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CaMKII� Mediates the Effect of IL-17 To Promote Ongoing
Spontaneous and Evoked Pain in Multiple Sclerosis
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Pain is a common and severe symptom in multiple sclerosis (MS), a chronic inflammatory and demyelinating disease of the CNS. The
neurobiological mechanism underlying MS pain is poorly understood. In this study, we investigated the role of Ca 2�/calmodulin-
dependent protein kinase II� (CaMKII�) in driving chronic pain in MS using a mouse experimental autoimmune encephalomyelitis
(EAE) model. We found that spinal CaMKII� activity was enhanced in EAE, correlating with the development of ongoing spontaneous
pain and evoked hypersensitivity to mechanical and thermal stimuli. Prophylactic or acute administration of KN93, a CaMKII� inhibitor,
significantly reduced the clinical scores of EAE and attenuated mechanical allodynia and thermal hyperalgesia in EAE. siRNA targeting
CaMKII� reversed established mechanical and thermal hypersensitivity in EAE mice. Furthermore, CaMKII�T286A point mutation mice
showed significantly reduced EAE clinical scores, an absence of evoked pain, and ongoing spontaneous pain when compared with
littermate wild-type mice. We found that IL-17 is responsible for inducing but not maintaining mechanical and thermal hyperalgesia that
is mediated by CaMKII� signaling in EAE. Together, these data implicate a critical role of CaMKII� as a cellular mechanism for pain and
neuropathy in multiple sclerosis and IL-17 may act upstream of CaMKII� in the generation of pain.
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Introduction
Multiple sclerosis (MS) is a chronic autoimmune disease of the
CNS with manifestations of neuroinflammation and demyelina-
tion, affecting �2.3 million people worldwide. It is the most com-
mon disabling neurological disease in people between 20 and 45
years of age (Ragonese et al., 2008). Pain is prevalent in patients
with MS, even at the early stage of the disease, with a reported

prevalence ranging from 29% to 86% (O’Connor et al., 2008;
Solaro and Uccelli, 2011). About one-third of MS patients select
pain as one of the worst symptoms, disrupting daily activity,
mood, and recreation and severely impacting quality of life (Kalia
and O’Connor, 2005; Iannitti et al., 2014). Pain in MS has various
types, including musculoskeletal pain and neuropathic pain. The
latter commonly presents as dysesthetic extremity pain, trigemi-
nal neuralgia, and Lhermitte’s phenomenon (Iannitti et al., 2014;
Khan and Smith, 2014).

Pain is also the most commonly treated symptom in MS, ac-
counting for 30% of all symptomatic treatments. However, pain
management received low satisfaction among MS patients, with
only 61% patients reporting pain relief, the extent of which is
�40% (Grau-López et al., 2011). Over the past decades, advances
have been made in understanding the neurobiological mecha-
nisms of motor dysfunction in MS, but much fewer advances
have been made in understanding those of MS-associated pain.
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Significance Statement

Pain is highly prevalent in patients with multiple sclerosis (MS), significantly reducing patients’ quality of life. Using the experi-
mental autoimmune encephalomyelitis (EAE) model, we were able to study not only evoked hyperalgesia, but also for the first time
to demonstrate spontaneous pain that is also experienced by patients. Our study identified a role of spinal CaMKII� in promoting
and maintaining persistent ongoing spontaneous pain and evoked hyperalgesia pain in EAE. We further demonstrated that IL-17
contributes to persistent pain in EAE and functions as an upstream regulator of CaMKII� signaling. These data for the first time
implicated CaMKII� and IL-17 as critical regulators of persistent pain in EAE, which may ultimately offer new therapeutic targets
for mitigating pain in multiple sclerosis.
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Lacking basic understanding and comprehensive clinical studies,
pain management in MS is often driven by anecdotal reports and
findings in other forms of chronic pain.

The experimental autoimmune encephalomyelitis (EAE) model
is one of the most commonly used rodent models to study MS,
mimicking not only the pathological symptoms but also behav-
ioral symptoms of MS, including hyperalgesia (Thibault et al.,
2011; Lu et al., 2012). Although several pharmacological studies
have been performed studying evoked hyperalgesia (Aicher et al.,
2004; Olechowski et al., 2009; Yuan et al., 2012), none has ad-
dressed the nonevoked ongoing pain that matters the most to
patients (He et al., 2016b).

In this study, we examined the role of spinal Ca2�/calmodulin-
dependent protein kinase II� (CaMKII�), which has been previ-
ously implicated in other chronic pain types, in ongoing and
evoked pain in the EAE model. CaMKII� is a serine/threonine
protein kinase that is highly expressed in the CNS and is involved
in synaptic plasticity and a number of physiological processes
including long-term potentiation in the hippocampus (Giese et
al., 1998).

Moreover, we studied an upstream mechanism that may turn
on CaMKII� in MS. The T-helper 17 (Th17) cell, a novel CD4�

T-cell subset, and interleukin (IL)-17, the major secretion of
Th17 cells, have been implicated as having critical roles in MS
pathogenesis. The development of EAE was significantly sup-
pressed in IL-17�/� mice, and adoptive transfer of IL-17�/�

CD4� cells was inefficient in inducing EAE in recipient mice
(Komiyama et al., 2006). Furthermore, brain tissue samples from
MS patients showed an increased level of IL-17 mRNA, and IL-17

producing cells are significantly increased in active rather than
inactive areas of MS (Lock et al., 2002; Tzartos et al., 2008). Dys-
regulation of IL-17 has also been implicated in the generation of
pain in various neuropathic and inflammatory pain states. In a
neuropathic pain model, IL-17�/� mice displayed significantly
decreased neuroinflammatory responses and also decreased pain
hypersensitivity following peripheral nerve injury (Kim and
Moalem-Taylor, 2011). In another study of a rat inflammatory
pain model (Meng et al., 2013), blockade of IL-17 action using
IL-17 antibody was able to attenuate complete Freund’s adjuvant
(CFA)-induced hyperalgesia. Despite the essential role of IL-17 in
the pathogenesis of multiple sclerosis, it is unclear whether IL-17
is also an initiating factor in the development of pain in multiple
sclerosis and whether CaMKII contributes to the function of
IL-17 in EAE-induced pain. In this current study, we investigated
the possible role of CaMKII and IL-17 in the initiation and main-
tenance of pain in EAE mice.

