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Abstract Recently, much discussion has been centered on
the brain networks of recall, memory, and execution. This
study utilized functional magnetic resonance imaging to
compare activation between a simple sequential finger
movement (real task) and recalling the same task (imagery
task) in 15 right-handed normal subjects. The results
demonstrated a greater activation in the contralateral motor
and somatosensory cortex during the real task, and a higher
activation in the contralateral inferior frontal cortex,
ipsilateral motor, somatosensory cortex, and midbrain
during the imagery task. These real task-specific areas and
imagery-specific areas, including the ipsilateral motor and
somatosensory cortex, are consistent with recent studies.
However, this is the first report to demonstrate that the
imagery-specific regions involve the ipsilateral inferior
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frontal cortex and midbrain. Directly comparing the
activation between real and imagery tasks demonstrated
the inferior frontal cortex and midbrain to therefore play
important roles in cognitive feedback.

Keywords fMRI - Finger movements - Imagery - Cognitive
feedback - Recall

Introduction

The human primary motor cortex is the motor system region
that provides signals to muscles, and the supplemental motor
area is related to the preparation of motor tasks. Studies in
monkeys have also revealed the brain networks related to
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motor tasks, such as the primary motor cortex, to be active, not
only during execution, but also during the preparation of motor
tasks (Alexander and Crutcher 1990). Since reports first
demonstrated that blood oxygen concentrations could influ-
ence the T2* results in the animal cortex, functional MRI has
now become a commonly used modality for measuring
activation in the human brain (Ogawa et al. 1990). The
supplemental motor area and primary motor cortex have also
been shown, through fMRI methodology, to be activated
during both the preparation and execution phases of
sequential movements (Richter et al. 1997). The supplemental
motor area is the center for the planning, preparation, and
execution of sequential movements (Mushiake et al. 1991;
Shima and Tanji 1998). The supplemental motor area is
activated during not only real motor task preparation, but also
during imagery motor tasks (Gerardin et al. 2000; Hanakawa
et al. 2003, 2008). They used simple finger tapping tasks. On
the other hand, an old study done by Roland et al. (1980)
which used a relatively complex task using SPECT (single
photon emission computed tomography) revealed a large
area, including the SMA (supplemental motor area) and
primary motor area, to be activated. At that time, the
functional MRI (fMRI) method was not available. Regarding
the spatial resolution, the fMRI method is considered to have
some advantages over SPECT.

The current study used fMRI with a relatively more
complex task, to show detailed locations with a difference
between a real and imaginary task. The difference between the
real and imagery task is a feedback system such that the real
task has sensory feedback and the imagery task has cognitive
feedback. Complex finger movement requires more cognitive
function than a simple task which can cause a more sensible
fMRI signal, similar to the findings reported in the study by
Roland et al. The complex finger movement task was
expected to distinguish the difference between the real and
imaginary task. The hypothesis is that, using fMRI, a
relatively complex finger movement task, which could

Fig. 1 Sequential finger
movement task. Real task
required real movement from
thumb to little finger, and back
again, with 3 Hz self-paced
movement. Imagery task
required thinking of the same
task, without any real movement

activate prominent and wider brain regions than simple finger
tapping, would thus reveal a more accurate location, such as
the brain stem or mid brain structure than using SPECT, and
more accurate differences between real and imagery tasks.
Therefore, functional MRI, as well as real and imagery motor
tasks which were similar to those described in previous reports
(Roland et al. 1980), were utilized for the present study, and
several new findings were thus observed.

Materials and methods
Subjects

Fifteen right-handed, normal subjects (12 males, 3 females,
mean age 30.9+7.9) were studied. The subjects were not on
any forms of medication, and had no history of psychosis/
mental illnesses or drug abuse. All participants had
>12 years of education. Written consent was obtained from
all participants. This study was approved by the Kurume
University IRB committee.

Task design

The activation task utilized for this study was similar to
previously published methods (Roland et al. 1980). All
participants were instructed to move their right fingers in
the order from their thumb to little fingers and then back
again (Fig. 1, 3 Hz self-paced movement). The rest task
required the subject to remain still and attempt to keep the
mind free of thoughts. The finger movement task was
administered during the activation periods of each block,
every 51 s. Three activation blocks and three rest blocks,
including a starting rest period took a total of 6 min and 6 s.

The same design was used with the imagery task; the
participants were instructed to think about the movement
they had just performed previously. Following the imagery
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Table 1 Locating and p-values )
(the real movements specific T (voxel)  p-value x (mm) y(mm) z(mm) p (cluster) Cluster-size
areas)
Left precentral gyrus 5.23 0.000064 -32 -18 60 0.00065 129
3.90 0.000807 -32 =30 50
Left postcentral gyrus 4.86 0.000126 =50 —2.2 58 0.01111 62
4.12 0.000519 —46 -20 48

task, the participants were asked to estimate how much they
could recall the task, with a score ranging between 0 and
10. During the imagery task, the movements were moni-
tored with a camera in order to confirm whether or not the
subjects stayed still.

