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Involvement of post-translational modification

of neuronal plasticity-related proteins in hyperalgesia

revealed by a proteomic analysis
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To clarify roles of an endogenous pain modulatory system of the central nervous system (CNS) in
hyperalgesia, we tried to identify qualitative and quantitative protein changes by a proteomic
analysis using an animal model of hyperalgesia. Specifically, we first induced functional hyper-
algesia on male Wistar rats by repeated cold stress (specific alternation of rhythm in temperature,
SART). We then compared proteomes of multiple regions of CNS and the dorsal root ganglion
between the hyperalgetic rats and non-treated ones by 2-D PAGE in the pI range of 4.0–7.0. We
found that SARTchanged the proteomes prominently in the mesencephalon and cerebellum. We
thus analyzed the two brain regions in more detail using gels with narrower pI ranges. As a
result, 29 and 23 protein spots were significantly changed in the mesencephalon and the cere-
bellum, respectively. We successfully identified 12 protein spots by a MALDI-TOF/TOF MS and
subsequent protein database searching. They included unc-18 protein homolog 67K, collapsin
response mediator protein (CRMP)-2 and CRMP-4, which were reported to be involved in neu-
rotransmitter release or axon elongation. Interestingly, mRNA expression levels of these three
proteins were not changed significantly by the induction of hyperalgesia. Instead, we found that
the detected changes in the protein spots are caused by the post-translational modification (PTM)
of proteolysis or phosphorylation. Taken together, development of the hyperalgesia would be
linked to PTM of these three CNS proteins. PTM regulation may be one of the useful ways to
treat hyperalgesia.
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1 Introduction

Hyperalgesia is defined as an excessive sensibility to pain or a
decrease of pain threshold. It is conceivable that hyperalgesia
is caused by disorders of endogenous pain modulation sys-
tems [1–7]. Recently, functional imaging techniques and
electrophysiological methods have made it possible to find the
candidates of the modulation sites in the CNS during the
development of hyperalgesia. Spinal cord, brain stem, thala-
mus and cortex are the candidates [8–11]. Further, electro-
physiological or pharmacological studies have suggested that
plasticity of neuronal components such as synapses, recep-
tors and axons was involved in mechanisms for the decrease
of pain threshold [12–16]. For example, Ikeda et al. [17, 18]
demonstrated a synaptic amplifier of inflammatory pain in
the spinal cord at the origin of an ascending pain pathway that
is switched-on by low-level activity in nociceptive nerve fibers.
It is reported that the plasticity of receptors including N-
methyl-D-aspartate (NMDA) receptor is involved in hyper-
algesia [19, 20]. On the other hand, Romero et al [21]. showed
that overexpression of nerve growth factor (NGF) in the spinal
cord caused axonal sprouting as well as thermal hyperalgesia,
suggesting the relationship between hyperalgesia and axonal
sprouting in the spinal cord. Most studies on synaptic pro-
cessing of pain-related signals have been focused on the
spinal cord dorsal horn, since it is the first site of synaptic
integration in the pain pathway and is technically easy to
approach [17, 18, 20–25]. However, hyperalgesia is considered
as integration of changes occurring in multiple regions of
CNS, a massive integrated neural network [9, 11]. Thus, CNS
should be investigated more widely. Although electro-
physiological techniques are useful for investigation of the
pain modulation system, it is still difficult to surveil molecules
functioning in the system. From these viewpoints, we here
applied a comprehensive proteomic analysis to detect and
identify functional proteins in various brain regions of ani-
mals under the condition of hyperalgesia.

The repeated cold stress used here is specific alternation
of rhythm in temperature stress (SART). A couple of days
after SART is started in rats and mice, significant decrease of
nociceptive threshold to chemical-, heat- or pressure-stimuli
is observed [12, 26–28]. The hyperalgesia induced by SART
involved a disorder of the pain modulating systems includ-
ing descending inhibitory systems [29–31]. Since the de-
scending inhibitory systems involve diencephalons, mesen-
cephalon, pons, and medulla oblongata, SART provides a
good model for investigation of molecular mechanisms of
hyperalgesia in CNS.

Using 2-D DIGE, which was established recently as a
sensitive and quantitative detection method of several thou-
sands of proteins at once, we detected alteration of multiple
proteins in CNS under the hyperalgetic condition. The iden-
tified proteins have included the molecules related to the
regulation of neurotransmitter release, receptor subunit and
axon elongation, such as unc-18 protein homolog 67K
(Munc-18-1), collapsin response mediator protein (CRMP)-2,

CRMP-4. We further found that the alteration of these three
proteins was caused not by changes of the transcriptional
levels but by post-translational modification (PTM) of phos-
phorylation or proteolysis. Our study sheds light on molecu-
lar mechanisms of hyperalgesia in CNS.

2 Materials and methods

2.1 Animals

Male Wistar rats aged 6 weeks were purchased from Japan
SLC (Hamamatsu, Japan) and used in accordance with ethi-
cal procedures following the guidelines for the care and use
of laboratory animals issued by the Japanese Government
and the Japanese Pharmacological Society. The animals were
housed in wire-net cages placed in a temperature-, humidity-
and light-controlled room (227C, humidity 55%, 12-h light/
dark cycle with light on at 8:00, off at 20:00). They were fed
with standard solid laboratory chow (Labo MR stock, Nosan
corporation, Yokohama, Japan) and water ad libitum.

2.2 Loading of the repeated cold stress of SART

Animals were exposed to the repeated cold stress according
to the procedures previously reported [29, 31, 32]. Briefly, rats
were transferred to cold (–37C) environment at 9:00 in the
morning and kept there for 1 h, and then they returned to
the room temperature (247C) environment and kept there for
1 h. This procedure of alternating cold-warm environments
was repeated four times, after which the animals were kept at
–37C until 10:00 in the next morning. This procedure was
repeated for 5 days. Another five rats as a control group were
housed at a constant temperature of 248C. Mechano-noci-
ceptive thresholds of the both groups were measured before
(Day 0), in the middle of (Day 3) and after (Day 5) the re-
peated cold stress.

