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Background: It has been reported that N-cadherin and cAMP response element binding
protein (CREB) in the spinal cord are critical for synaptogenesis and regulation of excitatory
synapse function, which could underlie chronic pain development. The aim of the present
study was to investigate the role of spinal N-cadherin/CREB signaling in postsurgical pain
chronicity following chronic alcohol consumption.

Methods: C57BL/6 male mice were randomly assigned into different groups. Plantar
incision was used to induce postsurgical pain. Chronic alcohol consumption was conducted
by giving mice unlimited access to different concentrations of ethanol for five weeks. We
measured paw withdrawal thresholds to test postsurgical pain. Using Western blotting, we
examined the expression of N-Cadherin and CREB in the spinal dorsal horn. We further
performed intrathecal injection of specific N-cadherin and CREB inhibitors to assess the role
of spinal N-cadherin/CREB signaling in chronic alcohol consumption-enhanced postsurgical
pain.

Results: We observed that the chronic alcohol consumption significantly prolonged post-
surgical pain and enhanced plantar incision-increased N-cadherin expression and CREB
phosphorylation at the Ser133 in the spinal cord. Intrathecal injection of specific
N-cadherin and CREB inhibitors attenuated chronic alcohol consumption-prolonged post-
surgical pain.

Conclusion: Our results suggest that spinal N-cadherin/CREB signaling is involved in
chronic alcohol consumption-caused postsurgical pain chronicity.
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Introduction
Previous studies have shown that moderate alcohol consumption can reduce pain in
chronic pain patients,' but heavy alcohol drinking and alcohol dependence are
associated with chronic pain development.” Moreover, clinical and preclinical
studies have reported that excessive chronic alcohol exposure and withdrawal can
increase sensitivity to noxious stimuli.*> Approximately one-fifth of people with
alcohol abuse or dependence are accompanied by prolonged pain.® However, the
underlying mechanisms for the association between chronic alcohol consumption
and pain chronicity are not fully understood.

N-cadherin, a trans-synaptic cell adhesion molecule, is well known to be
expressed at glutamatergic synapses.” This molecule not only plays a crucial role

in synapse formation, but also controls excitatory synapse function and stabilizes

submit your manuscript

Dove n

http:

" in @

Journal of Pain Research 2020:13 2065-2072 2065

© 2020 Ma et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php

AT 2nd incorporate the Creative Commons Attribution — Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the work
you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).


http://orcid.org/0000-0003-3412-010X
mailto:xingy@zzu.edu.cn
mailto:ftao81@tamu.edu
http://www.dovepress.com
http://www.dovepress.com
https://www.facebook.com/DoveMedicalPress/
https://twitter.com/dovepress
https://www.linkedin.com/company/dove-medical-press
https://www.youtube.com/user/dovepress
http://www.dovepress.com/permissions.php

Ma et al

Dove

dendritic spine structures.® "' It has been demonstrated
that synaptic plasticity of primary afferent nociceptive
circuitry in the spinal dorsal horn is tightly related to
mechanical allodynia.'*'* On the other hand, a-amino
-3-hydroxy-5-methyl-4-isoxazole-propionic acid (AMPA)
receptors are ionotropic glutamate receptors that mediate
fast synaptic potential.'* It has been reported that hyper-
algesia and allodynia are associated with AMPA receptor-
mediated excitatory synaptic transmission.'> Our previous
study showed that chronic alcohol consumption prolongs
postsurgical pain by enhancing AMPA receptor phosphor-
ylation in the spinal cord.'"® N-cadherin can interact with
AMPA receptor GluA2 and result in decreased desensiti-
zation of the AMPA receptor, thereby facilitating long-
Moreover, cAMP
response element binding protein (CREB), which can be

term potentiation (LTP) induction.'’

activated by N-cadherin, is involved in the induction and
maintenance of LTP'® and contributes to pain modulation
in the spinal cord during the transition from acute to
chronic pain.'® Therefore, these previous studies suggest
that spinal N-cadherin/CREB signaling could play a role in
chronic alcohol consumption-enhanced postsurgical pain.

