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Abstract

Objectives Cerebral ischaemia is a leading cause of death and disability, including
severe complications such as memory disturbance, palsy, and spasticity. Central post-
stroke pain (CPSP) is a complication of cerebral ischaemia, and is characterized clinically
by spontaneous pain and attacks of allodynia and dysaesthesia. However, the detailed
mechanisms of CPSP are not well established. Herein, we have examined alterations of
the current stimulus threshold of primary afferent neurons or the nociceptive threshold
against mechanical stimuli in mice receiving left middle cerebral artery occlusion
(MCAO).
Methods Alterations of current stimulus threshold and the development of mechanical
allodynia in hind paws were measured after MCAO using a Neurometer and the von Frey
filament test, respectively.
Key findings Development of cerebral infarction was clearly observed on day 1 and day
3 after MCAO. For the estimation of current stimulus threshold measured by the Neu-
rometer, the sensitivity of Ad and Ab fibres (at 2000 and 250 Hz stimulation, respectively)
was significantly increased on day 3 after MCAO, while that of C fibres (at 5 Hz stimu-
lation) was unaltered. In addition, the paw withdrawal threshold of the left hind paw as
measured by the von Frey filament test was significantly decreased on day 1 and day 3
after MCAO when compared with day 0, while that in the right hind paw was not
different.
Conclusions The data suggested the development of bilateral hyperaesthesia in this model.
Further, mechanical allodynia developed in the ipsilateral side to the MCAO. Potentially,
myelinated A fibre-specific hypersensitization after stroke may have contributed to these
symptoms.
Keywords central post-stroke pain; cerebral ischaemia; current stimulus threshold;
mechanical allodynia; primary afferent neuron

Introduction

Focal cerebral ischaemia (stroke) is a major cause of death and disability including paralysis
and memory disturbance.[1] Pain, characterized as spontaneous pain and evoked pain, is a
refractory complication of stroke that markedly decreases the quality of life for patients.[2]

Central post-stroke pain (CPSP) is observed in some patients with a low responsiveness to
opioids or non-steroidal anti-inflammatory drugs. Further, clinically approved adjuvant
analgesics such as antidepressants and anticonvulsants are only partially or noneffective
depending upon the individual, while nonpharmacotherapies such as surgical operation or
stimulation therapy do not completely prevent damage.[2,3] Although development of
improved therapeutics is required, the detailed mechanisms of CPSP are largely unknown.
As studies in animal models of ischaemia do not describe development of CPSP under
ischaemic stress, in this study we have examined CPSP in middle cerebral artery occlusion
(MCAO) mice, a popular model in experimental stroke research that causes prominent
ischaemic damage.[4–6] As the development of neuronal hyperexcitability or sensory abnor-
mality is involved in neuropathic pain syndrome, we focused on post-stroke alterations of
sensitivity of primary sensory neurons including A and C fibres, and alterations of the pain
threshold against mechanical stimuli.[7]

Short Communication

JPP 2011, 63: 452–456
© 2011 The Authors
JPP © 2011 Royal
Pharmaceutical Society
Received August 4, 2010
Accepted November 8, 2010
DOI
10.1111/j.2042-7158.2010.01231.x
ISSN 0022-3573

Correspondence: Shogo
Tokuyama, Department of
Clinical Pharmacy, Kobe Gakuin
University, School of
Pharmaceutical Sciences, 1-1-3
Minatojima, Chuo-ku, Kobe
650-8586, Japan.
E-mail:
stoku@pharm.kobegakuin.ac.jp

452



Materials and Methods

Animals
Experiments were performed on male ddY mice (5-weeks-
old) obtained from Japan SLC (Osaka, Japan). Animals were
housed at 23–24°C with a 12 h light–dark cycle (lights on
0800 h to 2000 h). Food and water were freely available. This
study was conducted in accordance with the Guiding Prin-
ciples for the Care and Use of Laboratory Animals, adopted
by the Japanese Pharmacological Society. In addition, all
experiments were approved by the Ethical Committee for
Animals of Kobe Gakuin University (approval number: A
060601-10).

Middle cerebral artery occlusion mouse model
Transient focal cerebral ischaemia was induced by MCAO as
described previously.[8] Briefly, under 2% isoflurane anaesthe-
sia (Abbott Japan, Osaka, Japan), a 8-0 nylon monofilament
(Shirakawa, Fukushima, Japan) coated with silicon resin
(Provil novo Medium; Heraeus Kulzer, Hanau, Germany) was
inserted through a small incision into the left common carotid
artery (occlusion) for 2 h. Sham-operated mice were sub-
jected to the procedure without MCAO. Relative cerebral
blood flow was measured by laser Doppler flowmetry (TBF-
LN1; Unique Medical, Osaka, Japan) to assess the extent
of the vascular occlusion and reperfusion, as described
previously.[8]

Measurement of infarct volume
After brains were removed, coronal sections were cut 2-mm
thick and incubated in saline containing 2% 2,3,5-
triphenyltetrazolium chloride (Sigma, MO, USA) at 37°C for
10 min. After being fixed with 4% paraformaldehyde (Sigma),
infarct areas were measured using image analysis software
(Image J; NIH, MD, USA) and Adobe Photoshop Elements
5.0 (Adobe Systems Incorporated, Tokyo, Japan). The infarct
volume was calculated based on infarct area and intensity.