2.3 Measurement of the mechano-nociceptive

threshold

At 9:00 on Days 0, 3 and 5, animals were moved from the
cold room and kept at 247C for 30 min. Then, the mechano-
nociceptive threshold was determined according to the pre-
vious reports [33] by using a 7200 analgesic meter (Ugo
basile, Milan, Italy). In brief, the mechanical pressure stim-
ulus was applied on the center of the right hind paw and was
gradually increased at a rate of 32 g/s. The pressure intensity
(g) that caused escape reaction to the rats was defined as the
mechano-nociceptive threshold.

2.4 Sample preparation

After measurement of the mechano-nociceptive threshold,
the animals were guillotined. Cerebrum, diencephalon,
mesencephalon, pons, medulla, cerebellum, dorsal horn
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(Lumber 4 and 5) and dorsal root ganglia (Lumber 4, 5 and 6)
were immediately removed, snap-frozen in liquid nitrogen
and then stored at –807C until use. The tissues were homog-
enized with a PT3100 Polytron homogenizer (Kinematica,
Lucerne, Switzerland) for 15 s at 20 000 rpm in the buffer of
pH 8.5 containing 7 M urea (GE Healthcare), 2 M thiourea
(GE Healthcare), 30 mM Tris (Wako Pure Chemical Indus-
tries, Osaka, Japan), and 4% CHAPS (Dojindo laboratories,
Kumamoto, Japan). Then, the samples were frozen and
thawed five times, vortexed for 20 min at room temperature,
and centrifuged at 10 0006g for 30 min at 47C. The super-
natant was stored at –807C until 2-DE.

2.5 2-DE

For 2-D DIGE analysis, proteins (50 mg) extracted from the
tissue homogenates of the non-treated and stressed animals
was labeled with 400 pmol of fluorescent cyanine dyes of Cy3
and Cy5, respectively, according to the manufacturer’s
instructions for CyDye DIGE Fluor minimal dyes (GE
Healthcare). As for standard gel images, a mixture of 25 mg
each of the two tissue samples was labeled with 400 pmol of
Cy2. The labeling reaction was quenched by addition of 1 mL
of a 10 mM L-lysine solution (Merck) and subsequent incu-
bation on ice for 10 min. The three 50-mg aliquots of the Cy2-,
Cy3-, and Cy5-labeled protein samples were mixed and load-
ed onto a 24-cm Immobiline Dry-Strips covering the ranges
of pH 4.0–7.0, pH 4.5–5.5 or pH 5.3–6.5 (GE Healthcare) for
IEF using the IPGphor IEF system (GE Healthcare). After
IEF, the strips were equilibrated in the first equilibration so-
lution [(1.5 M Tris-HCl, pH 8.8; 6 M urea, 30% glycerol
(Wako Pure Chemical Industries), 2% SDS (Wako Pure
Chemical Industries), 10 mg/mL DTT (Wako Pure Chemical
Industries)] and were then equilibrated in the second equili-
bration solution [the SDS equilibration buffer containing
25 mg/mL iodoacetamide (Wako Pure Chemical Indus-
tries)]. The equilibrated strips were placed on top of 12.5%
SDS-PAGE (Bio-Rad Laboratories, CA, USA) slab gels and
sealed with a solution of 1% w/v agarose (Takara Bio, Kyoto,
Japan). The second electrophoresis was carried out using the
Ettan DALTsix system (GE Healthcare).

For MS analysis, an increased amount of the protein
samples (500 mg) was separated by the 2-DE to obtain protein
spots with enough amounts of proteins.

For detection of phosphorylated proteins and 2-D
immunoblot analyses, 50 mg of the protein samples labeled
with Cy5 was mixed with 450 mg of the unlabeled identical
samples and then was separated by 2-DE.

2.6 Image analysis

The separated labeled proteins on the 2-DE gels were scan-
ned at 100 mm resolution using an image analyzer (Typhoon
9400 Imager, GE Healthcare) according to the manu-
facturer’s protocol. The Cy2 gel images were scanned at an
excitation wavelength of 488 nm and at an emission wave-

length of 520/40 nm (maxima/bandwidth), while the Cy3
and Cy5 gel images were scanned at an excitation wavelength
of 532 and 633 nm and at an emission wavelength of 580/30
and 670/30 nm, respectively. Gel images were processed by a
program of DeCyder V5.0 (GE healthcare). Protein spots on
the gels were co-detected automatically as DIGE image pairs,
which were intrinsically linking a sample to its in-gel stand-
ard. Matching between gels was then performed utilizing the
in-gel standard from each image. The Cy3 and Cy5 gel im-
ages were assigned to the SART-stressed and non-treated
conditions. All the Cy2 images were assigned to the in-gel
standards. Student’s t-test was performed for every matched
spot set, comparing the average and SD of protein abun-
dance for a given spot between the SART-stressed and non-
treated groups.

To allow MS analysis for identification, the gel was
stained using SYPRO Ruby stain solution (Molecular Probes,
Eugene, Oregon, USA) and de-stained in 10% ethanol and
6% acetic acid, according to the protocol recommended by
the manufacturer. The gel was then scanned at an excitation
wavelength of 457 nm and at an emission wavelength of
610/30 nm. The gels were stored in distilled water at 47C
until MS analysis.

To detect phosphorylated proteins, the gel was stained
using ProQ Diamond stain solution (Molecular Probes) and
destained in 10% ethanol and 6% acetic acid, according to
the manufacturer’s recommended protocol. The gel was
scanned at an excitation wavelength of 532 nm and at an
emission wavelength of 580/30 nm. Furthermore, the Cy5
gel images scanned at an excitation wavelength of 633 nm
and at an emission wavelength of 670/30 nm were used to
confirm and match the positions of detected spots.