Materials and Methods
Animals. Female C57BL/6N mice (10 weeks old) were purchased from
Harlan Laboratories and acclimated to the university animal facility for 1
week before the experiments. For CaMKII� T286A mutant mice, breeders
were generously provided by Dr. Alcino Silva, University of California,
Los Angeles (Los Angeles, CA; Giese et al., 1998; Chen et al., 2010; He et
al., 2016a). These mice have been crossed with C57BL/6J mice for 10
generations. Crossbreeding between heterozygous mice was used to gen-
erate female homozygous mutant mice and littermate wild-type mice for
this study. Normal growth and reproduction were found in both geno-
types. Genotyping was performed by PCR using primers (5�-CTGTAC

Figure 1. CaMKII� inhibition by prophylactic KN93 administration reduced clinical symptoms and attenuated hyperalgesia in EAE. Separate groups of eight mice were treated with KN93 (45
nmol, i.t.) or saline from Day 1 to Day 8 along with the immunization with MOG35-55 on Day 0 to induce EAE. A–D, Prophylactic KN93 administration (45 nmol, i.t.) significantly attenuated clinical
symptoms (A), locomotor impairment (B), mechanical allodynia (C), and thermal hyperalgesia (D). Data are expressed as the mean � SEM. *p � 0.05, **p � 0.01, ***p � 0.001 compared with
the sham immune group; #p � 0.05, ##p � 0.01, ###p � 0.001 compared with the saline-treated EAE group.
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CAGCAGATCAAAGC-3�, 5�-ATCACTAGCAC
CATGTGGTC-3�; Chen et al., 2010; He et al.,
2016a).

Mice were housed in standard conditions
with a 14/10 h light/dark cycle (5:00 A.M. to
7:00 P.M.) and allowed free access to food and
water. All experiments were performed dur-
ing the light cycle. Mice were grouped ran-
domly, and the testing investigator was blind to
the group information during the behavioral
and biochemical experiments. All experiments
were performed in accordance with polices and
recommendations of the International Associ-
ation for the Study of Pain and the National
Institutes of Health guidelines after approval
by the University of Illinois Institutional Ani-
mal Care and Use Committee.

Induction of EAE. EAE was induced in mice
by subcutaneous injections of myelin oligo-
dendrocyte glycoprotein 35–55 (MOG35–55)
emulsion (0.1 ml/site) in the upper back and
the base of the tail, followed by intraperito-
neal injections of pertussis toxin (375 ng in 0.1
ml PBS) at 2 and 24 h after MOG35–55 emul-
sion. Pertussis toxin and MOG35–55 emulsion
(MEVGWYRSPFSRVVHLYRNGK, emulsi-
fied to 1 mg/ml in CFA containing 2 mg/ml
dead mycobacterium tuberculosis H37Ra, EK-
2110) were purchased from Hooke Laborato-
ries. Control group mice received only CFA
(CK-2110, Hooke Laboratories) and pertussis
toxin.

Clinical assessment of EAE. Mice were ob-
served daily after immunization. Body weight
and clinical scores were recorded for 28 d.
Scoring criteria are as follows: 0, normal
healthy mouse; 1, limp tail; 2, legs are not
spread apart when picked up by base of tail; 3,
complete paralysis of hind legs; 4, partial front
leg paralysis and mouse is minimally moving
around the cage; 5, dead or mouse is killed due
to severe paralysis. “In-between” scores (0.5,
1.5, 2.5, 3.5, and 4.5) were given to mice with
the clinical signs between two defined scores.
The investigator who assigned clinical scores was blind to the treatment
and group information.

Rotarod test. To examine locomotor activity, a rotarod test was con-
ducted as described previously (Chen et al., 2010). Mice were habituated
to the rotarod at a fixed speed (4 rpm) for 60 s on 1 day (Model Series 8,
IITC Life Science). For testing, mice were placed on a rod accelerating
from 4 to 40 rpm over 300 s, and the time to fall off the rotarod was
recorded. Three trials were conducted, and times were averaged for data
analysis. The baseline level was determined the day before immunization,
and mice were tested every 3 d postimmunization (p.i.).

Mechanical sensitivity. The mechanical threshold was assessed using cal-
ibrated von Frey filaments (Stoelting) as previously described (Chaplan
et al., 1994; Luo et al., 2008; Chen et al., 2010). Briefly, mice were accli-
mated in individual Plexiglas containers on wire mesh. The midplantar
hindpaw was touched with one of a series of von Frey filaments perpendic-
ularly for 5 s or until a withdrawal response noted. The up-down paradigm
was used to determine 50% probability of paw withdrawal threshold (Dixon,
1980; Chaplan et al., 1994; Luo et al., 2008).

Thermal sensitivity. The sensitivity to thermal stimuli was measured by
the use of a plantar tester (model 7372, Ugo Basile) as described previ-
ously (Hargreaves et al., 1988; Chen et al., 2010). Mice were placed in a
transparent enclosure with a glass floor and allowed to acclimate for 15
min. The radiant heat was applied to the central portion of plantar sur-
face of the mouse hindpaw, and paw withdrawal latency was recorded. A
cutoff time of 20 s was applied to prevent tissue damage.

Drug and small interfering RNA administration. 2-[N-(2-hydroxyethyl)-
N-(4-methoxybenzenesulfonyl)]amino-N-(4-chlorocinnamyl)-N-
methylbenzylamine; KN93) and 2-[N-(4-methoxybenzenesulfonyl)]
amino-N-(4-chlorocinnamyl)-2-propenyl-N-methylbenzylamine (KN92)
were purchased from Calbiochem. KN93 or KN92 was administered
intrathecally prophylactically on Day 1 p.i. through Day 8 p.i. or acutely
on Day 8 p.i. Intrathecal injections were performed as described previ-
ously (Chen et al., 2010) by percutaneous puncture through the L5–L6
intervertebral space. CaMKII� targeting small interfering RNA (siRNA;
5�-CACCACCAUUGAGGACGAAdTdT-3�, 3�-dTdTGUGGUGGUAA
CUCCUGCUU-5�) or Stealth RNAi-negative control (Invitrogen) was
administered on Day 5 p.i. to 7 p.i. (2 �g, twice daily, i.t.). These oligos
were mixed with the transfection reagent i-Fect (Neuromics), in a ratio of
1:5 (w/v). Mice were pretreated with IL-17 antibody (5 �g, i.t.; Santa
Cruz Biotechnology) 24 and 2 h before immunization and on Day 1, 2,
and 3 p.i. or were treated intrathecally acutely on Day 8 p.i. Mice also
received recombinant IL-17 protein (100 ng, i.t.; Prospec-Tany Techno-
Gene) to directly induce pain.

