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Abstract: Background: CaMKII-CREB signaling plays an important role in maintenance of chronic neuropathic pain.
However, very little is known in relation to the contribution in emotional component of chronic pain. This study
sought to study the effect of CaMKII-CREB signaling pathway on sensory-discriminative and affective-motivational
pain responses in a rat model of chronic constriction injury of sciatic nerve. Methods: Paw withdrawal thermal
latency (PWTL), mechanical paw withdrawal threshold (PWMT) and place escape/avoidance paradigm test were
measured after CCl surgery and intrathecal injection of CaMKII inhibitor KN-93 and m-AIP. The expression of pCaM-
Kll, pCREB and NR2B were detected by Western-Blot at both the spinal and ACC level. Results: CCl rats developed
long-term thermal hyperalgesia, mechanical allodynia and place escape/avoidance behaviors with the upregulation
of pCaMKII, pCREB and NR2B at both the spinal and ACC level. Intrathecal treatment with KN-93 and m-AIP on
day 7 after CCl surgery markedly improved pain behavior and pain related affect and decreased the expression of
pCaMKIl and pCREB protein at the spinal and ACC level. Conclusion: These data suggest that CaMKII-CREB signal-
ing pathway participate in the process of sensory-discriminative and affective-motivational pain response. It might
be a potential strategy for chronic pain treatment.
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Introduction nance of pain behavior, and have severely

effect on patients daily activities suffering ch-

Pain regarded as the fifth vital sign affects mil-
lions of individuals’ lives every day, and is the
most common reason for physician consulta-
tion in contemporary society [1]. The sensory-
discriminative and motivational-affective di-
mensions are considered to be the two basic
components of pain [2]. The sensory dimension
involves stimulus location and intensity and is
encoded by the lateral nociceptive system
mainly. The affective dimension involves the
emotional component of pain and is encoded
by the medial nociceptive system mainly. In-
creasing clinical evidence have shown that
pain-related anxiety, fear and depression are
important in the development and mainte-

ronic pain [3]. Given complex crosstalk between
pain perception and related affect, little is
known about the role and underlying mecha-
nism of pain related negative effect in chronic
pain.

Numerous molecules and receptors which
formed a complex signal pathway network is
involved in behavior resulting from chronic pain.
Among these, the transcription factor cyclic
AMP-responsive element binding protein (CREB)
has been well characterized. It binds to cAMP
response elements (CRE), thereby regulating
the transcription of the downstream genes
including c-fos, brain-derived neurotrophic fac-
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tor (BDNF) which is closely linked to pain and
central sensitization [4, 5]. CREB is activated
rapidly by phosphorylation of the Ser-133 via
mitogen-activated protein kinases (MAPKSs),
extracellular Protein kinase A (PKA), Ca2%'/
calmodulin-dependent protein kinase (CaMK)
[6]. Of note, CaMK signaling which is critical for
a variety of neuronal functions and participat-
ing in nociceptive signal pathway paid us much
attention.

CaMKIl is a serine/threonine protein distribut-
ed ubiquitously in both local and central ner-
vous system [7]. Studies have observed that
activated CaMKII (phosphorylated, pCaMKII)
expression is significantly upregulated in neuro-
pathic pain and bone cancer pain at the spinal
level in rodents, while when treated with CaMKII
inhibitors reversed pain behaviors [8, 9]. These
suggest CaMKIl plays an important role in
maintenance of chronic neuropathic pain. How-
ever, very little is known in relation to the contri-
bution of CaMKIl in emotional (affective-moti-
vational) component of chronic pain.

Therefore, the aim of our study was to examine
whether activated CaMKII-CREB signal path-
way result in chronic pain like behaviors and
affective-motivational pain processing in CCI
rats. Thus, we tested the injection of CaMKII
inhibitors (KN-93 & m-AIP) following CCl attenu-
ation of pain behaviors and negative effect,
CaMKIIl/CREB phosphorylation up-regulation at
both spinal cord and ACC level.