2.7 In-gel digestion, mass determination, and protein

identification

The 2-DE gel fragments with approximately 1 mm in diam-
eter, corresponding to the protein spots of interest, were
picked up and washed in double distilled water for 15 min.
Then, the gel fragments were cut into small pieces and de-
colored in 200 mL of de-coloring solution [25 mM ammo-
nium hydrogen carbonate (Wako Pure Chemical Industries),
50% ACN (Fluka)] at room temperature for 10 min. The gel
pieces were re-hydrated in 10 mL of a trypsin solution
[50 mM ammonium hydrogen carbonate, 5 mM two-calcium
chlorides, 0.02 mg/mL trypsin (Promega)] and incubated at
377C for 16 h for digestion of the contained proteins with
trypsin. The digested peptides were extracted from the gel
pieces using TFA (Sigma-Aldrich) and ACN. After cen-
trifugation, the supernatant was recovered. After three more
cycles of this extraction, the supernatant was filtered and
concentrated down to 10 mL in an evaporator. The peptide
sample solution was stored at –207C until the MS analysis.
Masses of the digested peptides in the samples were deter-
mined using a MALDI-TOF/TOF mass spectrometer (Ultra-
flex, Bruker Daltonics, Germany). A list of the determined
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peptide masses was compiled in search of NCBI protein
database using the MASCOT software program (Matrix Sci-
ence, London, UK).

2.8 Western blot

Proteins on the gels were transferred onto PVDF membranes
(Millipore) for 90 min at 3 mA/cm2 in 48 mM Tris-HCl,
39 mM glycine, 1.3 mM SDS (0.0375%), pH 9.2. After
blocking nonspecific binding in Block Ace (Dainippon
Sumitomo Pharma, Japan) overnight at 47C, the membranes
were incubated with an anti-Munc-18-1 antibody [Abcam,
their antigenic residues are 58–70 (VEDINKRREPIPS) of
Munc-18-1), another anti-Munc-18-1 antibody (Synaptic
Systems, their antigenic residues are 580–594
(DTLKKLNKTDEEISS)], an anti- CRMP-2 antibody (Chemi-
con), or an anti-CRMP-4 antibody (Chemicon) for 1 h at
room temperature. After washing with PBS containing 0.1%
Tween-20, membranes were incubated with anti-rabbit IgG
antibodies labeled with HRP (American Qualex) at a dilution
of 1:10 000 for 2 h at room temperature, and washed repeat-
edly. Immunocomplexes were detected by the ECL plus
Western blotting detection reagents (GE Healthcare) using
an image analyzer (Typhoon 9400 Imager, GE Healthcare)
according to the manufacturer’s protocol. The membranes
were scanned at an excitation wavelength of 452Wnm and at
an emission wavelength of 520/40Wnm, according to the
manufacture’s manual. The Cy5-labeled protein images were
used to confirm and match the position of the Western blot
spots.

2.9 Real-time quantitative PCR

Total RNA was extracted from mesencephalon of the tested
rats by a kit using phenol-guanidine thiocyanate (ISOGEN,
Nippon Gene, Tokyo, Japan) and then converted to cDNA
by reverse transcription (Reverse Transcriptase AMV, Roche
Diagnostics, Basel, Switzerland). The synthesized cDNA
was used as a template in the following PCR. Quantitative
real-time PCR analyses of mRNA were performed using a
thermal cycler of LightCycler System (Roche Diagnostics)
according to the manufacture’s protocol. The gene expres-
sion levels were standardized using simultaneously meas-
ured values of GAPDH mRNA. Primers used for the gene
amplification were as follows; Munc-18-1: 5’-GTG AAG
AAG AAG GGC GAG TG-3’ (forward) and 5’-ACT TCT
CAG ACG GGG TGA TG-3’ (reverse), CRMP-2: 5’-CAT
CGA CCA TGT TGT TCC TG-3’ (forward) and 5’-CCG
ATC TTT GAA AGC CAT GT-3’ (reverse), CRMP-4: 5’-GTC
ATC TGG GAC AAG GCT GT-3’ (forward) and 5’-GTT
GTA TTC CGC AAC CGA CT-3’ (reverse), and GAPDH: 5’-
TGA ACG GGA AGC TCA CTG G-3’ (forward) and 5’-
TCC ACC ACC CTG TTG CTG TA-3’ (reverse). The
amplification was achieved in a 20-mL volume containing
1 mL of cDNA, 0.5 mM of each primer pair, and QuantiTect
SYBR Green PCR mixture (Qiagen). The reaction mixture

was subjected to 35 cycles of amplification, followed by the
post-PCR fluorescence melting curve analysis (FMCA).

2.10 Statistical analysis

The unpaired two-tailed Student’s t-test was used, in which
significance was accepted at p,0.05.

3 Results

3.1 Hyperalgesia in the repeated cold-stressed rats

To explore proteins involved in mechanisms for hyper-
algesia, we used a previously established rat model of hyper-
algesia caused by the repeated cold stress of SART. First, to
confirm induction of hyperalgesia, we measured mechano-
nociceptive threshold before, in the middle of, and after the
SART treatment. As shown in Fig. 1, the mechano-nocicep-
tive threshold was decreased in the SART-stressed group but
not in the non-treated group. Decreases of the mechano-
nociceptive threshold on Day 3 and Day 5 were statistically
significant (p,0.05), confirming that the SART stress
induced hyperalgesia.