In the present study, we analyzed N-cadherin expres-
sion and CREB phosphorylation in the spinal cord after
chronic alcohol consumption and/or plantar incision, and
further examined the effects of spinal N-cadherin and
CREB
prolonged postsurgical pain.

inhibition on chronic alcohol consumption-

Materials and Methods

Animals

C57BL/6 male mice (20-25g) were obtained from
Animal Center of Zhengzhou University. Mice were
housed under standard conditions with 12 h light/dark
cycle and allowed access to water and food ad libitum.
All behavioral tests were performed by an investigator
blinded to the assignment of animal groups, and mice
were habituated 30 min per day for three days before
behavioral testing. All efforts were made to minimize
pain or discomfort and to reduce the number of animals
used. All procedures were carried out in accordance with
the National Institutes of Health Guide for Care and Use
of Laboratory Animals and were approved by the Animal
Care and Use Committee at Zhengzhou University. The
number of animals for each experiment is indicated in the
respective figure legend.

Chronic Alcohol Consumption and

Plantar Incision
Chronic alcohol consumption was conducted as described
in our previous study with minor modification.'® Briefly,
mice received 10% (w/v) ethanol for first two days, 15% (w/
v) ethanol for next five days, and 20% (w/v) ethanol for the
following four weeks. The mice in the non-alcohol drinking
group had free access to water. The consumed amount of
ethanol per day was similar in all the mice (4.11 + 0.05). All
ethanol-drinking mice gained weight normally compared
with the non-alcohol drinking group.

On the day following five-week ethanol drinking,
a 5-mm longitudinal plantar incision was made through
the skin and fascia in the left hindpaw under isoflurane
anesthesia according to previous studies.”*' The incision
began 2 mm from the proximal edge of the heel and
extended toward the toes. The underlying muscle was
elevated with a curved forceps, leaving the muscle origin
and insertion intact. The skin was apposed with a single
suture of 6—0 nylon, and the wound site was covered with
antibiotic ointment to prevent infection. The sham-
operated mice underwent the same procedure except that
the incision was not carried out. All the mice did not show
locomotor dysfunction after ethanol drinking and/or plan-
tar incision.

Assessment of Paw Mechanical
Hypersensitivity

Pain behaviors were measured one day before incision as
baseline and days 1, 3, 5, 7, 10, 20, 30, 40, 50, 60, and 70
after incision. The calibrated von Frey filaments were
used to assess mechanical hypersensitivity according to
our previous study.?’ In brief, mice were placed on an
elevated stainless wire mesh floor and were covered with
a clear Plexiglas chamber (5 x 5 x 8 cm). Following
acclimation for 30 min, the filaments were applied to
paws from least to greatest forces (0.08, 0.15, 0.25, 0.41,
0.7, 1.2, and 2.0 g) to determine the paw withdrawal
responses to mechanical stimuli. Each monofilament was
applied five times to the plantar side of the hindpaw for
approximately 1-2 s with a 10 s interval, starting with
a lowest force of filament (0.08 g) and continuing in
ascending order. A positive response was defined as
a sharp withdrawal of hindpaw upon stimulation. The
paw withdrawal threshold was calculated as the force at
which the positive response occurred in three out of five
stimuli.
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Drugs Preparation and Intrathecal
Injection

The CREB inhibitor KG-501 (Cat. # 70485, Sigma, USA)
inhibitor ADH-1 (Cat. # HY-13541,
MedChemExpress, USA) were dissolved in dimethyl sulfox-
ide (DMSO) and diluted with 0.9% saline. Intrathecal injection
of the drugs in a volume of 6 pL. was performed using a 10 uL

and N-cadherin

Hamilton microsyringe with a 27-gauge needle on day 20 after
plantar incision as described previously.”*** The accurate
placement of the needle was confirmed by a quick “flick” of
the mouse’s tail. Pain behavior testing was carried out before
and 30 min after the intrathecal injection.