Material and methods
Animal models of chronic constriction injury

All experimental procedures were carried out
in accordance with the United Kingdom (UK)
Animals Scientific Procedures Act 1986 and
approved by the Institutional Animal Care and
Use Committee of Nanjing University. Every
effort was made to minimize animal suffering
and the necessary number of animals used
to obtain valid results. Adult male Sprague
Dawley rats weighing 180-220 g (provided by
the Laboratory Animal Center of Drum Tower
Hospital) were maintained in a light-controlled
room (lights on from 8:00 A.M. to 8:00 P.M) at
a constant temperature of 26+2°C. The rats
were housed in individual cages with free
access to water and food pellets. Aseptic tech-
niques were used in all surgical procedures.
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Chronic constriction of the sciatic nerve was
performed according to the method described
by Bennett [10]. In brief, the surgical procedure
was performed under sodium pentobarbital
(50 mg/kg intraperitoneally). Right sciatic ne-
rve was exposed at the level of the mid-thigh.
Three ligatures (5-0 chromic gut, Ethicon, Ro-
me, Italy) were tied loosely around the sciatic
nerve with a distance of 1 mm between each
ligature. The wound was then sutured with a
4-0 Ethicon silk suture in layers. In the following
descriptions, the injured right hind paw will be
designated as the ipsilateral paw, and the unin-
jured left hind paw will be designated as the
contralateral paw. The same procedure was
used for sham surgeries except that the sciatic
nerve was exposed without ligation. All animals
were treated with an intraperitoneal injection of
cefuroxime at the prophylactic dose of 20 mg/
kg at 2 h preoperatively and once daily for the
next 2 days to prevent infection.

Drug preparation and intrathecal injection

Water-soluble m-AIP (Biomol, BML-P212) was
dissolved in normal saline at a concentration of
0.5 nmol/20 ul and water-soluble KN-93 (Enzo,
ALX-430-127) was dissolved in saline at a con-
centration of 20 nmol/20 pl. Intrathecal injec-
tions were conducted according to the method
of Mestre [11]. The injection was performed in
a volume of 20 ul at the level of the L5 or L6
lumbar vertebra in sevoflurane anesthetized
male rats using a micro syringe. The accurate
placement of the needle was ensured by a
quick “flick” of the rat’s tail.

Behavioral tests

Thermal hyperalgesia test: Thermal hyperalge-
sia to radiant heat was determined according
to the method described by Hargreaves et al
[12]. Briefly, the rats were placed in clear plas-
tic cages on an elevated glass plate and allowed
to acclimatize for 30 min before testing. A radi-
ant thermal stimulator (Dynamic Plantar Ana-
Igesiometer, Model 37370, UgoBasile, Italy)
was focused onto the plantar surface of the
hindpaw through the glass plate. The nocicep-
tive end-points in the radiant heat test were the
characteristic lifting or licking of the hindpaw,
and the time to the end-point was considered
the paw withdrawal thermal latency (PWTL). A
cutoff time of 20 s was used to avoid tissue
damage. There were five trials per ratand 5 min
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intervals between trials. The mean PWTL was
obtained from the latter three stimuli.

Mechanical allodynia test: Mechanical allodyn-
ia was assessed using a Dynamic Plantar
Analgesiometer (Model 37370, Ugo Basile,
Italy) on each hind paw. The metal wire was
placed on the center of the plantar surface with
increased pressure applied, and the pressure
of the wire stopped increasing when the rats’
paws lifted, and the instrument automatically
recorded a value that was regarded as the
PWMT.

Place escape/avoidance paradigm testing:
Place escape/avoidance testing was perform-
ed on CCl rats 1 week after surgery. The rats
were placed within a novel Plexiglas chamber
(60%30x30 cm). One half was white (light area)
and the other half was black (dark area) Animals
were allowed unrestricted movement through-
out the test chamber for the duration of test
period. At the beginning, the rats were placed
over the midline of the chamber, and stimula-
tion of the plantar surface of the hindpaw was
initiated with a 60 g von Frey hair once every 15
s for 30 min. When residing within the dark
area, the injured hindpaw was stimulated.
Conversely, the non-injured hindpaw was sti-
mulated when residing within the light area.
Suprathreshold stimulation with the 60 g hair
was chosen based on the observation that it
initiates a reflex nociceptive response of both
the injured and non-injured hindpaw. However,
the nature of the stimulus is likely to be more
aversive when presented to the injured hind-
paw since the rats ‘choose’ to move from the
dark to the light side of the chamber [13]. Time
spentin the light area and in the dark area were
recorded respectively. These data were binned
into 5 min time intervals prior to statistical
analysis.