3.2 Proteomic analyses of the brain regions in the

SART-stressed rats

Next, we tried to explore changes of protein profiles in the
brain regions of the SART-stressed group by 2-D DIGE of pH
4.0–7.0. Five days after the SART stress was started, we

Figure 1. Hyperalgesia observed in the SART-stressed rats.
Mechano-nociceptive thresholds of the right hind paw in each rat
were measured. Mean values with SE are shown. The closed cir-
cles indicate results from the non-treated rats (n = 5). The open
circles indicate results from the SART-stressed rats (n = 10). The
asterisks indicate statistically significant differences between the
two groups (p,0.05, t-test).
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removed dorsal root ganglia (DRG) and CNS regions of cer-
ebrum, diencephalon, mesencephalon, pons, medulla, cere-
bellum, and dorsal horn of the spinal cord. Then, we com-
pared protein profiles of these regions between the stressed
group (n = 4) and the control group (n = 4). Specifically, we
labeled a protein sample from a rat in the stressed group
with Cy5, one from a rat in the non-treated group with Cy3,
and a mixture of the both samples with Cy2 as a standard for
quantification. Then we separated the three samples simul-
taneously using the same 2-DE gels (Fig. 2). To obtain statis-
tical results, we analyzed the other three pairs of rats simi-
larly. We detected more than 26103 protein spots on each of
the four 2-D DIGE gels in the analyses of the respective test-
ed brain regions and then obtained approximately 1.56103

matched spots among the four gels. Out of the matched
spots, we selected protein spots whose amounts were differ-
ent between the stressed and the non-treated groups by the
following criteria: (i) the average intensity of a spot in the
stressed group was greater by not less than 1.5-fold or weaker
by not less than 1/1.5-fold than that of the matched spot in
the non-treated group, and (ii) the differences were statisti-
cally significant (p,0.05). According to these criteria, no
spots were selected in the analyses of cerebrum and dience-
phalons and only 0–2 spots were selected in the analyses of
pons, medulla, dorsal horn or DRG. On the other hand, five
and 14 spots showed such altered intensities in the analyses
of mesencephalon and cerebellum, respectively (Table 1).
Thus, effects of the SART stress appeared to be detected
prominently in mesencephalon and cerebellum compared to
the other regions examined.

We then analyzed more precisely the SART stress-
induced protein changes of the mesencephalon and cere-
bellum by 2-D DIGE, focusing on the narrow pH ranges of

pH 4.5–5.5 and pH 5.3–6.5. A representative 2-D gel image
of the mesencephalon proteins and representative 3-D im-
ages of the altered protein spots detected by the 2-D DIGE
analysis of the mesencephalon are shown in Fig. 3. As shown
in Table 2, we detected 29 spots in the mesencephalon whose
amounts were altered by the SART stress, according to the
criteria mentioned above. Specifically, amounts of 13 spots
were increased and those of five spots were decreased at the
pH range of 4.5–5.5, and amounts of eight spots were
increased and those of the remaining three spots were
decreased at the pH range of 5.3–6.5 (Table 3). Similarly, in
the cerebellum, we detected 23 spots whose amounts were
altered by the SART stress. Amounts of three spots were
increased and those of 12 spots were decreased at the pH
range of 4.5–5.5, and amounts of two spots were increased
and those of six spots were decreased at the pH range of 5.3–
6.5 (Table 3). The small areas of the 2-D gel corresponding to
these spots were recovered and subjected to the protein
identification by the MALDI-TOF/TOF MS.

3.3 Identification of proteins differently expressed in

the SART-stressed rats

We then attempted to identify all of the 52 spots listed in
Table 3 (29 spots for the mesencephalon and 23 spots for the
cerebellum) and successfully identified proteins of 12 spots
as shown in Table 4. Two out of the 12 spots were assigned to
tubulin alpha and three spots were assigned to CRMP-2.
Interestingly, CRMP-2 was identified in both of the two brain
structures; however, it was up-regulated in the mesencepha-
lon but was down-regulated in the cerebellum by the SART
stress. The remaining seven spots comprised of Munc-18-1,

Figure 2. Comparison of the brain proteome between the SART-stressed and the non-treated rats by 2-D DIGE. Proteins extracted from the
stressed rats were labeled with Cy3 and those from the non-treated rats were labeled with Cy5. Mixture of equal weights of the unlabeled
two samples was labeled with Cy2, which was used as an in-gel standard to quantify differences between the two samples. These three
differently labeled samples were separated by IEF and then by 12.5% SDS-PAGE. Protein spots whose intensities are increased or
decreased in the SART-stressed group are visualized in reddish or in greenish, respectively, according to degrees of the changes. Protein
spots that showed little changes look whitish. Representative results from the analyses of telencephalon (A) and mesencephalon (B) are
shown. MW: molecular weight.
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Table 1. Number of protein spots whose intensities were increased (.1.5-fold) or decreased (,1/1.5-fold) by the
SARTstress in various brain regions and dorsal root ganglia (DRG). The 2-D DIGE analysis was performed
at the pH range of 4.0–7.0

Areas Number of spots

Increased intensities (.1.5-fold) Decreased intensities (,1/1.5-fold)

Cerebrum 0 0
Diencephalon 0 0
Mesencephalon 5 0
Pons 1 1
Medulla 0 1
Cerebellum 5 9
Dorsal horn 2 0
DRG 1 0

Figure 3. Detection of the SART
stress-sensitive protein spots in
the mesencephalon by 2-DE and
3-D imaging. Proteins extracted
from the mesencephalon of the
SART-stressed and non-treated
rats were labeled with Cy dyes,
separated by 2-DE and quanti-
fied by the DeCyder software.
Intensities of the four protein
spots, which were identified and
further analyzed in the following
experiments, were visualized by
3-D imaging. NT: non-treated.