Conditioned place preference. Conditioned place preference (CPP) test-
ing was performed using the CPP apparatus consisting of three Plexiglas
chambers separated by manual doors (San Diego Instruments), as pre-
viously described (He et al., 2012; Corder et al., 2013; He and Wang,
2015). Two equal-sized end chambers, connected by a smaller center
chamber, were distinguished only by the texture of the floor (rough vs
smooth) and wall pattern (vertical vs horizontal stripes). Precondition-

Figure 2. Acute treatment with KN93, but not KN92, reversed mechanical allodynia and thermal hyperalgesia in EAE. Separate
groups of 8 mice received KN93 (45 nmol, i.t.), KN92 (45 nmol, i.t.), or saline once on Day 8 after inducing EAE with immunization
with MOG35–55 on Day 0. A, B, Acute administration of KN93 (45 nmol, i.t.) significantly reversed the mechanical allodynia (A) and
thermal hyperalgesia (B) in EAE mice. KN92 has no effect on the mechanical and thermal sensitivities. Data are expressed as the
mean � SEM. *p � 0.05, **p � 0.01, ***p � 0.001 compared with the sham group; #p � 0.05, ##p � 0.01 compared with the
saline-treated EAE group.
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ing was conducted across 3 d (Days 5 to 7 p.i.) when mice were habituated
to the CPP box with free access to all chambers for 30 min. On the last day
of preconditioning (Day 7 p.i.), a bias test was performed to determine
whether a preexisting chamber preference existed. Those mice that spent
�80% or �20% of time in any particular chamber were considered to
possess preexisting bias and were excluded from further experiments. On
conditioning day (Day 8 p.i.), mice were first given vehicle (saline) intra-
thecally and were placed immediately in a randomly chosen chamber for
15 min in the morning. Four hours later, mice received lidocaine (0.04%
in 5 �l of saline, i.t.) and placed in the other chamber for 15 min in the
afternoon. Mice were only allowed to stay in the paired chamber without
access to other chambers during the conditioning. Twenty hours after the
afternoon pairing, preference tests were performed as mice were placed
into the middle chamber and allowed free access to all chambers. The
movement of mice and the time spent in each chamber were automati-
cally recorded for 15 min by photobeam breaks. The difference score was
calculated as test time � preconditioning time spent in the lidocaine-
paired chamber.

Immunoblotting. For mice treated with prophylactic or acute KN93
administration, tissue samples were collected on day 8 p.i., 2 h after KN93
treatment. For mice treated with CaMKII� siRNA, tissues were collected
on day 8, 12 h after the last dose of siRNA treatment. For consistency,
lumbar spinal sections were quickly dissected on ice from mice killed to
determine CaMKII� activation [phosphorylated CaMKII� (pCaMKII)
level] using Western blotting analysis, as described previously (Tang et
al., 2006; Chen et al., 2009). In brief, tissues were homogenized in ice-
cold RIPA buffer in the presence of phosphatase inhibitors and protease
inhibitors. The homogenates were centrifuged, and the protein content
in supernatant was measured using a NanoDrop 1000 spectrophotome-
ter (Thermo Fisher Scientific). Samples were then separated by SDS-
PAGE and electrotransferred onto polyvinylidene difluoride membrane
for Western blotting analysis. Antibodies including a rabbit anti-Thr286-

pCaMKII� antibody (1:1000; Santa Cruz Biotechnology), a mouse
anti-�-actin antibody (1:10,000; Thermo Fisher Scientific), and corre-
sponding horseradish peroxidase conjugate secondary antibodies (1:
10,000; Santa Cruz Biotechnology) were used. The membrane was
developed using an enhanced chemiluminescence detection system
(ECL; Pierce Biotechnology). The ECL signals were captured by a
ChemiDoc Imaging System (Bio-Rad) and analyzed using the Quan-
tity One program (Bio-Rad). Levels of CaMKII� activation were ex-
pressed as the ratio of the optical densities of pCaMKII� to those of
�-actin.

Immunofluorescence. Immunofluorescence staining of spinal CaMKII�
was performed as previously described. Mice were deeply anesthetized
with ketamine (100 mg/kg, i.p.) and xylazine (5 mg/kg, i.p.) and perfused
with 10 ml of ice-cold PBS, pH 7.4, followed by 20 ml of 4% paraformal-
dehyde solution. The lumbar spinal cords were removed and postfixed in
4% paraformaldehyde at 4°C for 18 h and gradually dehydrated in 10%
sucrose for 6 h, 20% sucrose for 12 h, and 30% sucrose for 24 h at 4°C.
The tissue was sliced to 20 �m thickness using a cryostat. Floated sections
were incubated with the rabbit anti-Thr286-pCaMKII� antibody (1:
1000) at 4°C overnight and were followed by an incubation with Alexa
Fluor 488-conjugated secondary antibody (Jackson ImmunoResearch).
The fluorescence signals of the spinal cord sections were imaged by an
inverted fluorescent microscope (Olympus) and quantified using the
MetaMorph Imaging Software (Universal Imaging).

Statistics analysis. All data are presented as the mean � SEM. Compar-
isons between groups were analyzed using a two-way ANOVA followed
by the Bonferroni post hoc test. For Western blotting and immunofluo-
rescence results, a one-way ANOVA was followed by the Dunnett’s post
hoc test. Difference scores were analyzed using the paired t test by com-
paring the differences between test time and preconditioning time in
each chamber for each mouse. Statistical significance was established at
the 95% confidence limit.