Electrical stimulation-induced paw
withdrawal test
The assessment of current stimulus threshold in response to
transcutaneous constant electrical stimulation was conducted
using the Neurometer (Primetech Co., Tokyo, Japan).[9,10]

Electrodes were lightly touched to the plantar surface and
instep of mice, and three sine-wave pulses (at 2000, 250 or
5 Hz) were applied. The minimum intensity (mA) at which
each mouse withdrew its paw (behaviour such as stretching
their plantar surface or briefly trembling their paw immedi-
ately after stimulation) was defined as the threshold.

Mechanical allodynia (von Frey test)
The assessment of paw withdrawal threshold (PWT) in
response to mechanical stimulation was performed using von
Frey filaments (North Coast Medical, Inc., CA, USA).[11,12] At
least 30 min before the test, mice were placed in individual
plastic boxes on a raised metal mesh. The plantar surface of
the paw was stimulated with each filament (with a range
between 0.07 and 2 g). For each filament, the stimulus was
repeated five times with an interval of 1–2 s between each

stimulus. The PWT was determined as the lower force that
evoked a withdrawal response to three of the five stimuli.

Statistical analysis
The data for the current perception threshold were analysed
using one-way analysis of variance followed by Scheffe’s test.
Data are presented as means � SEM. The data for PWT in
response to mechanical stimulation were analysed using a
Steel-Dwass test of post-hoc nonparametric multiple compari-
son tests. Data are presented as medians (25th–75th percen-
tile). The differences were regarded as statistically significant
when the P-value was less than 0.05.

Results

The infarct volume gradually enlarged from day 1
(131.2 � 48.0 (infarct area ¥ mm) (¥ 10000)) to day 3
(197.9 � 42.6 (infarct area ¥ mm) (¥ 10000)) after MCAO
(Figure 1a and 1b).

In the right hind paw, the current stimulus threshold at
5 Hz (i.e. C fibre stimuli) in the MCAO group determined on
day 3 after MCAO was similar to that before MCAO; similar
results were obtained in the sham group. By contrast, the
current stimulus thresholds at 250 Hz (i.e. Ad fibre stimuli)
and at 2000 Hz (i.e. Ab fibre stimuli) were decreased signifi-
cantly compared with those before MCAO (Figure 2a); there
were no changes in the sham group. In the left hind paw, the
current stimulus threshold was significantly decreased on day
3 after MCAO at 250 and 2000 Hz stimuli compared with
those before MCAO (Figure 2b); no changes were observed at
5 Hz.

On day 1 and day 3 after MCAO, the PWT of the right hind
paw against mechanical stimuli did not change compared with
that before MCAO (Figure 3a). However, in the left hind paw,
the PWT in the MCAO group significantly decreased com-
pared with that before MCAO (Figure 3b). There were no
changes in PWT against mechanical stimuli between pre and
post MCAO in the sham group (Figure 3a and 3b).

Discussion

Although there are many reports about the neuronal damage
in focal cerebral ischaemic model mice, very few papers focus
on the CPSP.[4,5] Recently, Wasserman and Koeberle[13]

reported the development of CPSP in the haemorrhagic rat
model, however, no one had shown it in the typical ischaemic
model mice i.e. MCAO model mice.[8] In this study we deter-
mined post-stroke alterations of current stimulus threshold in
hind paws that showed changes in responsiveness to primary
afferent neurons. The current stimulus threshold was mea-
sured using the Neurometer, a clinical device for measuring
perception and pain thresholds.[14] In addition, this device has
been verified to provide selective stimulation for three subsets
of nerve fibres of different diameters in humans and ani-
mals.[9,10,15,16] The pulses at 2000, 250 or 5 Hz primarily stimu-
late large myelinated Ab, small myelinated Ad or small
unmyelinated C fibres, respectively.[17–21] In this study, the
current stimulus thresholds in myelinated Ab or Ad fibres, but
not in C fibres, were significantly decreased by cerebral stoke,
suggesting that A fibre-mediated sensory responses to external
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stimuli may be enhanced. These data were supported by pre-
vious observations in the partial sciatic nerve ligation model
(model of peripheral neuropathic pain) where hypersensitiza-
tion developed only in myelinated A fibres, while the
responses in C fibres were blunted.[10]