Table 2. Number of protein spots whose intensities were increased (.1.5-fold) or decreased (,1/1.5-fold) by the
SART stress in the mesencephalon and cerebellum. The 2-D DIGE analyses were performed at the pH
range of 4.5-5.5 (a) and pH 5.3-6.5 (b)

Areas Number of spots

Increased intensities (.1.5-fold) Decreased intensities (,1/1.5-fold)

(a) pH4.5-5.5
Mesencephalon 13 5
Cerebellum 3 12
(b) pH5.3-6.5
Mesencephalon 8 3
Cerebellum 2 6
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Table 3. Lists of the protein spots whose intensities were chan-
ged by the SART stress in the mesencephalon and cere-
bellum. (a) And (b): mesencephalon, (c) and (d): cere-
bellum, (a) and (c) the pH range of 4.5–5.5, (b) and (d):
the pH range of 5.3–6.6

Spot MW (kDa) pI Changes of spot intensities

(a) Mesencephalon, pH 4.5-5.5
m1- 240 100 5.00 2.68
m1- 241 100 5.03 3.53
m1- 242 100 5.05 2.04
m1- 250 100 5.36 1.55
m1- 255 100 5.06 1.75
m1- 258 100 5.38 1.61
m1- 262 100 5.39 1.67
m1- 270 100 5.40 1.68
m1- 421 80 5.29 1.81
m1- 422 80 5.31 1.78
m1-1007 55 5.43 1.68
m1-1021 55 5.39 0.46
m1-1184 55 5.21 1.76
m1-1277 40 4.81 1.81
m1-2009 10 5.41 0.42
m1-2016 10 5.37 1.49
m1-2035 10 4.92 0.58
m1-2045 10 4.81 0.60

(b) Mesencephalon, pH 5.3-6.5
m2- 640 80 5.72 1.53
m2- 821 70 6.19 1.95
m2- 959 60 5.62 0.58
m2- 960 60 5.68 0.63
m2-1070 55 6.20 2.10
m2-1081 55 6.10 2.92
m2-1090 55 5.62 1.90
m2-1099 55 5.55 1.94
m2-1451 40 5.61 0.43
m2-1491 40 5.91 1.63
m2-1827 25 5.68 1.89

(c) Cerebellum, pH 4.5-5.5
c1- 254 100 5.00 0.31
c1- 256 100 5.02 0.25
c1- 258 100 4.98 0.44
c1- 259 100 4.99 0.35
c1- 260 100 5.02 0.32
c1- 288 100 4.73 1.64
c1-1529 35 4.86 0.26
c1-1530 35 7.87 0.36
c1-1536 35 4.92 0.12
c1-1538 35 4.94 0.19
c1-1651 30 5.14 1.85
c1-1855 13 4.91 0.46
c1-1857 13 4.93 0.54
c1-1882 13 4.85 1.57
c1-1883 13 4.76 0.33

(d) Cerebellum, pH 5.3-6.5
c2- 377 100 5.47 0.55
c2-1062 60 5.60 1.87
c2-1068 60 5.94 0.53
c2-1134 55 6.14 0.24
c2-1201 55 5.60 0.41
c2-1210 55 5.52 0.35
c2-1213 55 5.45 0.64
c2-1920 15 6.04 2.90

CRMP-4, complexin II, serine/threonine-protein kinase
PAK2 (PAK-2), regucalcin, protein similar to Toll-interacting
protein, and succinyl-CoA ligase beta-chain. Informatively,
some of the identified proteins are known to be involved in
neurotransmitter release (Munc-18-1 and complexin II) and
axon formation (CRMP-2, CRMP-4 and tubulin alpha).
Based on the identification data, we then tried to elucidate
what kind of protein alteration the SART stress caused,
focusing on Munc-18-1, CRMP-2 and CRMP-4.

3.4 Alteration of Munc-18-1

The amount of the spot m2-1081, identified as Munc-18-1,
was significantly increased by the SART stress in the mesen-
cephalon (Fig. 4A). To understand overall alteration of Munc-
18-1, we detected Munc-18-1 by 2-D Western blotting using an
anti-Munc-18-1 (58–70) antibody recognizing 58–70th amino
acid residues (VEDINKRREPIPS) of Munc-18-1 and an anti-
Munc-18-1 (580–594) antibody recognizing 580–594th amino
acid residues (DTLKKLNKTDEEISS, the C-terminal of Munc-
18-1). As a result, Munc-18-1 of the m2-1081 spot reacted to
the anti-Munc-18 (58–70) antibody more strongly in the SART
stress than in the non-treated condition, as indicated by the
arrowheads in the upper and middle panels of Fig. 4B-(1).
This was in accordance with the result of the 2-D DIGE quan-
tification (Fig. 4A-(1)). However, the m2-1081 spot did not
react to the anti-Munc-18-1 (580–594) antibody as indicated by
the arrowhead in the lower panel of Fig. 4B-(1). Taking these
data together with the facts that the observed molecular
weight (MW) of approximately 55 kDa was smaller than the-
oretical one (approximately 68 kDa) and that the observed pI
of approximately 6.1 was lower than the theoretical pI (7.98),
we concluded that the m2-1081 spot was Munc-18-1 lacking
its C-terminal part. Indeed, the calculated MWand pI of the C-
terminal truncated Munc-18-1 (residue 1–480) are 54.7 kDa
and 6.23, respectively. To further confirm the truncation of
Munc-18-1 by the SART stress, we performed 1-D-Western
blot using the both two antibodies. As shown in Fig. 4B-(2),
the SARTstress produced a thin but clear band reacted to the
anti-Munc-18 (58–70) antibody but not to the anti-Munc-18
(580–594) antibody. In addition, the total amount of the entire
Munc-18-1, detected and measured by the Western blotting,
was slightly decreased by the SART stress, but the difference
did not meet statistical significance actually (Fig. 4C-(1)). In
addition, the amount of mRNA for Munc-18-1, quantified by
RT-PCR, was not affected by the SARTstress (Fig. 4C-(2)).

