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Exchange proteins directly activated by cyclic adenosine
monophosphate inhibitor reverses mechanical allodynia via the
modification of astrocytes activity in the spinal cord
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Background: Gliosis and inflammation are pivotal in the development of acute and chronic pain. Here, we
demonstrated a previously unidentified molecular mechanism in which the activation of exchange proteins
directly activated by cyclic adenosine monophosphate (Epac)1 accelerated the activation of astrocytes in the
spinal cord, thereby promoting chronic postsurgical pain (CPSP).

Methods: We established a rat model of CPSP induced by skin/muscle incision and retraction (SMIR). Pain
behaviors were assessed using mechanical withdrawal threshold (MWT) at different times. The lumbosacral
enlargement of the spinal cord was isolated to detect the expression of Epacl and the activity of astrocytes.
They were assessed using western blot and immunofluorescence staining.

Results: SMIR induced persistent mechanical hyperalgesia after surgery. This hyperalgesia response was
prolonged to more than 21 d after surgery. The time course of spinal Epacl upregulation was correlated
with SMIR-induced pain behaviors. Meanwhile, Epacl immunoreactivity was colocalized primarily with
astrocytes but not with microglial cells or neurons on 7 d after surgery. Intrathecal injection of Epacl
inhibitor CE3F4 significantly suppressed SMIR-induced mechanical allodynia and activation of astrocytes in
the spinal cord. This analgesic effect of single-dose administration of CE3F4 lasted up to 6 h and wore off at
12 h after injection.

Conclusions: Spinal Epacl-mediated activation of astrocytes may facilitate CPSP. Inhibition of Epacl may
effectively prevent CPSP.
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Introduction it is still a basic science and clinical challenge (3). Peripheral

. . . . . sensitization and central sensitization induced by persistent
Chronic postsurgical pain (CPSP) is a potential adverse v P

. . . changes of maladaptive neuroplasticity are involved in the
outcome after surgery with an estimated incidence up to

process of CPSP (4,5). However, the underlying cellular

50% of individuals after surgeries (1). This chronic pain is . . ..
g () p and molecular mechanisms are still unclear, and this is a

accompanied by depression, disability, and reduced quality

of life. The development of CPSP is multifactorial (2), and major limitation for identification of novel and adequate
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treatments.

Exchange proteins directly activated by cyclic adenosine
monophosphate (Epac) is a guanine nucleotide exchange
factor and has been identified as a sensor of cyclic adenosine
monophosphate (c(AMP). Epac has been reported to mediate
the cAMP signaling pathway in a number of pathological
and physiological processes, such as cell inflammation,
metabolism, and neurological dysfunction (6-8). After
stress, Epacl acts as a major response second messenger (9).
In vitro, stimulation of excitant induces rapid translocation
of cytosolic Epacl to plasma membrane. Subsequently,
Epacl binds phosphatidic acid by its Disheveled/Egl-10/
pleckstrin domain and activates Rap signals, such as protein
kinase C (PKC), Akt, and mitogen-activated protein kinases
(MAPKSs) (10-12). In vivo, classical cAMP/protein kinase
A (PKA), MAPKs and Akt-dependent pathways play an
important role in hyperalgesic priming (13-15). Recently, an
increase of Epacl was reported in the dorsal root ganglion
(DRG), which promoted the transition toward chronic pain.
"This might be a potential pathway for treating chronic pain
(16-18). Then, we hoped to find both peripheral and central
targets which were vital in the progress of chronic pain. Our
previous experiments revealed that peripheral Epacl was
involved in hyperalgesia induced by SMIR. Specifically, this
was associated with its effects on adhesive linkage disorder
and vascular endothelial hyperpermeability (19). These
disorders might contribute to the chronic, eutrophic, and
inflammatory microenvironment in injuries. However, if
spinal Epacl plays an important role and the underlying
mechanisms are essentially still unclear. Here, we firstly
investigated the role of spinal Epacl in the disruption of
glial activity associated with CPSP. We present the following
article in accordance with the ARRIVE reporting checklist
(available at https://dx.doi.org/10.21037/atm-21-5384).

Methods
Animals

Male Sprague Dawley (SD) rats (200-250 g body weight,
8-10 weeks of age) were obtained from the Experimental
Animal Center of Nantong University and maintained in a
temperature-controlled room (23+1 °C) with a 12-h light/
dark cycle. Experiments were performed under the Guide
for the Care and Use of Laboratory Animals. The protocols
were approved by the Experimental Animal Protection and
Care Committee of Nantong University (20170305-001).
Water and food were freely available in the Laboratory of
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Animal Behavior.