Tissue collection

The rats were killed rapidly under pentobarbital
sodium anesthesia. The ACC which were dis-
sected according to the method of Franklin and
Paxinos [14] and the L3-L5 lumbar spinal cord
segments were removed and immediately fro-
zen in liquid nitrogen and stored at -80°C.

Western blot

The tissues were homogenized in a sodium
dodecyl sulfate sample buffer containing a mix-
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ture of proteinase inhibitors (Sigma, USA). The
quantification of the protein contents was per-
formed using the BSA method. The protein
samples (40 pg) were separated on a SDS-
PAGE gel (NR2B 6% gradient gel) and trans-
ferred to polyvinylidenedifluoride filters (Milli-
pore, USA). The filters were blocked with 5%
milk and immunoblotted using anti-phosphor-
Ser133 CREB (Affbiotech, AF3189, 1:1000
dilution), anti-phosphor-T-286CaMKII (Abcam,
ab32678, 1:1000 dilution) and anti-NR2B
(Abcam, ab65783, 1:1000 dilution). The mem-
brane was washed with TBST and incubated
with a goat polyclonal secondary antibody to
rabbit 18G (Abcam, UK, 1:5000 dilution). The
blots were visualized in ECL solution (DuPont-
NEN, USA) for 1 min and exposed to hyperfilms
(Amersham Biosciences) for 1-10 min. The den-
sity of specific bands was measured using a
computer-assisted imaging analysis system
and normalized against the corresponding
loading control bands. B-actin (Abcam, UK,
1:1000 dilution) was used as the loading
control.

Statistical analysis

All of the data were expressed as the mean +
SD (standard deviation). The data from the
behavioral tests were analyzed using repeated
ANOVA measurements across testing time
points to detect overall differences among the
treatment groups. The data from the western
blot were analyzed by One-way ANOVA to deter-
mine the differences among all of the experi-
mental groups. When significant main effects
were observed, the LSD post hoc tests were
performed to determine the sources of the dif-
ferences. Statistical analysis was performed
using SPSS 16.0 software (IBM Corporation,
Armonk, NY). The differences were considered
statistically significant at the level of P < 0.05.

Results

CCl-induced long-term thermal hyperalgesia
and mechanical allodynia

Before the CCI surgery (day 0), the baseline of
PWTL and PWMT were similar in all groups. On
day 3, the ipsilateral hindpaw of CCl rats
showed decreased PWTL (10.25+2.61) when
compared with the sham group (12.59+3.12, P
< 0.05), and the results lasted up for at least
14 days (9.82+0.98 vs 14.18+1.35, P < 0.05);
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Figure 1. The time course of changes pain behaviors paw withdraw mechani-
cal threshold (PWMT; A) and thermal latency (PWTL; B) on day O before CCl
surgery and days 1, 3, 5, 7and 14 after CCl surgery (n=6 rats for each group).
CClI group significantly decreased PWMT and PWTL compared with the sham
group. All of the data points represent the means * SD. ?P < 0.05 as com-
pared with the values before surgery °P < 0.05 as compared with the sham

group; repeated measures analysis of variance.

On day 1, compared with the sham group
(24.29+6.19), PWMT of CCl rats (18.16+4.81,
P < 0.05) was significantly decreased, and this
phenomenon lasted up for at least 14 days
(15.03+1.74 vs 29.16+3.07, P < 0.05); No sig-
nificant postoperative changes was seen on
the contralateral side (P > 0.05; data not
shown) (Figure 1A and 1B).