Figure 3. siRNA-mediated CaMKII� knockdown reduced mechanical and thermal hypersensitivity in EAE. Separate groups of 8 mice received (i.t.) CaMKII� siRNA (2 �g, every 12 h), scrambled
siRNA (2 �g, every 12 h), or vehicle for 3 consecutive days from Day 5 to Day 7 postimmunization. A–D, CaMKII� knockdown by siRNA significantly reduced clinical scores (A), locomotor impairment
(B), mechanical allodynia (C), and thermal hyperalgesia (D). Data are expressed as the mean � SEM. *p � 0.05, **p � 0.01, ***p � 0.001 compared with the sham immune group; #p � 0.05,
##p � 0.01, ###p � 0.001 compared with the saline-treated EAE group.
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Results
Prophylactic inhibition of CaMKII� by KN93 attenuated
clinical symptoms and hyperalgesia in EAE
As expected, MOG35–55 delivered in CFA induced EAE in female
C57BL/6N mice (Fig. 1). Clinical symptoms were scored on a
scale of 0 to 5. On day 12 p.i., EAE mice started to show limp tail
and signs of paralysis, and the clinical score peaked on day 16 p.i.
(Fig. 1A; 2.8 � 0.5, p � 0.001, n � 8). The motor impairment
revealed by rotarod test was consistent with the clinical score
observation [12.2 � 10.5 vs 105.3 � 14.1 s (n � 8); p � 0.001;
Fig. 1B].

We also determined temporal changes of sensory mechanical
and thermal sensitivities using von Frey and Hargreaves tests.
EAE mice showed significantly increased mechanical [0.05 �
0.00 vs 0.78 � 0.15 g (n � 8); p � 0.001; Fig. 1C] and thermal
[5.75 � 0.88 vs 12.87 � 0.87 s (n � 8); p � 0.001; Fig. 1D]
sensitivities in the early phase of the disease (Day 8 p.i.), com-
pared with sham-immune mice. To avoid interference from mo-
tor impairment on the pain test, pain behavioral tests were
stopped before the onset of clinical signs of EAE, which provided
us a study window of 5– 8 d.

We first investigated the prophylactic effects of KN93 on the
clinical symptoms and pain behavior in EAE. Mice received
KN93 (45 nmol/5 �l, i.t.) or an equal volume of saline once a day
from day 1 to day 8. Mice treated with KN93 showed less mechan-
ical hypersensitivity on Day 6 compared with saline-treated EAE
mice [0.53 � 0.07 vs 0.08 � 0.02 g (n � 8); p � 0.05; Fig. 1C].
Thermal hyperalgesia was also reduced in EAE mice treated with
KN93 [Day 6 p.i., 11.48 � 1.42 vs 6.65 � 0.93 s (n � 8); p � 0.05;
Fig. 1D]. In addition, prophylactic treatment of KN93 reduced
the clinical scores of EAE mice [Day 16 p.i.; 1.3 � 0.3 vs 2.8 � 0.5
(n � 8); p � 0.001; Fig. 1A] and increased the latencies of falling
off the rotarod [Day 15 p.i.; 73.6 � 16.4 vs 12.2 � 10.5 s (n � 8);
p � 0.05; Fig. 1B]. Therefore, long-term prophylactic inhibition
of CaMKII� by KN93 attenuated the development of both motor
dysfunction and sensory hypersensitivity in EAE mice.

Acute inhibition of CaMKII� by KN93 reversed mechanical
allodynia and thermal hyperalgesia in EAE
To investigate whether KN93 can reverse the established me-
chanical and thermal hyperalgesia in EAE mice, we treated the
mice with KN93 (45 nmol/5 �l, i.t.) acutely on day 8 p.i., when

Figure 4. Enhanced activation of spinal CaMKII� was suppressed by inhibiting CaMKII� (by KN93) or knocking down CaMKII� (by siRNA) in EAE mice. Lumbar spinal cord samples were collected
to determine CaMKII� activity (pCaMKII� levels), which was elevated in EAE mice. A, Prophylactic KN93 treatment (45 nmol, i.t., daily; sampled on Day 8). B, Acute treatment with KN93 (45 nmol.
i.t. at time 0, sampled at 2 h). C, Repeated treatment with CaMKII� siRNA (2 �g, i.t., twice daily; sampled on Day 8), significantly reduced the enhancement of CaMKII� activation. Data are expressed
as the mean � SEM. *p � 0.05, **p � 0.01, ***p � 0.001 compared with the sham immune group; #p � 0.05, ##p � 0.01 compared with the saline-treated EAE group.
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mechanical and thermal hyperalgesia had reached the peak level.
KN92, an analog of KN93 that does not inhibit CaMKII, was used
as a negative control. Treatment with KN93 significantly reduced
already established mechanical [0.49 � 0.12 g vs 0.05 � 0.01 g
(n � 8); p � 0.05; Fig. 2A] and thermal [12.00 � 1.66 s vs 6.68 �
0.97 s (n � 8); p � 0.01; Fig. 2B] hypersensitivity, compared with
saline-treated EAE mice. In contrast, KN92 did not alter mechan-

ical threshold or thermal latency in EAE
mice at any time point tested (Fig. 2),
which attributed the effect of KN93 to a
CaMKII-mediated effort. These data sug-
gested that acute CaMKII inhibition re-
versed mechanical and thermal hyperalgesia
in EAE mice.

Small interfering RNA-mediated
CaMKII� knockdown reduced
mechanical and thermal hypersensitivity
in EAE
We further knocked down spinal CaMKII�
in EAE mice using CaMKII�-targeting siRNA
(CaMKII�-siRNA). Starting on day 5 p.i.,
mice were treated with CaMKII�-siRNA (2
�g, i.t.) or scrambled siRNA twice a day
for 3 consecutive days. Mechanical and
thermal sensitivities were tested before in-
jections every day. Compared with vehicle-
treated EAE mice, the hypersensitivities
to mechanical and thermal stimuli were
gradually attenuated by siRNA targeting
CaMKII� (Fig. 3). On day 8, the day after
the last dose of siRNA injection, mechan-
ical [0.54 � 0.07 vs 0.04 � 0.00 g (n � 8);
p � 0.001; Fig. 3C] and thermal [11.31 �
1.29 vs 5.87 � 0.85 s (n � 8); p � 0.001;
Fig. 3D] hyperalgesia were reversed in
EAE mice treated with CaMKII� siRNA.
In contrast, scrambled siRNA did not alter
the mechanical and thermal sensitivities
in EAE mice (Fig. 3). These data indicated
that CaMKII� is involved in mediating
the mechanical and thermal hyperalgesia
in EAE.