Groups and drugs

Rats were divided randomly into five groups and
anesthetized with 10% chloral hydrate (300 mg/kg, i.p.).
(I) The naive group received no treatment. (II) In the sham
group, an incision was made on the skin of the medial
thigh 3-4 mm medially to the saphenous vein. (III) In the
SMIR group, the incision was bluntly separated 7 to 10 mm
by exposing the superficial muscles, and the tip of the
retractor was inserted into the superficial muscle to expand
the incision to 2 cm. The incision was sutured 1 h later with
medical silk. (IV) In the SMIR + CE3F4 (Epacl inhibitor)
group, rats received intrathecal injection of Epacl, CE3F4
(Tocris, Bristol, UK) on day 7 after SMIR.CE3F4 was
dissolved in dimethyl sulfoxide (DMSO) to achieve a
20 pg/20 pL solution. (V) In the SMIR + vehicle group, rats
received intrathecal injection of 10% DMSO on day 7 after
SMIR.

Mechanical allodynia test

Rats were adapted for 30 min on the metal screen in an
organic glass box (22x12x22 cm’) before experiments.
The mechanical withdrawal threshold (MWT) was
measured before surgery and on 1, 3, 7, 14, and 21 d after
surgery; and 1, 3, 6, and 12 h after a single dose of drug.
In the resting state, the electronic Von Frey filament cilia
stimulator (North Coast Medical, Morgan Hill, CA, USA)
was used to perform vertical stimulation to the hind paw.
With Von Frey slightly bent as the total force standard, the
duration was less than or equal to 4 s. The test was repeated
five times with a 5-min interval. The appearance of paw
withdrawal or paw licking was considered positive (at least
three out of five applications), otherwise negative. The
MWT was calculated according to the Chaplain up-down
method (20).

Western blotting

After administration of deep anesthesia, the lumbosacral
enlargement of the spinal cord was immediately removed and
homogenized in ice-chilled tissue protein extraction reagent.
The tissues were prepared as reported previously (19).
The protein samples were transferred onto polyvinylidene
fluoride membranes. The membranes were subsequently
blocked with Tris-buffered saline solution containing 5.0%
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skim milk powder for 2 h at room temperature and incubated
with primary antibodies using Epacl (1:300, Santa, Texas,
USA) and glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) (1:5,000, Sigma, Burlington, MA, USA) at 4 °C,
overnight. After washing with Tris-buffered saline/Tween
20, the membranes were incubated with the appropriate
secondary antibody (1:5,000, Jackson, Pennsylvania, USA)
for 2 h at room temperature. Immunoblots were detected
using Tanon 2500 gel imaging system (Yph-Bio Co., Ltd.,
Beijing, China) with an enhanced ECL chemiluminescence
detection kit (Absin, Shanghai, China). The results were
quantified and analyzed using Image] (National Institutes of
Health, Bethesda, MD, USA).

Immunofluorescence staining

We anesthetized the animals with 10% chloral hydrate
(300 mg/kg, i.p.). Then, rats were transcardially perfused
with saline, and the tissues were fixed using perfusion
fixative (4% paraformaldehyde). The lumbosacral
sections of the spinal cord were immediately removed
and successively dehydrated in 20% and 30% sucrose
solutions. The submerged tissues were frozen at -20 °C and
continuously sliced into 5 pm sections. After washing with
phosphate buffered saline (PBS)and blocking in 5% serum
for 2 h at room temperature, the sections were incubated
with the respective primary antibodies Epacl (1:50, Santa,
"Texas, USA), glial fibrillary acidic protein (GFAP) (1:1,000;
Millipore, Burlington, MA, USA), Iba-1 (1:200, Wako,
Osaka, Japan), and NeuN (1:500, Abcam, Cambridge, UK)
(overnight, 4 °C). The tissue sections were then washed with
PBS and separately incubated with the secondary antibodies
for 2 h at room temperature. The secondary antibodies
were Cy3-conjugated goat anti-rabbit immunoglobulin
(IgG) (1:1,000, Jackson, Pennsylvania, USA) and fluorescein
isothiocyanate (FITC)-conjugated goat anti-mouse IgG
(1:1,000, Jackson, USA). Images were captured using a
fluorescence microscope (Olympus, Shinjuku, Japan).

Statistical analysis

All data are expressed as means + SEM and were analyzed
with SPSS Version 23 software. All statistical comparisons
were performed with one-way or two-way analysis of
variance (ANOVA) followed by the Bonferroni post
hoc test. A value of P<0.05 was considered as indicating
statistical significance.
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Results

SMIR induced mechanical allodynia and the upregulation
of Epacl in the spinal cord

Prior to surgery, there were no differences of MW'T
among the three groups. On day 1, both the sham and
SMIR groups displayed a decline of MW'T in the ipsilateral
hindpaw (P<0.05). However, the MW of the sham group
returned to baseline from day 3 after surgery. The decline
of MWT was observed on day 1 in the SMIR group and
reached a stable period on day 7 after surgery. These
changes lasted for at least 21 days during our observation
period (Figure 1A4). The data implied a successful
establishment of the SMIR-induced CPSP model.