CCl-induced place escape/avoidance

The place escape/avoidance behavior was
used to measure the affective-emotional com-
ponent of pain. When compared with sham
group (26.71+£6.29), the learning curve showed
increased in the amount of time spent in the
light area within the second 5 min in rats 7 days
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level were observed in the
ACC region. The levels of ex-
pression of pCaMKIl, pCREB
and NR2B protein in the ACC
from CCI rats increased grad-
ually over time. At day 14,
pCaMKIl (1.38+0.09), pCR-
EB (1.09.+0.03) and NR2B
(1.34+0.14) showed signifi-
cantly increased in CCI group
when compared with those in sham group
(0.60+0.01, P < 0.05; 0.72+0.04, P < 0.05;
0.54+0.04, P < 0.05) (Figure 3C and 3D).

Effect of intrathecal injection of CaMKIIl antag-
onist on CCl-induced nociceptive behaviors

To further investigate the effect of CaMKII in
CCl rats, we used two kinds of CaMKII antago-
nist KN-93 and m-AIP to intervene CaMKII
activity. Compared with the level before treat-
ment and the same time point in the rats receiv-
ing vehicle, the pain behaviors were ameliorat-
ed after CaMKII inhibitor treatment. Two hours
after drug administration, PWTL of KN-93 group
(11.36+£1.68, P < 0.05) and m-AIP group
(11.45+2.04, P < 0.05) showed significant dif-
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rats and Sham group. All of the data points represent the means + SD. 2P <

0.05 as compared with the CCI group repeated measures analysis of vari-

ance.

ferences compared to control group (9.63%
1.65). Similar analgesic effects were found 4
hours after KN-93 (11.06+2.68, P < 0.05) and
m-AIP (10.26+1.48, P < 0.05) treatment. 8
hours after treatment, PWTLs recovered to
(KN-93 group, 9.06+1.28, P > 0.05) and (m-AIP
group, 9.71+1.30, P > 0.05) and did not show
significant differences with control group
(9.15+1.00).

Intrathecal treatment of CaMKII inhibitor also
attenuated CCl-induced mechanical allodynia.
Two hours after drug administration, PWMT of
KN-93 group (23.87+4.40, P < 0.05) and m-AIP
group (21.15+4.32, P < 0.05) showed signifi-
cant increased compared to the level befo-
re treatment (13.87+2.36). Similar analgesic
effects were found 4 hours after KN-93
(23.68+4.96, P <0.05)and m-AIP (20.45+4.09,
P < 0.05) treatment. 8 hours after treatment,
PWTLs recovered to (KN-93 group, 14.25+3.95,
P > 0.05) and (m-AIP group, 15.73+3.21, P >
0.05) and did not show significant differences
with control group (Figure 4A and 4B).

Effect of intrathecal injection of CaMKIIl antag-
onist on CCl-induced place escape/avoidance
behaviors

A time course analysis of the PEAP test was

used on CCI rats which were injected with
CaMKIl inhibitors 1.5 h before testing. The
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At the spinal level, the expres-
sion of pCaMKIl were 0.91+
0.04 (2 hours after treat-
ment), 0.90+0.06 (4 hours after treatment) in
m-AIP group and 0.81+0.05 (2 hours after
treatment), 0.93+0.01 (4 hours after treat-
ment) in KN-93 group, and the levels were
decreased significantly compared with the vehi-
cle group (1.22+0.04, P < 0.05). 8 hours after
treatment, the expression of pCaMKIl in m-AIP
group (1.17+0.01) and KN-93 (1.15+0.08)
recovered, and no differences were observed
with vehicle group. The expression of pCREB
was 0.79+0.04 (2 hours after treatment),
0.7520.07 (4 hours after treatment) in m-AlIP
group and 0.95+0.01 (2 hours after treatment),
1.044£0.04 (4 hours after treatment) in KN-93
group, and the levels were decreased signi-
ficantly compared with the vehicle group
(1.15+0.01, P < 0.05). 8 hours after treatme-
nt, the expression of pCREB in m-AIP group
(1.07+0.05) and KN-93 (1.23+0.11) recovered,
and no differences were observed with vehicle
group. The levels of NR2B expression were of
no differences at each time point after KN-93
and m-AIP treatment when compared with vehi-
cle group (P > 0.05) (Figure 6A and 6B).