Enhanced activation of spinal CaMKII�
was suppressed by KN93 and
CaMKII�-siRNA in EAE mice
To correlate behavioral effects with bio-
chemical changes, we measured CaMKII�
activity in the spinal cord using Western
blot analysis. Activation of CaMKII� was
assessed by the amount of pCaMKII�
(Chen et al., 2010; He et al., 2016a). The
phosphorylation level of CaMKII� in the
spinal cord was significantly elevated in
EAE mice, compared with that in control
mice (Fig. 4). Prophylactic treatment of
KN93 significantly prevented an EAE-
induced increase of spinal pCaMKII�
[1.17 � 0.13 vs 1.78 � 0.15 (n � 3); p �
0.05; Fig. 4A]. Acute treatment with KN93
also significantly reversed the elevated spi-
nal pCaMKII� level in EAE mice [1.18 �

0.07 vs 1.56 � 0.08 (n � 3); p � 0.01; Fig. 4B].
Application of siRNA targeting of CaMKII� also suppressed

the enhancement of CaMKII� activity in EAE [1.45 � 0.12 vs
2.55 � 0.29 (n � 3); p � 0.01; Fig. 4C], while scrambled siRNA
does not alter the enhanced level of pCaMKII� in the spinal
cord of EAE mice (Fig. 4C). These biochemical changes cor-

Figure 5. Increased pCaMKII� immunoreactivity in the spinal dorsal horn of EAE mice was reduced by KN93 and CaMKII�
siRNA. A, pCaMKII� immunoreactivity in the spinal dorsal horn were observed using immunofluorescence. B, Immunore-
activity of pCaMKII� was significantly increased in the spinal dorsal horn of EAE mice. Prophylactic KN93 administration or
CaMKII� siRNA significantly reduced the pCaMKII� immunoreactivity. Data are expressed as the mean � SEM. ***p �
0.001 compared with the sham immune group; #p � 0.05, ##p � 0.01 compared with the saline-treated EAE group. Scale
bar, 100 �m.

Hu et al. • CaMKII� Mediates Pain in Multiple Sclerosis J. Neurosci., January 3, 2018 • 38(1):232–244 • 237



related with the behavioral effects of KN93 and CaMKII�
siRNA.

To further correlate biological changes with pain behavioral
results, the activation of CaMKII� was examined using immunoflu-
orescence. The pCaMKII� immunoreactivity was significantly in-
creased in the superficial spinal dorsal horn, a critical area for pain
signaling and processing, in EAE mice, compared with the control
group [3840 � 217 vs 2320 � 49 (n � 3); p � 0.001; Fig. 5]. Treat-
ment with KN93 and CaMKII�-siRNA significantly suppressed the
elevation of pCaMKII� immunoreactivity in EAE mice (p � 0.01,
n�3; Fig. 5). These data are in agreement with the Western blot data
and also the behavioral results, suggesting an essential role of
CaMKII� in mediating mechanical and thermal hyperalgesia in
EAE.

Absence of EAE-induced mechanical allodynia and thermal
hyperalgesia in CaMKII�T286A point mutant mice
To ascertain the role of CaMKII� for the initiation of mechanical
and thermal hyperalgesia in EAE, CaMKII� T286A point mutation
mice, which do not undergo CaMKII� autophosphorylation and
further activation, were immunized by MOG35–55 to induce EAE
in the study. The baseline mechanical and thermal sensitivities in
CaMKII� T286A point mutation mice were similar to those of
wild-type mice (Fig. 6). Separate groups of CaMKII� T286A point
mutation mice and wild-type littermates were treated with
MOG35–55 to induce EAE as described above. On Day 8 p.i., when
wild-type mice have developed mechanical allodynia [0.06 � 0.02 vs
0.83 � 0.18 g for sham controls (n � 8); p � 0.01; Fig. 6B] and

thermal hyperalgesia [6.24 � 0.94 s vs 12.36 � 1.48 for sham con-
trols (n � 8); p � 0.05; Fig. 6C], neither was detected in
CaMKII�T286A mutation mice, as their paw withdrawal thresholds
to von Frey probing (0.83 � 0.18 g) or paw withdrawal latencies to
radiant heat (12.36 � 1.48 s) were not significantly different from
those in sham control mice (p�0.05). Throughout the 12-day study
window (after which sensory testing was stopped to avoid compli-
cations from motor dysfunction), mechanical allodynia or thermal
hyperalgesia was absent in MOG35–55-treated CaMKII�T286A mu-
tant mice lacking functional CaMKII�. The observation was made
in comparisons with sham-treated wild-type littermates, CFA-
treated littermate wild-type mice (negative control), as well as
MOG35–55-treated littermate wild-type mice (positive control).
These data indicate that CaMKII� is required for the development of
mechanical and thermal hyperalgesia in EAE.

Moreover, MOG35–55-treated CaMKII� T286A mutant mice
had a slight delay in developing clinical motor dysfunction. Over-
all, CaMKII�T286A mutant mice scored significantly lower in clinical
signs, comparing with wild-type mice [Day 16 p.i., 1.4 � 0.4 vs 2.8 �
0.3 (n � 8), p � 0.001; Day 18 p.i., 2.1 � 0.6 vs 3.0 � 0.3 (n � 8), p �
0.01; Fig. 6A]. Therefore, CaMKII�T286A mutant mice lacking func-
tional CaMKII� showed resistance to MOG35–55-induced motor
dysfunction.

EAE induced spontaneous pain behaviors that was absent in
CaMKII�T286A point mutant mice
Most preclinical studies have focused on evoked pain hypersen-
sitivity. Before our study, it was not known whether EAE mice

Figure 6. Absence of EAE-induced mechanical allodynia and thermal hyperalgesia in CaMKII� T286A mutant mice. CaMKII� T286A point mutant mice or wild-type littermates were immunized
with MOG35–55 to induce EAE. A, CaMKII� T286A point mutant mice developed a significantly lower degree of motor dysfunction. B, C, Mechanical allodynia (B) and thermal hyperalgesia (C) were
absent in CaMKII� T286A point mutant mice with EAE. Data are expressed as the mean � SEM. *p � 0.05, **p � 0.01, ***p � 0.001 compared with the sham immune CaMKII� wild-type mice;
#p � 0.05, ##p � 0.01, ###p � 0.001 compared with CaMKII� wild-type mice developed with EAE.
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had spontaneous pain behavior such as that experienced by pa-
tients with MS. Here we used the CPP testing paradigm that has
been previously validated to study ongoing or spontaneous pain
in mice (He et al., 2012, 2016a,b; He and Wang, 2015).