Taken together, we concluded that the SART stress pro-
duced truncation of the C-terminal amino acid residues in a
part of Munc-18-1 without affecting its gene expression in
mesencephalon.

3.5 Alteration of CRMP-2

Two spots in the mesencephalon (m2-1090 and m2-1099 in
Fig. 5A-(1)), whose amounts were significantly increased by
the SART stress (Fig. 5A(2)), were assigned to CRMP-2.
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Figure 4. Alteration of unc-18 protein homolog (Munc-18-1) by the SARTstress. (A) (1) Location of the spot m2-1081 on the 2-D DIGE image,
identified as Munc-18-1, is indicated by an arrowhead. A representative analysis of the rat mesencephalon is shown. Protein spots whose
intensities are increased in the SART-stressed group are visualized in reddish according to degrees of the changes. (2) The intensities of the
spot m2-1081 was compared between the SART-stressed and non-treated rats by using DeCyder software. The mean intensity obtained
from the non-treated group was defined as 1.0 (*: p,0.05, t-test). An analysis of the mesencephalon is shown. NT: non-treated. (B) (1)
Detection of Munc-18-1 in the mesencephalon by 2-D-immunoblotting with anti-Munc-18-1 antibodies. The spot m2-1081, indicated by
arrowheads, was immunoreactive to the anti-Munc-18-1 antibody (58-70) that recognizes the amino acid residues of 58-70 (VEDINKRRE-
PIPS). The same spot was not immunoreactive to the other anti-Munc-18-1 antibody (580-594) that recognizes the amino acid residues of
580-594 (DTLKKLNKTDEEISS, the C-terminal residues of Munc-18-1). (2) Detection of Munc-18-1 in the mesencephalon by 1-D-immuno-
blotting with the same anti-Munc-18-1 antibodies. The SART stress produced a low MW Munc-18-1 molecule that was not recognized by
the anti-Munc-18-1 antibody (580-594). (C) (1) Comparison of total amounts of Munc-18-1 protein in the mesencephalon estimated by the 1-
D-immunoblotting with the anti-Munc-18-1 antibody (58-70). (2) Comparison of total amounts of mRNA for Munc-18-1 by real-time PCR. No
significant difference was observed at the both protein and mRNA levels (n = 5 for each group). NT: non-treated, Ab (58-70): the anti-Munc-
18-1 antibody (58-70), Ab (580-594): the anti-Munc-18-1 antibody (580-594).

While these two spots were scarcely detected in the non-
treated group by an anti-CRMP-2 antibody, they were clearly
detected in the SART-stressed group (arrowheads in Fig. 5B).
Interestingly, several additional anti-CRMP-2 antibody-posi-
tive spots with higher MW (approximately 60 kDa) and dif-
ferent pI values were detected by the anti-CRMP-2 antibody
(arrows in Fig. 5B). Since the theoretical MW of CRMP-2 is
62.2 kDa (Table 4), these CRMP-2 spots with higher MW are
speculated to be entire CRMP-2 molecules with various
unknown modifications that produced various pI values.
Similarly as the case of Munc-18-1, the total amount of the
entire CRMP-2, detected and measured by 1-D Western
blotting, was not affected by the SART stress (Fig. 5C-(1)).
The amount of mRNA for CRMP-2, quantified by RT-PCR,
was slightly decreased by the repeated cold stress, but the
difference did not meet statistical significance actually
(Fig. 5C-(2)).

Collectively, CRMP-2 with lower MW (55 kDa) was
increased without new transcription of mRNA by the SART
stress in the mesencephalon. This indicates occurrence of
truncation of CRMP-2 by the SART stress.

3.6 Alteration of CRMP-4

An amount of the protein spot m2-959 (Fig. 6A-(1)) in the
mesencephalon, identified as CRMP-4, was significantly
decreased by the SART stress (Fig. 6A-(2)). Then, we tried to
understand the profile of CRMP-4 using 2-D Western blot-
ting with an anti-CRMP-4 antibody. As representative images
of the 2-D Western blotting are shown in Fig. 6B, a series of
protein spots with similar MW but different pI values were
detected as CRMP-4, including the spot m2-959 as indicated
by arrowheads. The intensities of the CRMP-4 spots with
relatively lower pI values tended to be decreased in the SART
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Table 4. Identified proteins in the mesencephalon and cerebellum

Spot MW pI Protein name Accession no. MW pI

(observed) (theoretical)

(a) Mesencephalon
m2-959 60 5.62 Collapsin response mediator protein-4 (CRMP-4) gi:25742568 62.3 6.04
m2-960 60 5.68 Regucalcin gi:6677739 33.9 5.15
m2-1081 55 6.10 Munc-18-1 gi:631898 67.8 7.98
m2-1090 55 5.62 Collapsin response mediator protein-2 (CRMP-2) gi:1351260 62.2 5.95
m2-1099 55 5.55 Collapsin response mediator protein-2 (CRMP-2) gi:1351260 62.2 5.95
m2-1491 40 5.91 Succinyl-CoA synthase beta-chain gi:59808474 40.1 4.90

(b) Cerebellum
c1-1530 35 4.87 Predicted: similar to TOLLIP protein gi:34861256 30.5 5.04
c1-1882 13 4.85 Complexin 2 gi:1363278 15.5 5.06
c2-1062 60 5.60 Serine/threonine-protein kinase PAK2 gi:2499648 58.2 5.57
c2-1201 55 5.60 Tubulin alpha gi:223556 50.9 4.94
c2-1210 55 5.52 Collapsin response mediator protein-2 (CRMP-2) gi:1351260 62.2 5.95
c2-1213 55 5.45 Tubulin alpha gi:223556 50.9 4.94