Data acquisition

Magnetic resonance imaging was performed on a SIEMENS
1.5 T scanner. The T2*-weighted images, which covered the
entire brain, were acquired from each subject using an EPI
(Echo Planer Imaging) pulse sequence (TE 70 ms, TR 5.1 s,
flip angle 90°, FOV 225%225*148 mm®, voxel dimension
64*64*40, slice thickness 3.5 mm). This series was designed
as a block task, namely 10 volumes served as the control
resting state and 10 volumes served as activation periods.
One series included 60 volumes of Echo Planer images,
which captured the three periods of activation tasks and three
periods of rest.

Data pre-processing

All images were acquired from the scanner in the DICOM
format and then were subsequently converted to the Analyze
format through the DICOM toolbox in the SPM5 software
package (Wellcome Department of Cognitive Neurology,
London, UK) included in MATLAB (Mathworks Inc., Natick,
MA). The first five scans were excluded from the series, due
to signal instability. The SPMS5 software program allowed for
data realignment to correct for movement. Subjects whose
movements were within 2 mm for axis and less than 1° of
rotation were selected. The Montreal Neurological Institute
EPI reference brain, provided by SPM, was utilized to
normalize each EPI image with 2x2x2 mm® voxel resam-
pling. Lastly, a Gaussian spatial filter was employed to
smooth the images to a final smoothness of 5 mm.

Statistical analysis

Data were analyzed on an individual (subject per subject,
and task per task) basis, as well as across subjects (group
analysis) using subject variance (random effect model).
For individual analysis, data from each run were
modeled using the general linear model, with separate
functions modeling the hemodynamic response for each
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experimental epoch. Covariates were used to model long-
term signal variations (temporal cut-off of 128 s), overall
differences between runs, and sex. One contrast (real
finger movement task or imagery versus rest) was
defined for each series (per subject). Subsequent to
attaining contrast images, repeated measures ANOVA
(analysis of one variance) with sphericity correction
(Greenhouse-Geiser) was applied to the data to determine
whether more activated areas existed in one task over
another (real>imagery, or imagery>real). The F maps
were thresholded to F=17.14 (p<0.001) for the main task
effect. Lastly, a post-hoc r-test was applied to the areas
where differences existed between the tasks with T=3.79
(»<0.001) as the threshold. In these thresholded maps,
activated clusters were considered significant if their
spatial extent was >34, corresponding to a risk factor
(type 1 error) of p<0.05 (corrected).

Fig. 2 Real sequential finger movement resulted in greater activation,
in comparison to the imagery task. A difference was detected in the
contralateral (/eff), precentral gyrus, including the supplemental motor
cortex, as well as the motor cortex and post central gyrus, which
included the somatosensory cortex
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Table 2 Locating and p-values (the imagery movements specific areas)

T(voxel) p-value X (mm) y (mm) z (mm) p (cluster) Cluster-size
Left inferior frontal gyrus 6.44 0.000008 —40 46 6 0.00023 157
Left inferior frontal gyrus 5.11 0.000079 -38 40 0
Right middle frontal gyrus 6.02 0.000016 26 6 44 0.04362 36
Right middle frontal gyrus 4.64 0.000192 28 12 52
Right precentral gyrus 5.68 0.000028 46 -12 e 0.00387 85
Right precentral gyrus 4.44 0.000282 44 —4 50
Middle cerebellar peduncle 5.35 0.000052 6 =30 —-38 0.03888 38
Middle cerebellar peduncle 4.83 0.000132 10 -36 =26

Results

Real finger movement demonstrated significantly greater
activation in the contralateral (left), precentral gyrus (MNI;
x=-32, y=-18, z=60, T=3.83, p=0.000064) including the
supplemental motor cortex, as well as the motor cortex and
post central gyrus (MNI; x=-50, y=-22, z=58, T=4.86,
p=0.000126), which included the somatosensory cortex in
comparison to imagery finger movement (Table 1, Fig. 2).

Significantly greater activation was demonstrated with
the imagery finger movement in the left inferior frontal
gyrus (MNI; x=—-40, y=46, z=6, T=6.44, p=0.000008),
right middle frontal gyrus (MNI; x=26, y=6, z=44,
T=6.02, p=0.000016), right precentral gyrus (MNI;
x=46, y=—12, z=44, T=5.68, p=0.000028), and midbrain
(MNI; x=6, y=-30, Z=-38, T=5.35, p=0.000052) in
comparison to real finger movement, (Table 2, Fig. 3).

The ability of the participants to recall the real task
presented with a rating score of 7.53+1.16.