Separate groups of CaMKII� wild-type mice were treated with
sham or MOG35–55 immunization. On Day 8 p.i., mice were
paired with saline in the morning in a randomly chosen condi-
tioning chamber for 15 min. Four hours later, mice were paired
with lidocaine (0.04% in 5 �l of saline, i.t.) in the opposite cham-
ber for 15 min. Chamber preference was tested 20 h later. Before
conditioning, wild-type mice showed no preexisting preference
for any chambers [372 � 22 s vs 359 � 25 s (n � 8); p � 0.05; Fig.
7A]. In the preference test, sham-treated CaMKII� wild-type
mice spent an almost equal amount of time in the saline-paired
chamber (399 � 49 s) or the lidocaine-paired chamber (371 �
60 s; p � 0.05). However, MOG35–55-treated CaMKII� wild-type
mice spent significantly more time in the lidocaine-paired cham-
ber (551 � 50 s) than in the saline-paired chamber (222 � 31 s;
p � 0.001, n � 8; Fig. 7A). These results were further supported
by the significant difference score (p � 0.01; Fig. 7B), which was

absent in sham-treated wild-type mice. These data indicated the
presence of lidocaine-induced CPP in wild-type mice with EAE.

When CaMKII� T286A point mutant mice were treated with
MOG35–55, chamber-paired with saline and lidocaine and tested
in the same manner alongside their littermate wild-type mice,
CaMKII� T286A mutant mice, however, did not show CPP to ei-
ther lidocaine or saline, as these mice spent similar amounts of
time in lidocaine (350 � 41 s) and saline (365 � 41 s) chambers
(p � 0.05, n � 8; Fig. 7A), and no significant difference score was
identified (p � 0.05; Fig. 7B). Therefore, EAE-induced sponta-
neous pain behavior was present in wild-type mice but was absent
in CaMKII� T286A point mutant mice.

Pretreatment but not acute treatment of IL-17 antiserum
alleviated hyperalgesia in EAE mice
Interleukin-17, the major secretion of Th17 cells, has been stud-
ied as a mechanism in MS pathogenesis. Development of EAE
was significantly suppressed in IL-17 �/� mice, and adoptive
transfer of IL-17�/� CD4� cells was inefficient in inducing EAE
in recipient mice (Komiyama et al., 2006). Furthermore, brain
tissues from patients with MS have increased levels of IL-17
mRNA and numbers of IL-17-producing cells (Lock et al., 2002;
Tzartos et al., 2008). As shown above, EAE produced significant
mechanical allodynia and thermal hyperalgesia in MOG35–55-
immunized mice. Separate groups of mice were treated with
IL-17 antiserum five times (24 h before and 0, 24, 48, and 72 h
after the immunization with MOG35–55) to neutralize basal and
immunization-induced IL-17. As shown in Figure 8, EAE mice
pretreated with IL-17 antiserum presented less mechanical allo-
dynia and thermal hyperalgesia until Day 6 p.i., compared with
EAE mice treated with saline [Day 4 p.i.: 0.66 � 0.16 vs 0.04 �
0.00 g (n � 8), p � 0.001, Fig. 8A; 7.21 � 0.90 vs 3.93 � 0.46 s
(n � 8), p � 0.05, Fig. 8B]. The duration of IL-17 antiserum
treatment was only until Day 3 p.i., and the IL-17 antiserum-
treated mice started to develop mechanical and thermal hyper-
sensitivity around Day 8 p.i. This indicated that pretreatment
with IL-17 antiserum effectively prevented the development of
both mechanical and thermal hypersensitivities and delayed the
onset of hyperalgesia in EAE mice.

To investigate whether IL-17 antiserum can have acute effect,
EAE mice received a one-time injection of IL-17 antiserum on
Day 8 p.i. when mechanical allodynia and thermal hyperalgesia
were both established. IL-17 antiserum-treated EAE mice showed
similar hypersensitivity to mechanical and thermal stimuli com-
pared with saline-treated EAE mice (Fig. 8C,D), suggesting that
acute treatment of IL-17 antiserum was not able to reverse the
established hyperalgesia in EAE mice.

Spinal CaMKII� mediates IL-17-induced hyperalgesia
When naive mice were treated with recombinant IL-17 (100 ng,
i.t.), marked decreases in both paw withdrawal threshold in re-
sponse to mechanical stimuli and paw withdrawal latencies in
response to thermal stimuli were observe within an hour after
IL-17 injection and lasted for at least 48 h, indicating that IL-17
alone induced mechanical allodynia and thermal hyperalgesia.

To investigate the involvement of CaMKII� in IL-17-induced
hyperalgesia, mice were given KN93 (45 nmol, i.t.) 24 h after
IL-17 injection. Established mechanical and thermal hypersensi-
tivities were both completely reversed by KN93. The effect of
KN93 had a rapid onset at 0.5 h after injection [0.66 � 0.18 vs
0.04 � 0.00 g (n � 8), p � 0.001, Fig. 9A; 7.07 � 0.66 vs 4.13 �
0.53 s (n � 8), p � 0.05, Fig. 9B] and lasted for 2 h. These data

Figure 7. Absence of EAE-induced nonevoked ongoing pain in CaMKII� T286A point mutant
mice. A, Lidocaine produced CPP in wild-type mice with EAE, but CaMKII�T286A point mutant
mice with EAE showed no chamber preference, compared with saline-treated wild-type mice.
***p � 0.001 compared with saline paired chamber. B, Difference scores (test time � precon-
ditioning time in each chamber) confirmed that wild-type mice with EAE, but not
CaMKII�T286A point mutant mice with EAE, exhibited CPP to lidocaine. *p � 0.05, **p � 0.01
test time compared with preconditioning time. Data are expressed as the mean � SEM.
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indicated that inhibition of spinal CaMKII sufficiently abolished
IL-17-induced mechanical and thermal hyperalgesia.

To further understand the role of CaMKII� in IL-17-induced
hyperalgesia, pain behaviors in CaMKII� T286A mutant mice
and wild-type mice were compared following IL-17 intrathecal
injection. The baseline values of mechanical and thermal sensitivities
were similar in CaMKII� T286A mutant mice and wild-type mice
(Fig. 9C,D). However, 24 h after IL-17 injection, wild-type mice
showed a significantly decreased paw withdrawal threshold in
response to mechanical stimuli and shortened paw withdrawal
latencies in response to heat stimuli, while CaMKII� T286A mu-
tant mice retained normal mechanical sensitivity [0.61 � 0.09
vs 0.75 � 0.13 g (n � 8), p � 0.05; Fig. 9C] and thermal sensitivity
[7.34 � 0.47 � 9.85 � 0.91 s (n � 8), p � 0.05; Fig. 9D] compared
with saline-treated mice. These results suggested that CaMKII� is
required for IL-17-induced hyperalgesia.