Then, we assessed the expression of Epacl in the spinal
cord using western blotting. The expression of Epacl
was gradually increased in the progression of the SMIR-
induced CPSP model. Compared with the sham group, the
expression of Epacl significantly increased from day 3 after
SIMR (P<0.05).This upregulation lasted for at least 21 days
after SMIR (Figure 1B).

In the later stage of hyperalgesia, Epacl was expressed in
spinal astrocytes after SMIR

Hyperexcitability of glia and neurons after nerve injury has
been strongly implicated in chronic pain (21). To elucidate
the potential mechanism underlying CPSP in this model,
we further examined the localization of Epacl in the spinal
cord on day 7 after SMIR (Figure 2). Notably, Epacl
immunoreactivity was colocalized primarily with astrocytes
(GFAP) but not with microglial cells (ionized calcium
binding adaptor molecule 1, Ibal) or neurons (neuron-
specific nuclear protein, NeulN).

Inbibition of Epacl alleviated mechanical allodynia
induced by SMIR

In the SMIR group, rats exhibited significant mechanical
allodynia after surgery. On day 7, intrathecal injection
of Epacl inhibitor CE3F4 significantly prevented and
suppressed SMIR-induced mechanical allodynia (P<0.05).
The upward tendency of MW'T was in a time-dependent
manner. In fact, the antinociceptive effect of CE3F4 started
at 1 h after intrathecal injection and was sustained at least 6 h
after injection (P<0.05). In addition, the antinociceptive
effect of CE3F4 reached a peak at 3 h after injection and
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Figure 1 Development of mechanical allodynia and spinal expression of Epacl in the skin/muscle incision and retraction (SMIR) group. (A)

Changes of pain sensitivity in different groups were determined by mechanical withdrawal threshold (MWT) on the day before operation

(baseline) and on 1, 3, 7, 14, and 21 d after operation (n=8). (B) Western blots and statistical analysis of spinal Epacl at different times (n=5). *,

P<0.05 vs. sham group.

Figure 2 Immunofluorescence showed the colocalization of Epacl (red, left line) microglial cells [ionized calcium binding adaptor molecule

1 (Ibal), green], astrocytes [glial fibrillary acidic protein (GFAP), green], and neurons [neuron-specific nuclear protein (NeuN), green] in the

spinal cord (n=5). Tissues were collected on day 7 after skin/muscle incision and retraction. Magnification x200. Scale bar =50 pm.

© Annals of Translational Medicine. All rights reserved.

Ann Transl Med 2021;9(22):1656 | https://dx.doi.org/10.21037/atm-21-5384



Annals of Translational Medicine, Vol 9, No 22 November 2021

-
%30 - SMIR
1 - \ehicle
% —» CE3F4
[0
;5 20 - .
S
2
s
l-j 10
2
2
&

0 T T T T T T

BL 7d 1h 3h 6h 12h

Figure 3 Intrathecal injection of Epacl inhibitor CE3F4 alleviated
mechanical allodynia induced by skin/muscle incision and
retraction (SMIR) (n=8). Changes of pain sensitivity in different
groups were determined by mechanical withdrawal threshold on
the day before operation (baseline), 7 d after operation, and at 1, 3,

6, and 12 h after different treatments. *, P<0.05 vs. sham group.

disappeared at 12 h after injection (Figure 3). As controls, no
effects were observed in rats with vehicle treatment (P>0.05).

Inhibition of Epacl suppressed the activation of astrocytes
induced by SMIR

Astrocytes are abundant in the central nervous system
(CNS), and glia play an important role in different pain
disorders (22-24). Therefore, we examined whether the
hyperactivity of astrocytes during CPSP was regulated by
Epacl. Consistent with earlier experiments, SMIR increased
GFAP staining, indicating astrocytes activation in the dorsal
horn of the spinal cordon day 7 (Figure 4). Intrathecal
injection of Epacl inhibitor CE3F4 significantly suppressed
the expression of GFAP 3 h after treatment (P<0.05).
However, no corresponding changes were observed in the
vehicle treatment group (P>0.05).