Interestingly, in this study an A fibre-mediated hyperaes-
thesia developed in the bilateral hind paws, despite induction

of cerebral infarction only in the left hemisphere. As previ-
ously reported, neuronal activation may occur in both the
ipsilateral and contralateral hemispheres after cerebral
stroke.[22] Furthermore, our findings that both the ipsilateral
and contra lateral sides show altered hyperalgesia suggested
an involvement of a circulatory component in the post-stoke
allodynia. In addition, some circulatory components includ-
ing inflammatory cytokines such as interleukin-1b and
tumour necrosis factor-a or chemokines have been reported to
be involved in the development of neuropathic pain.[23–25]

Therefore, it was possible that some circulatory components
including inflammatory cytokines or chemokines may have
been involved in the mechanisms of development of hyper-
sensitization of the Ab and Ad fibres. These phenomena may
have contributed to the bilateral hyperaesthesia in the bilateral
hind paws in this study. A hypersensitization of primary noci-
ceptive or non-nociceptive afferent A fibres is known to cause
abnormal sensory phenomena, including tactile allodynia (the
perception of normally innocuous stimuli, touching and
brushing), hyperalgesia (a heightened response to painful
stimuli) and spontaneous pain.[26] In this study, allodynia to
mechanical stimuli developed in the left hind paw on day 3
after MCAO, suggesting that mechanisms such as demyeli-
nation or induction of the calcium channel a2d-1 subunit
(Caa2d-1) or the sodium channel 1.3 subunit (Nav1.3) in
myelinated A fibres may have been involved in the specific
hyperexcitability.[27,28] Further studies are required to clarify
the involvement of these molecules in post-stroke allodynia.

In contrast, the PWT against mechanical stimuli in the
right hind paw did not decrease after MCAO. Although clini-
cal studies suggested that the sensory symptoms of CPSP
were usually contralateral to the stroke, there was some evi-
dence to suggest that CPSP could occur on both ipsilateral and
contralateral sides.[2] Further, since the signs and symptoms of
CPSP varies with individuals, further studies are required to
determine and characterize pain-like symptoms using other
stimuli including heat or cold stimuli.[2,13]
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Figure 1 Development of neuronal damage after cerebral stroke in mice. (a) Typical image of 2,3,5-triphenyltetrazolium chloride- staining at 0, +2,
+4 mm coronal sections from bregma on day 1 and day 3 after middle cerebral artery occlusion (MCAO). (b) Quantitative analysis of infarct volume.
Date are mean � SEM (n = 5–12).
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Figure 2 Determination of current stimulus threshold using an electri-
cal stimulation after cerebral stroke in mice. The change in current stimu-
lus threshold was measured with the Neurometer at 5, 250 and 2000 Hz
on day 3 after middle cerebral artery occlusion (MCAO). ‘Pre’ indicates
measurement before MCAO. Data are mean � SEM (sham: n = 6–8;
MCAO: n = 4–8). **P < 0.01, *P < 0.05, Scheffe’s test.
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In general, neuropathic pain can involve peripheral sensi-
tization, hypersensitization of primary sensory neurons in the
peripheral nervous system, and central sensitization, a hyper-
sensitization of nociceptive neurons in the spinal cord and
brain.[29,30] Potential mechanisms that may contribute to
central sensitization include increased N-methyl-d-aspartic
acid (NMDA) and a-amino-3-hydroxyl-5-methyl-4-
isoxazole-propionate (AMPA) receptor-mediated excitatory
synaptic transmission in the dorsal horn; a decrease in
g-aminobutyric acid (GABA) and glycine receptor-mediated
inhibitory synaptic transmission; an increase in descending
facilitation;[31–33] it is possible these mechanism may be
involved in the development of post-stroke allodynia observed
in this study. It is reported that the increase of synaptic
glutamate or excess influx of calcium ion into neuronal cells
following NMDA-receptor activation significantly exacer-
bated the development of infarction.[34,35] As described above,
similar molecules are known to be involved in the mechanism
of development of pain.[25,36] Thus, some drugs such as
NMDA-receptor antagonists and calcium channel blockers
would be effective in inhibiting the development of infarction
as well as development of post-stroke allodynia.

Clinically, the appearance of CPSP is considered to result
from damage to the thalamus, although damage to the
suprathalamic brain regions is involved also.[7,37] Multiple
brain regions were damaged in our ischaemic model, and
neuronal damage/infarction was detected in the cerebral
cortex, thalamus and amygdale (sites involved in the regula-
tion of pain). We suggest that functional alterations in these
brain regions may play a role in the development of hyper-
sensitization of primary afferent neurons (especially A fibres)
or of the ipsilateral allodynia in this model.

Conclusions

We have demonstrated the development of hypersensitization
of the primary afferent neurons specifically with myelinated
Ab or Ad fibres and the development of ipsilateral mechanical

allodynia following transient cerebral ischaemia in mice.
These data provide further understanding of the mechanisms
of CPSP and may help in the development of novel therapeu-
tic drugs/strategies for the treatment of CPSP.
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