Intrathecal injection of IL-17 antiserum decreased spinal
CaMKII� activation in EAE mice
To correlate the biochemical and behavioral effects of IL-17, the
extent of spinal CaMKII� activation was measured in EAE mice
treated with saline or intrathecal IL-17 antiserum. Pretreatment
of IL-17 antiserum significantly decreased the elevation of spinal
pCaMKII� levels in the EAE mice [1.01 � 0.02 vs 2.01 � 0.19
(n � 3); p � 0.05, Fig. 10], which was in agreement with signifi-
cant suppression of pain behaviors. On the other hand, the single
acute treatment with IL-17 antiserum on Day 8 had no effect on
EAE-induced CaMKII� activation [2.75 � 0.45 (n � 3); p � 0.05;
Fig. 10], correlating with the lack of behavioral effects by the

treatment. These data suggested that the action of spinal IL-17 in
generating pain correlates with spinal CaMKII� activation.

Discussion
Patients with MS suffered from dysfunctions of motor, sensory,
visual, and autonomic systems (Compston and Coles, 2008). MS
is the most common neurological disease in people between 20
and 45 years of age, causing acquired disability (Ragonese et al.,
2008). The prevalence of MS is about threefold higher in women
compared with that in men (Disanto and Ramagopalan, 2013). In
this study, we investigated the roles of IL-17 and CaMKII� in the
generation and maintenance of pain in MS. We established EAE,
a widely used preclinical model for MS in mice to study both
ongoing spontaneous pain and evoked hypersensitivity.

Patients with MS primarily complaint about ongoing sponta-
neous pain, which is hard to study and rarely examined in pre-
clinical settings. Here we used the CPP testing paradigm that we
have previously validated for studying mice (He et al., 2012,
2016b; He and Wang, 2015). We found that mice with EAE had
spontaneous pain behaviors as EAE mice, but not control mice,
showed a significant preference for the chamber where the ongo-
ing pain was blocked by lidocaine. This is the first preclinical study
demonstrating the presence of ongoing spontaneous pain in MS.
We also found that EAE mice exhibited mechanical allodynia and
thermal hyperalgesia. The spontaneous and evoked pain oc-
curred earlier than the onset of motor dysfunction and clinical
signs. These findings are in agreement with previous reports for
the time course of evoked pain behaviors in EAE (Olechowski et

Figure 8. Effects of pretreatment and acute treatment with IL-17 antiserum in EAE-induced hyperalgesia. Groups of mice were injected with IL-17 antiserum or vehicle 24 and 2 h before
immunization and on Day 1 to Day 3 p.i. A, B, Mice treated with vehicle developed less and delayed mechanical (A) and thermal (B) hyperalgesia. C, D, Acute treatment of IL-17 antiserum on Day
8 p.i. had no effect on mechanical (C) or thermal (D) hyperalgesia in EAE mice. Data are expressed as the mean � SEM. *p � 0.05, **p � 0.01, ***p � 0.001 compared with the sham immune
group; #p � 0.05, ##p � 0.01, ###p � 0.001 compared with the vehicle-treated EAE group.
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al., 2009; Yuan et al., 2012; Dutra et al., 2013; Rodrigues et al.,
2016).

Importantly, this time difference provides a window for
studying pain in the EAE model without the potential influence
of motor impairment. The weakness or paralysis of the hindpaws
may interfere with the pain threshold tests, which will not be
accurate for distinguishing between reduced tactile and thermal
sensitivities and locomotor impairment. Accordingly, sensory
tests were performed before the onset of clinical signs of MS. On
the other hand, the fact that pain occurs before the onset of clin-
ical signs suggests that MS pain is possibly initiated by factors that
appears in the early phase of EAE, rather than having a late onset
after demyelination, which happens relatively late in EAE, at
which time mice develop motor dysfunction. Some clinical stud-
ies reported that 	20% patients had pain at the onset of their MS,
although these studies had unclear descriptions of whether dis-
ease onset referred to the diagnosis of MS or the onset of MS
symptoms (Stenager et al., 1991; Indaco et al., 1994; O’Connor et
al., 2008). More comprehensive clinical studies will be needed to
justify whether the pain in MS patients begins before the clinical
symptoms.

Many inflammatory factors are involved in triggering the im-
mune response in EAE. Studies have shown that levels of various
cytokines and chemokines are elevated in the EAE or MS lesion
after the onset of motor dysfunction. However, only the T cells
that secrete IL-17, including Th17 cells and Th1/Th17 cells, infil-
trate the CNS before the development of clinical symptoms of
EAE (Murphy et al., 2010). Combining the fact that pain develops
before the onset of motor dysfunctions, IL-17 became a potential

Figure 9. Spinal CaMKII� mediates IL-17-induced hyperalgesia. A, B, Groups of mice were intrathecally injected with IL-17 or vehicle and 24 h later were injected with KN93 or vehicle.
IL-17-induced mechanical and thermal hyperalgesia in mice and the injection of KN93 reversed the developed hyperalgesia. C, D, Groups of wild-type and CaMKII� mutant mice were injected with
IL-17. Twenty-four hours later, IL-17-induced mechanical and thermal hyperalgesia is absent in CaMKII� mutant mice. Data are expressed as the mean � SEM. *p � 0.05, **p � 0.01 compared
with the IL-17-treated CaMKII� wild-type mice; #p � 0.05, ###p � 0.001 compared with the vehicle-treated IL-17 group.

Figure 10. IL-17 antiserum reduced spinal CaMKII� activation in EAE mice. The level of
phosphorylated CaMKII� was enhanced in the spinal cords of EAE mice. Pretreatment of IL-17
antiserum decreased the CaMKII� phosphorylation in EAE mice. Acute injection of IL-17 anti-
serum has no effect on the activation of CaMKII�. Data are expressed as the mean�SEM. *p�
0.05, **p � 0.01 compared with the sham immune group; #p � 0.05 compared with the
vehicle-treated EAE group.
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contributor to the generation of pain in EAE. Therefore we tested
the hypothesis and found that daily intrathecal injection of IL-17
antiserum from the day before immunization for 5 d was able to
prevent the development of both thermal and mechanical hyper-
algesia. On the other hand, one-time intrathecal administration
of IL-17 antiserum (on Day 8 p.i.) to acutely neutralize IL-17 was
ineffective in reversing the established hyperalgesia in EAE mice,
suggesting that IL-17 plays an essential role in initiating pain
development but may not directly contribute to the maintenance
of pain in EAE.