Meanwhile, we detected the protein expression
at the ACC level which is closely-related to emo-
tional responses. Similar results were observed.
2 hours after treatment, the level of pCaMKII
(0.76£0.09, m-AIP group; 0.86+0.01, KN-93
group) and pCREB (0.56+0.06, m-AIP gro-
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up; 0.74+0.14, KN-93 group)
were significantly decreased
compared with vehicle group
(pCaMKII: 1.20+0.08, P <
0.05; pCREB: 1.40+0.18, P <
0.05). Similar results were
observed. 4 hours after treat-
ment. 8 hours after treat-
ment, the level of pCaMKII
(1.13+0.03, m-AIP  group;
1.12+0.06, KN-93 group) and
pCREB (1.11+0.06, m-AIP
group; 1.39+0.11, KN-93 gr-
oup) showed no significant-
ly difference compared with
vehicle group (P > 0.05). No
differences were found of the
levels of NR2B expression at
each time point after KN-93
and m-AIP treatment com-
pared with vehicle group (P >
0.05) (Figure 6C and 6D).

Discussion

Chronic pain is often accom-
panied with negative emo-
tions such as anxiety, depres-
sion and fear. Besides, it also
interferes with patient’s activ-
ities and overall quality of life
[15]. The specific mechanism
of pain formation and mainte-
nance is complex and can be
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modulated by medial and lateral pain systems
[16]. Spinal dorsal horn neurons present to be
persistent hyperexcitable in response to periph-
ery noxious stimulation and thus resulting in
the formation of central sensitization. Studies
have shown that negative affect like anxiety
and depression are significantly correlated with
chronic pain [17], and have an effect on the
development of chronic pain and disability [18].
In the present study, we used the CClI model to
mimic chronic neuropathic pain, and found that
CaMKII-CREB signal pathway participate in
sensory-discriminative and affective-motiva-
tional pain responses.

In our study, the behavioral data presented that
significantly increased scores in the withdrawal
threshold to thermal and mechanical stimula-
tion after CCl surgery, and the increase state
lasted for at least 14 days. According to
LaBuda’s research [13], PEAP test was con-
ducted on day 7 after CCI to reflect the affec-
tive-emotional component of pain. Animals
were faced with the conflict between natural
preference of dark environment, accompanied
by repeated painful stimulation, and natural
aversive bright environment with the motiva-
tion of escape from such stimulation. Our resu-
It showed increased place escape/avoidance
behaviors in rats after CClI, suggesting that CCl
rat has developed significant pain-related neg-
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ative effect. Similar results
were reported in Pedersen
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Meanwhile, we found that the
level of pCaMKIIl, pCREB and
NR2B expression were signifi-
cantly increased after CCl sur-
gery both at the spinal and
ACC level, and lasted up to at
least 14 days. This showed
relatively synchronous with
pain behaviors of CCI rats.
These results suggested that
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30 CaMKII-CREB pathway may

participate in CCl processing
and interrelated negative em-
otions. We inhibited overex-
pressed CaMKIl phosphoryla-
tion by intrathecal treatment
of specific CaMKIl inhibitor
m-AIP and non-specific inhibi-
tor KN-93. As a result, signifi-
cant analgesic effect was observed 2 hours
and 4 hours after two CaMKII inhibitor injec-
tions. Similar results were found in Chen’s study
[20]. In addition, marked reduction of place
escape/avoidance behavior was found in CCI
rats after inhibition of CaMKII activity in PEAP
test. This provides us behavior evidence of the
effect of CaMKIl in pain and related negative
affect. 2 hours and 4 hours after m-AIP and
KN-93 treatment, the expression of pCaMKII
and pCREB protein were significantly decreased
at the spinal cord level. Similar results were
also found at the ACC level. The agreement of
the expression of target protein and pain behav-
ioral and affect further confirmed the effect of
CaMKIl in sensory-discriminative and affective-
motivational pain responses in chronic pain.

Herein, we focus on the Anterior Cingulate
Cortex (ACC), a component of limbic system,
plays an important role in pain, negative and
cognitive control.