Western Blotting

The mice were sacrificed under isoflurane anesthesia on day
20 after incision and/or alcohol treatment and the ipsilateral
L4-L6 lumbar spinal cord tissues were harvested. Proteins
from the lumbar spinal cord tissues were extracted as
described previously.>** Nuclear fraction of the extracted
detecting CREB
phosphorylation.* p-actin and histone H3 were used as load-

protein was used for and its
ing controls for N-cadherin and CREB, respectively. Protein
concentration was determined using the bicinchoninic acid
method. The following affinity-purified antibodies were
used: anti-N-cadherin (1:1000, Cat. # ab76057, Abcam,
USA), anti-CREB (1:1000, Cat. # ab32515, Abcam, USA),
anti-phospho-CREB-Ser133 (1:5000, Cat. # ab32096, Abcam,
USA), anti-B-actin (1:200000, Cat. # A5316, Sigma, USA),
and anti-histone H3 (1:3000, Cat. # 17168-1-AP, Proteintech,
USA). The intensities of bands were quantified with
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densitometry using Image J software (NIH, USA). The inten-
sity values of N-cadherin bands were normalized with B-actin
and expressed as a ratio of N-cadherin/B-actin, and the inten-
sity values of the phospho-CREB-Ser133 (p-CREB) were
normalized with total CREB and expressed as a ratio of
p-CREB/CREB. The specificity of anti-N-cadherin, anti-
CREB anti-phospho-CREB-Ser133 antibodies has been vali-

dated previously.>

Statistical Analysis

Data are expressed as the mean = SEM. All statistical ana-
lyses were performed using GraphPad Prism 8.0.1.
Behavioral data was analyzed by two-way analysis of var-
iance (ANOVA) with repeated measures. Western blotting
data were analyzed by one-way ANOVA. All ANOVAs were
followed by the Tukey’s post hoc test. The level of signifi-
cance was set at p < 0.05.

Results
Chronic Alcohol Consumption Prolongs

Plantar Incision-Induced Postsurgical Pain
In the plantar incision alone group, paw withdrawal thresholds
on the ipsilateral side were significantly decreased from day 1
to day 10 following the incision and did not returned to basal
level until day 20 post-incision (Figure 1A). We further
observed that 5-week ethanol consumption markedly extended
the plantar incision-decreased paw withdrawal thresholds on
the ipsilateral side (Figure 1A), though the alcohol drinking
alone did not significantly alter paw withdrawal thresholds
(Figure 1A). We also observed that paw withdrawal thresholds
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Figure | Chronic alcohol consumption prolongs plantar incision-induced postsurgical pain. (A) 5-week ethanol drinking significantly extended the plantar incision-decreased
paw withdrawal thresholds on the ipsilateral side, though the alcohol drinking alone had no effect on the paw withdrawal thresholds. (B) Paw withdrawal thresholds on the
contralateral side were not affected by plantar incision and/or 5-week ethanol consumption. **p < 0.01, ***p < 0.001 vs the control group at the corresponding time points;
#h < 0.01, "#p < 0.001 vs the incision alone group at the corresponding time points (n = 8 per group).
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on the contralateral side were not affected by plantar incision
and/or 5-week ethanol consumption (Figure 1B).

Chronic Alcohol Consumption Enhances
Plantar Incision-Increased the Expression
of N-Cadherin in the Spinal Cord

To investigate the involvement of spinal N-cadherin in chronic
alcohol consumption-prolonged postsurgical pain, we ana-
lyzed the expression of N-cadherin in the ipsilateral L4-L6
lumbar spinal cord on day 20 after plantar incision and/or
5-week ethanol consumption. Using quantitative Western blot-
ting, we found that plantar incision increased the expression of
N-cadherin in the spinal cord compared to the sham control
group (Figure 2), and that 5-week ethanol consumption further
enhanced the plantar incision-increased spinal N-cadherin
expression (Figure 2), though the alcohol drinking alone had
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Figure 2 Chronic alcohol consumption enhances plantar incision-increased the
expression of N-cadherin in the spinal cord. (A) The plantar incision increased the
expression of spinal N-cadherin compared to the sham control group. 5-week
ethanol consumption further enhanced the plantar incision-increased spinal
N-cadherin expression, though the alcohol drinking alone had no effect on the
N-cadherin expression in the spinal cord. (B) Statistical analysis of the data in (A).
#p < 001, #¥p < 0.001 vs the sham control group; “p < 0.05 vs the incision alone
group (n = 3 per group). B-actin served as a loading control.

no effect on the N-cadherin expression in the spinal cord
(Figure 2).