In addition to neuroinflammation, glutamate excitotoxicity
has recently been found to be an important mechanism involved
in MS pathogenesis (Pitt et al., 2000). Studies showed that abnor-
mal overactivation of the NMDA receptor exacerbate the EAE.
Glutamate levels were significantly increased in the CSF of MS
patients (Kostic et al., 2014). The NMDA receptor inhibitors ef-
fectively attenuated the motor dysfunction in EAE (Wallström et
al., 1996; Sulkowski et al., 2013a,b; Grasselli et al., 2013). Ceftri-
axone upregulated spinal expression of glutamate transporter
GLT-1, which is primarily responsible for glutamate clearance,
and ameliorated hyperalgesia in EAE mice (Ramos et al., 2010).
Excessive glutamate transmission appeared to contribute to the
development and maintenance of pain in MS. CaMKII� has been
shown to mediate the activation of NMDA receptors and con-
tributes to the glutamate transmission. Ca 2� influx through
activated NMDA receptors can phosphorylate CaMKII� and also
induce its autophosphorylation (Fukunaga et al., 1992; Strack et
al., 2000). In turn, activated CaMKII� can phosphorylate the
NMDA receptor and promote its activation (Kitamura et al.,
1993; McGlade-McCulloh et al., 1993). Findings from our lab-
oratory and others have revealed a critical role of CaMKII� in
modulating the inflammatory and neuropathic pain. Blocking
CaMKII� signaling reversed CFA-induced inflammatory pain
(Luo et al., 2008). Neuropathic pain induced by the spinal nerve
ligation can also be reduced by the inhibition of CaMKII� (Chen
et al., 2009). Inhibition of spinal CaMKII� attenuated opioid-
induced hyperalgesia (Chen et al., 2010) and chronic pain in
Berkeley sickle cell transgenic mice (He et al., 2016a). It has also
been reported that an abnormal CaMKII� activity level contrib-
utes to the shifts of a touch pathway into a pain system (Yu et al.,
2015), and CaMKII� signaling is critical in the transition from
acute to chronic pain (Ferrari et al., 2013). In this current study,
we tested the hypothesis that CaMKII� mediates the initiation
and maintenance of hyperalgesia in EAE. We demonstrated that
hyperalgesia in EAE can be attenuated by suppressing CaMKII�
activity using chemical inhibitors, knocking down CaMKII� ex-
pression by siRNA or genetic deletion of functional CaMKII�
by a point mutation. Both prophylactic and acute treatments of
KN93, the most commonly used CaMKII� inhibitor, reduced
mechanical and thermal hypersensitivities in EAE mice. KN92,
a chemical analog of KN93 but lacking inhibitory activity at
CaMKII�, did not alter EAE-induced mechanical allodynia or
thermal hyperalgesia. Although KN93 is not highly selective for
CaMKII� even in the presence of KN92 as a negative control,
experiments using CaMKII�-siRNA and CaMKII� T286A point
mutant mice pointed to the involvement of CaMKII�, demon-
strating an essential role of CaMKII� in inducing and maintain-
ing the evoked and nonevoked pain in EAE. We have previously
shown that blockade of CaMKII� activity by KN93 (using KN92
as a negative control) does not affect basal thermal and mechan-
ical nociception in non-EAE mice (He et al., 2016a). In addition
depleting CaMKII� activity, as seen in CaMKII�T286A mutant
mice, did not alter basal thermal and mechanical sensitivities

compared with wild-type mice (Fig. 9C,D). The behavioral re-
sults were consistent with biochemical findings that pCaMKII�
was significantly increased in superficial spinal dorsal horn of
EAE mice, and inhibition of CaMKII� by KN93 and CaMKII�
siRNA knockdown reduced pCaMKII� in EAE mice. Studies
from our laboratory and other laboratories have demonstrated
that CaMKII� is expressed in dorsal root ganglion (DRG) neu-
rons, and in pain states the pCaMKII� level is increased in DRG
neurons (Kawano et al., 2009; Bangaru et al., 2015; Yu et al., 2015;
He et al., 2016a). It has also been reported that intrathecal KN93
decreased pCaMKII� level in DRG neurons (Hasegawa et al.,
2009). These results indicate that spinal, and possibly also no-
ciceptor, CaMKII� critically contributes to the initiation and
maintenance of both evoked and spontaneous ongoing pain in
EAE mice.

It has been reported that IL-17 promotes NMDA NR1 phos-
phorylation and colocalized in NR1-immunoreactive neurons in
a rat inflammatory pain model induced by CFA (Meng et al.,
2013). A more recent study showed that IL-17 contributes to the
persistent neuropathic pain in nerve injury mice via CaMKII
signaling (Yao et al., 2016). Here, we found that blockade of
IL-17 action reduced CaMKII� activation in EAE mice. Also, the
development of hyperalgesia induced by recombinant IL-17 in
naive mice was attenuated by the inhibition of CaMKII and was
almost absent in CaMKII� T286A point mutant mice. We showed
that IL-17 is essential in the generation of pain, but does not
directly mediate the maintenance of pain, in EAE mice. We fur-
ther suggested that IL-17 may act through CaMKII� to maintain
pain in EAE.

Together, this is the first report of significant, but differential,
roles for IL-17 and CaMKII� in the development (both IL-17 and
CaMKII�) and maintenance (CaMKII�) of EAE-induced hyperal-
gesia and ongoing pain in mice. These findings will not only shed
light on the understanding of mechanisms of EAE-induced pain,
but may also provide new pharmacological interventions to treat
pain in patients with multiple sclerosis. In our parallel studies, we
have made efforts to identify and repurpose clinically used drugs
that have the property of inhibiting CaMKII� (Molokie et al.,
2014). In addition, we have identified curcumin as a potential
inhibitor of CaMKII� (Hu et al., 2015). These relatively safe
drugs can potentially be used for CaMKII� inhibition that may
offer new therapies for treating pain in MS.
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