Animals’ studies have found that increased Fos
expression in the ACC is followed by formalin-
induced conditioned place avoidance in rodents
[24]. Neurons in the ACC that are affected by
neuropathic pain have enhanced excitatory
synaptic transmission and resulted long-term
pain allodynia [22]. Clinical studies have re-
vealed that increased activation in the ACC fol-
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the spinal cord level (A) and the ACC level (C) in CCl rats following intrathecal KN-93 and m-AIP treatments. Statisti-
cal analysis of the relative protein expression levels of CaMKIlI phosphorylation, CREB phosphorylation and NR2B
(n=3in each group) at the spinal cord level (B) and the ACC level (D). Data are expressed as the means + SD. One-
way analysis of variance and LSD tests. 2P < 0.05 compared with sham group, P < 0.05 compared with control
group, °P < 0.05 compared with baseline before treatment (0 h), %P < 0.05 compared with m-AIP group.

lowing recall-induced emotion and changed
states of pain affect by hypnosis [23, 24]. We
present data showing that the level of pCaMKII
and pCREB protein expression changed in the
ACC after CCl surgery and CaMKIl inhibitor
injection. The result is not only consistent with
the changes of protein expression in the spinal
cord, but also consistent with behavioral stud-
ies. This fully indicated that the sensory compo-
nent and affective component of pain integrat-
ed in the ACC region and that this is expressed
by a mechanism involves CaMKII-CREB signal
pathway.

Numerous studies showed that NMDAR NR2B
subunit, mainly distributed in the area involved
in transmission and regulation of nociceptive
signals including forebrain and spinal cord dor-
sal horn [25] is vital in chronic pain and central
sensitization. Enhanced surface expression of
NR2B in the spinal cord dorsal horn after nox-
ious stimulation could be a mechanism in noci-
ceptive processing [26-28]. Besides, studies
have indicated that upregulation of NR2B sub-
units and enhancement of neurons NMDA-
evoked currents in the ACC following peripheral
noxious stimulation [29]. Our research also
found that increased expression of NR2B pro-
tein in CCl rats and suggested that NR2B could
be involved in pain affect.

It is widely accepted that a significant increase
of Ca?* in intracellular through opened NMDA
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receptor following nociceptive stimulation can
trigger a series of protein kinases, such as PKA,
PKC, as well as CaMKIl. 7 Numerous articles
showed that up regulation of CaMKIl phosphor-
ylation at the spinal cord in rats with neuropath-
ic pain, and after treatment with CaMKI!I inhibi-
tor KN-93 improved pain behaviors [30].
Analgesic effect also found in bone cancer
mice when inhibit CaMKII activity [31]. Trans-
cription factor CREB has been identified as one
target for CaMKII during central sensitization.
Studies have reported that phosphorylation of
CREB was involved in the development of cen-
tral sensation following peripheral nerve injury
[32]. Furthermore, significantly reduction of
increased pCREB level after CaMKII inhibitor
KN93 injection [33]. In this article, we also
found that the expression of pCREB was
decreased in CCl rats following KN-93 and
m-AlP treatment at both spinal cord and ACC
area. These suggested that CaMKII take partin
pain perception and pain related affect by regu-
lating downstream transcription factor of activ-
ity CREB. However, no changes were found of
the level of NR2B protein expression after
CaMKIl inhibitor treatment neither at the spinal
cord nor ACC level. The changes of calcium ion
level caused by CaMKIl inhibitor intervention
could not feedback to the upstream NMDA
receptor might be the reason. Whether NR2B
activity changed or not need further explo-
ration.

Int J Clin Exp Med 2016;9(6):10181-10190
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Conclusions

In conclusion, our work suggests that increased
pCaMK Il and pCREB at the spinal cord and ACC
level following pain hyperalgesia and pain
affect in CCI processing, and intrathecal injec-
tion of CaMKII inhibitorm-AIP and KN-93 can
effectively improve pain behaviors and attenu-
ated negative effect. We can conclude that
CaMKII-CREB signaling pathway participated
in the process of sensory-discriminative and
affective-motivational pain responses. This mi-
ght provide us a new strategy for the treatment
of chronic pain.
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