Chronic Alcohol Consumption Enhances
Plantar Incision-Increased CREB
Phosphorylation in the Spinal Cord

To reveal whether N-cadherin-activated CREB signaling is
involved in chronic alcohol consumption-prolonged postsur-
gical pain, we examined CREB phosphorylation in the ipsi-
lateral L4-L6 lumbar spinal cord on day 20 after plantar
incision and/or 5-week ethanol consumption. Using quanti-
tative Western blotting, we found that plantar incision
increased the level of phosphorylated CREB at the Serine
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Figure 3 Chronic alcohol consumption enhances plantar incision-increased CREB
phosphorylation in the spinal cord. (A) The plantar incision increased the level of
phosphorylated CREB at the Serine 133 in the spinal cord compared to the sham
control group. 5-week ethanol consumption further enhanced the plantar incision-
increased spinal CREB phosphorylation, though the alcohol drinking alone had no
effect on the CREB phosphorylation in the spinal cord. The total CREB expression
did not show significant change after plantar incision and/or chronic alcohol con-
sumption. (B) Statistical analysis of the data in (A). *p < 0.01, ***p < 0.001 vs the
sham control group; #p < 0.05 vs the incision alone group (n = 3 per group).
Histone H3 served as a loading control.
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133 in the spinal cord compared to the sham control group
(Figure 3), and that 5-week ethanol consumption further
enhanced the plantar incision-increased spinal CREB phos-
phorylation (Figure 3), though the alcohol drinking alone
had no effect on the CREB phosphorylation in the spinal
cord (Figure 3). We also observed that total CREB expres-
sion did not show significant change after plantar incision
and/or chronic alcohol consumption (Figure 3).

Inhibition of Spinal N-Cadherin/CREB
Signaling Attenuates Chronic Alcohol
Consumption-Produced Prolongation of

Postsurgical Pain

To further determine whether spinal N-cadherin/CREB signal-
ing contributes to the effect of chronic alcohol consumption on
plantar incision-induced postsurgical pain, we performed
intrathecal injection of ADH-1 (a specific N-cadherin inhibi-
tor) and KG501 (a specific CREB inhibitor) on day 20 after
plantar incision and 5-week ethanol consumption. We
observed that treatment with 40 pg of ADH-1 significantly
increased the decreased paw withdrawal threshold on the
ipsilateral side compared to the vehicle control group (Figure
4A) but had no effect on the contralateral paw withdrawal
threshold (Figure 4B). We also observed that treatment with
KG501 dose-dependently increased the decreased paw with-
drawal threshold on the ipsilateral side compared to the vehicle
control group (Figure 5A) but did not alter the contralateral
paw withdrawal threshold (Figure 5B).
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Discussion

In the present study, we investigated the role of spinal
N-cadherin/CREB signaling in chronic alcohol consumption-
prolonged postsurgical pain. Our results showed that chronic
alcohol consumption enhances plantar incision-increased
N-cadherin expression and CREB phosphorylation in the
spinal cord and that inhibition of spinal N-cadherin or CREB
attenuates chronic alcohol consumption-produced prolonga-
tion of postsurgical pain. These results suggest that spinal
N-cadherin/CREB signaling contributes to the effect of
chronic alcohol consumption on plantar incision-induced post-
surgical pain.