Discussion

This experiment revealed a crucial role of Epacl in the
progress of CPSP. The present findings indicated that
(I) SMIR induced long-lasting mechanical allodynia. (II)
SMIR-induced postoperative hyperalgesia caused the
upregulation of Epacl and the activation of astrocytes
in the spinal cord. (IIT) In the later stage of hyperalgesia,
the upregulation of Epacl was astrocytes-derived but not
through microglial cells or neurons. (IV) Spinal blockade of
Epacl alleviated SMIR-induced postoperative hyperalgesia
and hyperactivity of astrocytes. The findings might provide
novel insights into the mechanism of CPSP.
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Glial cell hyperactivity in reaction to the stimulation
is involved in ischemia, trauma, and invading pathogens
(25,26). Gliosis and inflammation are important mediators
of promoting a persistent pain state (27-29). Many studies
have confirmed that hyperactivity of spinal microglia
predominates in the early responses to peripheral nerve
injury, and subsequently spinal astrocytes undergo
activation and proliferation (30,31). Then microglia
and astrocytes release various mediators including
proinflammatory cytokines, like TNF-a, IL-1f, etc.,
which ultimately contributes to hyperalgesia and allodynia
(32-34). As expected, we found that the later-stage response
to SMIR was dominated by the activation of astrocytes in
the spinal cord. Cyclical AMP signaling has been confirmed
as a primary pathway in the sensitization of nociceptors.
Our previous experiments revealed that peripheral Epacl
was involved in hyperalgesia induced by SMIR. Specifically,
this was associated with its effects on adhesive linkage
disorder and vascular endothelial hyperpermeability (19).
However, there are few reports about the relationship
between Epacl and spinal astrocytes in CPSP. In cultured
astrocytes, P-adrenergic/Epac signaling regulates the
morphological changes of astrocytes, which affects astrocyte
and synaptic function (35). The expression of Epac is
developmentally regulated in the damaged CNS of the rat.
Additionally, Epac participates in DRG neurite outgrowth
and neurite regeneration in the spinal cord (36). In our
study, the upregulation of Epacl was astrocyte-derived and
not through microglia or neuron. Spinal inhibition of Epacl
suppressed the activation of astrocytes in the spinal cord.
This might be a potential target for the treatment of CPSP.
Reactive astrocytes are divided into toxic Al astrocytes and
neuroprotective A2 astrocytes. Al astrocytes induce rapid
death of neurons and oligodendrocytes, while A2 astrocytes
promote neuronal survival and tissue repair (37,38).
Reactive astrogliosis can increase nutritional support and
neuroprotection for the damaged neurons (39). Therefore,
the role of Al astrocytes in regulating neuroinflammation,
energy metabolism, and synaptic plasticity during chronic
pain and the mechanism of A2 astrocytes in alleviating the
development of pain require further study.

In human prostate cancer cells, Epacl acts as a
proinflammatory modulator and upregulates MAPK
and mechanistic target of rapamycin (mTOR) signaling
pathways, which leads to the proliferation of cancer
cells (40). Reports show that EPAC1” mice are protected
against acute inflammatory pain and neuropathic pain

(41,42). The disturbance of phosphorylated Epacl, activated
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Figure 4 Intrathecal injection of Epacl inhibitor CE3F4 inhibited skin/muscle incision and retraction of (SMIR)-induced hyperactivity of

astrocytes (n=5). Immunostaining of astrocytes[glial fibrillary acidic protein (GFAP), green] in the ipsilateral dorsal horn before SMIR (A),
7 d after SMIR (B), 3 h after intrathecal injection of Epacl inhibitor CE3F4 (C), and 3 h after intrathecal injection of vehicle (D). (E) The
immunofluorescence densities of GFAP in different groups. *, P<0.05 vs. control group; *, P<0.05 vs. 7 d after SMIR.

by G protein-coupled receptor kinase 2 (GRK2) in dorsal
root ganglion neurons, suppresses Ras-related protein 1
(Rapl) signaling and then promotes the transformation of
acute inflammatory pain into chronic pain (16,17). Epacl
is sufficient to maintain long-lasting latent sensitization
of dorsal horn neurons in chronic inflammatory pain (43).
During neuropathic pain, the Epacl-Piezo 2 axis also
participates in the development of mechanical allodynia (41).
Additionally, Epacl is abundant in the vascular system (44).
Epacl can regulate mitochondrial fission and neointima
formation, which contributes to the proliferation and
phenotypic switch of vascular smooth muscle cells after
vascular injury (45). We previously showed that Epacl
promotes the macrophage proliferation of macrophage
and endothelial cells around the incision in SMIR (19).
This might recruit a lot of proinflammatory cytokines
and chemokines and remodel local nutrient-rich
microenvironment around the incision. In combination,
both peripheral and central Epacl is vital in the progress
of chronic pain. Also, the underlying mechanisms might be
different in different positions or different models.

Conclusions

In conclusion, our study demonstrated an important role
of spinal Epacl in the development of CPSP. In the later
stage of hyperalgesia, inhibition of spinal Epacl signaling

© Annals of Translational Medicine. All rights reserved.

might elicit analgesic effects via the modulation of astroglial
activity in the spinal cord.
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