Figure 5. Alteration of CRMP-2 by the SART stress. (A) (1) Location of the spots m2-1090 and m2-1099 on the 2-D DIGE image, identified as
CRMP-2, are indicated by arrows. A representative analysis of the rat mesencephalon is shown. (2) The spot intensities of m2-1090 and m2-
1099 were compared between the SART-stressed and non-treated rats using DeCyder software. (B) Detection of CRMP-2 using 2-D immu-
noblotting with a specific antibody. Arrows indicate CRMP-2 with high MW and arrowheads indicate CRMP-2 with low MW. A representa-
tive result from the analysis of mesencephalon is shown. (C) Comparison of total amounts of CRMP-2 proteins (1) and mRNA (2) for CRMP-
2 estimated by 1-D immunoblotting and real-time PCR, respectively. Relative amounts are shown as the mean values of the non-treated rat
group (defined as 1.0). No significant difference was observed in both measurements. NT: non-treated.

stress group than in the non-treated group, in which the de-
crease of the spot m2-959 intensity met statistical signifi-
cance. We speculated that the SART stress produced a series
of modification of CRMP-4, which changed pI values of

CRMP-4 molecules. Thereby, we investigated phosphoryla-
tion of CRMP-4 by ProQ Diamond phosphoprotein staining.
As a result, approximately a half of the CRMP-4 spots, which
showed lower pI values, were found phosphorylated, includ-
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Figure 6. Alteration of CRMP-4 by the SART stress. (A) (1) Location of the spot m2-959 on the 2-D DIGE image, identified as CRMP-4, is
indicated by arrowheads. A representative analysis of the mesencephalon is shown. (2) The spot intensities of m2-959 were compared
between the SART-stressed and non-treated rats by using DeCyder software. (B) The spot m2-959, identified as CRMP-4 by the MS, was
further confirmed by the 2-D immunoblotting with the anti-CRMP-4 antibody (indicated by an arrowhead in each panel). Representative
two cases for each of the SART-stressed and non-treated rat groups are shown. The spot m2-959 was found reactive to ProQ phospho-
protein staining (top panel, a representative result is shown). (C) Total protein level was measured by the band intensities of 1-D immu-
noblot with the anti-CRMP-4 antibody (1) and the mRNA level of CRMP-4 was quantified by real-time PCR (2). No significant change was
observed between control and repeated cold-stressed group (n = 5). NT: non-treated.

ing the m2-959 (the top panel in Fig. 6B). Additionally, the
total amount of CRMP-4 proteins, estimated by the 1-D
Western blotting, and the expression level of CRMP-4
mRNA, estimated by RT-PCR, remained unchanged after
loading of the SART stress (Fig. 6C).

Taken together, one of the phosphorylated CRMP-4 pro-
teins was de-phosphorylated by the SART stress without
alteration of the total amount of the protein or mRNA for
CRMP-4, even though phosphorylation may not be the only
modification occurred on CRMP-4.

4 Discussion

Here, we tried to understand hyperalgesia from the aspect of
protein changes in brain using proteomic approaches. Our
findings are as follows: (i) The brain protein profile was
altered by the SART stress. (ii) The profile changes were
more prominent in the mesencephalon and cerebellum than
in other regions examined. (iii) We detected 26 protein spots
whose amounts were increased up to .1.5-fold and 26 pro-

tein spots whose amounts were decreased down to ,1.5-fold
by the SART stress in total in the mesencephalon and cere-
bellum. (iv) Twelve out of the 52 protein spots were identi-
fied, which include molecules related to neurotransmitter
release or axon elongation. (v) Further investigation of the
identified proteins of Munc-18-1, CRMP-2 and CRMP-4
revealed that they were altered not at the transcription levels,
but at post-transcriptional levels like phosphorylation and
specific proteolysis.

Regarding the first and second points that the protein
profile changes induced by the SART stress were dominant
in the mesencephalon and cerebellum, the mesencephalon
including periaqueductal gray (PAG) has been reported to
play an important role in pain modulation [34–37]. Pre-
viously, PAG has been shown to be capable of mediating
analgesia in response to incoming noxious stimuli [35, 38,
39]. Recently, descending modulation from the mesence-
phalon to the spinal nociceptive processing was found to be
either inhibitory or facilitating. Several lines of evidence
suggest that descending facilitatory influences contributes to
development and maintenance of hyperalgesia [6]. Further,
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during hyperalgesia, neural activation was observed in two
distinct areas of the mesencephalic reticular formation that
are consistent with the location of nucleus cuneiformis
(NCF) and rostral superior colliculi/periaqueductal gray (SC/
PAG). This suggests that these two structures in the mesen-
cephalone are also involved in central sensitization [40].
Therefore, the predominant protein profile changes in the
mesencephalon observed in this study would reflect potent
important roles of this brain area in the pain modulation
during hyperalgesia suggested by the previous reports.

On the other hand, the distinct proteome change in the
cerebellum was interesting finding, since contribution of the
cerebellum to hyperalgesia has been suggested [41]. Recently,
functional magnetic resonance imaging showed increased
activities in the cerebellum as well as in other various brain
areas when hyperalgesia was induced by heat/capsaicin sen-
sitization [40]. Further, the cerebellum has connections with
the lateral part of the caudal ventral lateral medulla (VLMlat),
which was recently shown to be responsible for pain mod-
ulation [42]. Our data, together with these reports, indicate
that the roles of the cerebellum in the pain modulation
should be more emphasized and be investigated more
intensively.

On the third point of interest, in 2-D DIGE at the narrow
pH ranges, the SART stress brought about protein spots with
decreased amounts rather than those with increased
amounts in the cerebellum (5 spots increased vs. 18 spots
decreased). In contrast, the SART stress brought about pro-
tein spots with increased amounts rather than those with
decreased amounts in the mesencephalon (21 spots
increased vs. 8 spots decreased). Thus, the effect of the SART
stress on the proteome of the mesencephalone and the cere-
bellum appeared to be opposite, as clearly shown in the case
of CRMP-2. These two regions may contribute differently to
hyperalgesia even if mechanisms for the opposite phenom-
enon remain uncertain.