Our previous studies have demonstrated that AMPA recep-
tor phosphorylation is critical for postsurgical pain chronicity
caused by stress or chronic alcohol consumption.'®*
AMPA receptors include four subunits: GluA1-4.2*7>° The
extracellular N-terminal domain of GluA2 can directly interact
with the extracellular domain of N-cadherin, which is
a neuron-specific cell adhesion molecule involved in the reg-
ulation of synaptic plasticity and many neurological
diseases.'"!*132 Thus, the interaction between N-cadherin
and AMPA receptor GluA2 could be involved in chronic
alcohol consumption-enhanced postsurgical pain. It has been
reported that the association of N-cadherin with GluA2 serves
to stabilize AMPA receptors at synapses as immobilized
N-cadherin can decrease lateral diffusion of GluA2."" In addi-
tion, proteomic analysis showed that N-cadherin physically
associates with N-methyl-d-aspartic acid (NMDA) receptors
in large multi-protein complexes.*® Thus, by coupling to both
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Figure 4 N-cadherin inhibition attenuates chronic alcohol consumption-enhanced postsurgical pain. (A) On day 20 after plantar incision and 5-week ethanol consumption,
intrathecal injection of ADH-1 (40 pg), a specific N-cadherin inhibitor, significantly increased the decreased paw withdrawal threshold on the ipsilateral side compared to the
vehicle control group. (B) The ADH-1 treatment had no effect on the paw withdrawal threshold on the contralateral side. **p < 0.0l as indicated in the figure (n = 6 per

group).
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Figure 5 CREB inhibition attenuates chronic alcohol consumption-enhanced postsurgical pain. (A) On day 20 after incision surgery and 5-week ethanol consumption,
intrathecal injection of KG-501 (5pg and 10pg), a specific CREB inhibitor, dose-dependently increased the decreased paw withdrawal threshold on the ipsilateral side
compared to the vehicle control group. (B) The KG-501 treatment had no effect on the paw withdrawal threshold on the contralateral side. **p < 0.01 as indicated in the

figure (n = 6 per group).

NMDA receptor and AMPA receptor signaling pathways,
N-cadherin in the spinal cord could play an important role in
the prolongation of postsurgical pain following chronic alco-
hol consumption. In this study, we observed that 5-week
ethanol treatment further upregulated the expression of spinal
N-cadherin after plantar incision and that intrathecal injection
of specific N-cadherin inhibitor attenuated chronic alcohol
consumption-enhanced postsurgical pain. Our results indicate
that spinal N-cadherin contributes to the central mechanism by
which chronic alcohol consumption prolongs postsurgical
pain. Here, a significant but modest effect produced by the
specific N-cadherin inhibitor suggests that besides N-cadherin
signaling, other mechanisms may be also involved in chronic
alcohol consumption-caused acute-to-chronic pain transition
after surgery. Intrathecal injection of this inhibitor in a higher
dose could increase the inhibitory effect on such pain
chronicity.

Moreover, N-cadherin can interact with CREB signaling
molecules to lead to transcriptional regulation.>* CREB-
dependent gene expression is critical for the function and
plasticity of the nervous system including long-term memory
and learning in both vertebrates and invertebrates.’>~°
Stimulation of CREB-mediated transcription requires its phos-
phorylation at the Ser133 site.*’ = It is highly likely that
CREB phosphorylation is involved in the modulation of pain-
mediating neuropeptide expression, including substance P and
calcitonin gene-related peptide, in the dorsal root ganglion
neurons.*” In this study, we observed that 5-week ethanol
treatment further enhanced the phosphorylation of CREB at

the Ser133 site after plantar incision and that intrathecal injec-
tion of specific CREB inhibitor attenuated chronic alcohol
consumption-enhanced postsurgical pain. Our results suggest
that spinal CREB and its phosphorylation participate in the
central mechanism that underlies chronic alcohol consump-
tion-produced postsurgical pain prolongation. Taken together,
our current study provides experimental evidence to show that
N-cadherin/CREB signaling in the spinal cord is involved in
chronic alcohol consumption-enhanced postsurgical pain, thus
we may target this signaling to develop a new therapy for such
pain.

Conclusions

Our data suggest that spinal N-cadherin/CREB signaling plays
an important role in chronic alcohol consumption-produced
postsurgical pain prolongation and that inhibition of this sig-
naling can be used to treat postsurgical pain chronicity.

Abbreviations

CREB, cAMP response element binding protein; AMPA,
a-amino-3-hydroxy-5-methyl-4-isoxazole-propionic acid,
ANOVA, analysis of variance; NMDA, N-methyl-d-aspar-
tic acid; LTP, long-term potentiation.
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