurological and autonomic states. No
mortality or toxicity was observed during the observation
period. Thus, the minimum lethal dose of DXI.-A-24 is greater
than 1000 mg/kg, which is equivalent to 2500 times the high-
dose (0.4 mg/kg). This compound is very safe and non-toxic
in mice.
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(b), pCREB (c) and CREB (d) in DRGs were detected using west-
ern blotting test. Data are presented as mean + SD of 6 rats per group.
*#P<0.01 compared with the Vehicle group

Discussion

In the present study, DXL-A-24 significantly inhibited
nerve injury-induced hyperalgesia and the chemical-stim-
ulated pain response in a dose-dependent manner. In CCI
rats, the MWT was increased and the PTE % was 121%
after the administration of DXL-A-24 for 7 days; at the
same time, the PWL was prolonged and the MPE % was
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Fig.6 Effect of DXL-A-24 on TNF-a mRNA expression. After nerve
injury, rats were administered with DXL-A-24 daily, and ipsilateral
DRGs (L4 and L5) were harvested from the sham or CCI rats on the
7th day. The expression of the TNF-a« mRNA in DRGs was detected
using RT-PCR test. Data are presented as mean+SD of 6 rats per
group. *¥P<0.01 compared with the Vehicle group

A Sham

D MLA E TRO

Fig. 7 Effect of DXL-A-24 on the expression of CGRP in the DRGs
of CCI rats. CGRP expression in the DRGs was detected using immu-
nofluorescence staining (scale bar 22 pm). a Sham group (NS/DDW).
b Vehicle group (NS/DDW). ¢ DXL-A-24 group (NS/DXL-A-24). d

B Vehicle

74%. The administration of the positive drug gabapentin
resulted in a PTE % of 142% and MPE % of 62%. In mice
with chemical-stimulated pain, the administration of DXL-
A-24 decreased the time spent licking or biting the injured
paws by 64% and reduced the number of abdominal con-
strictions by 60%. Aspirin inhibited these phenomena by
57 and 70% respectively. In the acute toxicity test, DXL-
A-24 showed no obvious toxicity. Taken together, DXL-A-
24 produced similar antinociceptive effects to gabapentin
and aspirin that are clinical analgesics, without obvious
toxicity, implying that DXI.-A-24 is probably a promising
analgesic.

o7 nAChR is widely distributed in the central and
peripheral nervous systems, and is associated with vari-
ous physical functions, such as anxiety, learning, memory,
movement and pain [13—-15]. The activation of a7 nAChR
has been shown to alleviate pain induced by chemical
stimulation, inflammation or nerve injury [8, 16]. In the
present study, the antinociceptive effect of DXL-A-24 was
blocked by the peripheral nAChR antagonist Hex, and fur-
ther blocked by the a7 nAChR antagonist MLA, suggest-
ing that DXL-A-24 likely exerts its antinociceptive effect

C DXL-A-24

CGRP + cells (%)

MLA group (MLA/DXL-A-24). e TRO group (TRO/DXL-A-24). f
Percentage of CGRP positive cells in the total DRG cells. Data are
presented as mean + SD of 4 rats per group. **P<0.01 compared with
the Vehicle group
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by activating peripheral a7 nAChR, and potentially avoids
the adverse reaction triggered by a7 nAChR activation in
the central nervous system.

Calcium/calmodulin-dependent protein kinase II (CaM-
KII), which includes «, B, y and & subtypes, is expressed
in the nervous systems [17]. CaMKlIla is activated by an
increase in the intracellular Ca>* concentration and calmo-
dulin, and then auto-phosphorylated at Thr-286 [18]. As
an important factor in the development of chronic pain,
pCaMKIla levels are increased in the spinal cord of rats
with neuropathic pain [19]. In our study, we initially
confirmed that the ligation of the sciatic nerve increased
pCaMKIla levels, but did not alter CaMKIlIa expression
in rat DRGs. The increase in phosphorylation was inhib-
ited by DXL-A-24. Base on these results, the increase of
pCaMKIla levels played an important role in neuropathic
pain, and DXL-A-24 probably alleviated neuropathic pain
by inhibiting CaMKIla phosphorylation.

As a type of GPCR receptor, M4 mAChR is activated
through an interaction with phosphorylated CaMKIla,
and then inhibits downstream signalling pathways [20].
Meanwhile, M4 mAChR is postulated to be a more attrac-
tive antinociceptive target because it does not influence
physiological function [21, 22]. However, the role of M4
mAChR in neuropathic pain has not yet been investigated.
In the present study, the antinociceptive effect of DXL-
A-24 was blocked by Amn or TRO, indicating that the
antinociceptive effect of DXL-A-24 is probably mediated
by the activation of peripheral M4 mAChR.

The inhibition of the activity of cAMP-response ele-
ment binding protein (CREB) alleviates the allodynia
and hyperalgesia caused by nerve injury [23, 24]. At the
same time, phosphorylated CREB (pCREB) contributes
to maintaining hyperalgesia by triggering the production
of related factors such as TNF-a [25]. The increase in
pCREB expression caused by CCI surgery was inhibited
by DXL-A-24 in the present study, suggesting that the
antinociceptive effect of DXL-A-24 was associated with
the inhibition of CREB phosphorylation.

TNF-a is a proinflammatory mediator that induces
inflammation and facilitates the development of neuro-
pathic pain [26]. Meanwhile, TNF-a plays a more impor-
tant role in regulating pain [27]. The expression of the
TNF-a mRNA was increased in the DRGs of CCI rats,
and the administration of DXL-A-24 inhibited the expres-
sion of TNF-a mRNA in the present study, suggesting that
the antinociceptive effect of DXL-A-24 was related to the
inhibition of TNF-a expression.

Calcitonin gene-related peptide (CGRP), an excitatory
neurotransmitter that is released in primary afferent nerves,
promotes the occurrence of allodynia and hyperalgesia
[28]. Currently, CGRP antagonists are being investigated
as antinociceptive targets and have been proven to exert
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antinociceptive effects on different pain models [29, 30].
In the present study, the increase in CGRP expression was
inhibited by DXL-A-24, and the effect was blocked by MLA
and TRO, implying that DXL-A-24 alleviated neuropathic
pain by inhibiting CGRP expression, which is probably
mediated by the activation of o7 nAChR and M4 mAChR.

Conclusions

In conclusion, the spirocyclopiperazinium salt compound
DXL-A-24 exerted significant antinociceptive effects on
neuropathic pain and chemical-stimulated pain. The antino-
ciceptive effect may be mediated by the activation of periph-
eral o7 nAChR and M4 mAChR, the subsequent inhibition
of the CaMKIIo/CREB signalling pathway, and eventually
the reduction of CGRP and TNF-a expression.
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