On the fourth and fifth points, most of the identified
molecules related to neurotransmitter release or axon
elongation and the identified proteins of Munc-18-1,
CRMP-2 and CRMP-4 were altered not at transcription,
but at post-transcriptional levels. It is interesting that
most of the proteins identified here (Table 4), which are
neuronal tissue specific, are presumed to be involved in
the plasticity of neuronal structures including synapses
and axons by previous reports. Thus, hyperalgesia may
be associated with remodeling of synapses and axons.
Therefore, we tried to elucidate what kind of alteration
occurred on these molecules focusing on Munc-18-1,
CRMP-2 and CRMP-4.

First, Munc-18-1, also known as n-Sec1 or rbSec1, possi-
bly plays critical role in release of neurotransmitters, as
Munc-18-1-knockout mice were reported to lack release of
neurotransmitters [43]. Munc-18-1 binds to syntaxin 1 with
open conformation, and thus is regarded as a “stopper”
against formation of soluble N-ethylmaleimide-sensitive fac-
tor attachment protein receptor (SNARE) complex [44, 45].

Recently, Munc-18-1 was reported to regulate neuro-
transmitter release, helping the conformational change of
syntaxin-1 as a chaperon [46]. Further, Munc-18-1 is reported
to be a potent negative regulator of basal phospholipase D
(PLD) activity [47]. These data imply multiple functions of
Munc-18-1.

Here, we found that the SARTstress produced truncation
of the C-terminal amino acid residues in a part of Munc-18-1
without affecting its gene expression in mesencephalon. The
C-terminal part of Munc-18-1 corresponds to a part of the
domain 2 of the molecule that contains a phosphorylation
site [48]. Thus, the lost C-terminal part as well as the domain
2 would be important in physiological functions of Munc-18-
1. In this context, Munc-18-1 lacking its C-terminal part may
play a negative role by acting as a decoy molecule for the
entire functional Munc-18-1.

Secondly, CRMP form a family of cytosolic phosphopro-
teins. Among the CRMP family proteins, CRMP-2 plays a
critical role in axon outgrowth and decision of neuronal
polarity of immature neurons [49]. CRMP-2 was demon-
strated to interact with a regulator of actin cytoskeleton, the
specifically Rac1-associated protein 1 (Sra-1)/WASP family
verprolin-homologous protein 1 (WAVE1) complex. CRMP-2
transports the Sra-1/WAVE1 complex to axons in a kinesin-1-
dependent manner and thereby regulates axon outgrowth
and formation [50]. CRMP-2 is also known to enhance the
advance of growth cones and Numb-mediated endocytosis by
regulating cytoskeleton including microtubules and actin
filaments. Rho kinase is suggested to regulate this function
of CRPM-2 [51]. Further, glycogen synthase kinase-3b (GSK-
3b) was reported to regulate neuronal polarity through the
phosphorylation of the 514th Threonin of CRMP-2 [52].
These studies show importance of the phosphorylation of
CRMP-2 in the regulation of axon elongation and neuronal
polarity.

We here showed increase of CRMP-2 with low MW in the
mesencephalone during hyperalgesia. Low MW-CRMP-2
was reported in the hippocampus of patients with mesial
temporal lobe epilepsy [53]. In addition, traumatic brain
injury was reported to lead to digestion of CRMP-2 in brain
to produce low MW-CRMP-2 in animal models, in which
over-activation of cysteine-proteases was suggested to play a
role in the specific digestion [54]. On the other hand, Bretin
et al. [55] demonstrated that sustained increase of calpain ac-
tivity was responsible for truncation of CRMP-2 by transient
exposure to N-methyl-D-aspartate (NMDA). They suggested
involvement of the truncated form of CRMP2 in the down-
regulation of the NR2 subunit of the NMDA receptor. Inter-
estingly, functions of the NMDA receptor NR2B subunit was
reported to be altered during hyperaglesia [22–25, 56]. Taking
our data together with these reports, we speculate that the
SART stress induces proteolysis of CRMP-2, which, in turn,
causes hyperalgesia through functional changes of NMDA
NR2B receptor. Precise mechanisms for the production of
the low MW-CRMP-2 and its functions in hyperalgesia
should be elucidated in the future.
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Thirdly, CRMP-4, which has approximately 70% amino
acid homology to CRMP-2, is supposed to have similar
physiological functions to those of CRMP-2 [57, 58]. Since
CRMP-4 regulated F-actin bundling [59], CRMP-4 may reg-
ulate the actin cytoskeleton system in the axon elongation.
Our study revealed existence of various phosphorylated
CRMP-4 spots with different pI. The intensity of the m2-959
spot of a phosphorylated form of CRMP-4 (Figs. 6A, B) was
decreased by the SART stress significantly (Fig. 6B), even
though the total amounts of CRMP-4 and the CRMP-4
mRNA level remained unchanged (Fig. 6C). Dephophoryla-
tion of CRMP-4 at the m2-959 spot induced in the hyper-
algesia may be involved in the axon elongation. Further elu-
cidation of roles of CRMP-4 phosphorylation would help
understanding of precise roles of CRMP-4 in the hyper-
algesia.

In conclusion, we here attempted to understand molec-
ular mechanisms underlying hyperalgesia from the aspect of
comprehensive proteomic analysis. We identified PTM of
proteins like Munc-18-1, CRMP-2, and CRMP-4 in the
mesencephalon and cerebellum in hyperalgesia. The PTM of
the proteins may contribute to formation of hyperalgesia-
specific neural network. Further minute analyses of the
altered proteins would promote understanding of the neural
network at protein levels in the pain modulation system.
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