Discussion

During real motor tasks, significantly greater activation
was recorded in the supplemental motor area, motor
cortex, and contralateral somatosensory cortex, compared
with the imagery task. This activation was considered to
be due to real motor activity. A number of studies have
suggested that these areas play a fundamental role in the
recognition of tactile stimuli and motions (Donchin et al.
1998; Penfield 1950; Roland et al. 1980; Sawamura et al.
2002). The present study demonstrated a similar impact
from real motor movement. The activation of real
movement was compared to imagery; namely, areas such
as the supplemental motor area (SMA), primary motor
area (PMA), and contralateral somatosensory area (S1)
were greatly activated in the real task of finger movement,
rather than imagery finger movement. These areas were
thought to be solely related to executive functions. fMRI
results have been previously compared between real and

imagery finger tasks. (Gerardin et al. 2000; Sirigu et al.
1996), thus demonstrating bilateral activations for the real
task. However, the current study showed an activation
difference only in the contralateral hemisphere, not in the
bilateral areas. Penfield and Welch illustrated the homun-
culus through the employment of electrical stimulation
(Penfield and Welch 1949). A recent study, utilizing an
independent component analysis, revealed contralateral
activation due to finger movement (Kansaku et al. 2005).
In addition, a detailed visual cued fMRI study also revealed
contralateral activation (Hanakawa et al. 2008). Contralateral
SMA, PMA, and S1 should therefore be regarded as the
execution of specific areas. The BOLD (blood oxygen

midbrain

Fig. 3 The imagery sequential finger movement resulted in greater
activation, in comparison to the real task. A difference was detected in
the left inferior frontal gyrus, the right middle frontal gyrus, the right
precentral gyrus, and the midbrain. The small area in the midbrain is
indicated with an arrow
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dependent signal) might therefore be more sensitive to the
real motor function on the contralateral side.

In contrast, the imagery finger movement task stimulated
a greater activation in the ipsilateral gray matter, such as the
motor and somatosensory cortices, in comparison to the real
finger movement task. For this study, the participants were
asked to recall the task that they had just previously
performed. The hypothesis was that the memory of
performing a task, even if a lateral task had been demanded,
could involve the ipsilateral post- and pre-central gyrus.
Hanakawa and colleagues reported that the imagery-
specific regions involved the frontal-parietal areas, as well
as the cerebellum (Hanakawa et al. 2003). Recently, the
same group demonstrated that the superior frontal sulcus
serves as an imagery-specific region (Hanakawa et al.
2008). However, the results from the present study
suggested that ipsilateral activation activated the front-
parietal area, which thus serves as an imagery-specific area.

In addition, the present study revealed midbrain activa-
tion. The activated area in the midbrain was located in the
middle cerebellar peduncle during the imagery task. A
previously published study demonstrated that the peduncu-
lopontine nucleus region induced impaired conditioned
responses, absent of global motor impairment, to salient
stimuli (Florio et al. 2001). This area might therefore play
an important role in learning, memory, or the recollection of
motor tasks.

The left ventrolateral prefrontal cortex has previously
been shown to be related to the cognitive control of
memory (Badre and Wagner 2007). The movement task
employed for the present study might thus require the
activation of the left ventrolateral prefrontal cortex in order
to recall a task and control motor task memory. Recently,
the mirror neuron system theory supported the hypothesis
that this region could be involved in task coding (Lotze et
al. 2006; Rizzolatti and Craighero 2004). This area has also
been reported to play an important role in the rehearsal of a
given movement in the context of working memory theory
(Wagner et al. 2001). If the left ventrolateral prefrontal
cortex is only involved in the mirror neuron system, then no
activation difference could be detected between the real and
imagery tasks, because both tasks require movement
coding. By comparing real activation to imagery, the
present results demonstrated that this area should thus be
regarded as more than just a part of the mirror neuron
system. The difference between the two tasks was due to
information feedback. While the real task included physi-
ological (sensory) feedback, the imagery task contained no
feedback from the finger, only cognitive feedback. One
hypothesis is that this area is used to control memory
through cognitive feedback, rather than through the sensory
feedback system. In addition, the mirror neuron system
served as an inferior neural network, which thus coded for
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movement, and was utilized for both real and imagery
tasks. In contrast, the cognitive feedback system might be
superior to the mirror neuron system.

This study did not use electromyograms because of the
problem of the equipment environment during the scan.
Although the movements were carefully checked by camera
and the participants stayed still, there is a possibility that
accurate movements, for example the subtle muscle move-
ments, could still be detected. This is one limitation of this
study.

Conclusion

In summary, the present study demonstrated motor-specific
activation in the contralateral supplemental motor area,
motor area, and somatosensory motor area (consistent with
recent studies). Imagery-specific activation stimulated the
ipsilateral front-parietal area (consistent with other fMRI
studies), midbrain, and contralateral (left) inferior frontal
cortex (the first report using fMRI). Imagery-specific areas

might therefore play an important role in cognitive
feedback.
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Leukotriene Synthases and the Receptors Induced by
Peripheral Nerve Injury in the Spinal Cord Contribute
to the Generation of Neuropathic Pain
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Department of Anatomy and Neuroscience, Hyogo College of Medicine, 1-1 Mukogawa-cho, Nishinomiya, Hvogo, Japan
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eral nerve injury

ABSTRACT

Leukotrienes (LTs) belong to a large family of lipid media-
tors, termed eicosanoids, which are derived from arachi-
donic acids and released from the cell membrane by
phospholipases. LTs are involved in the pathogenesis of
inflammatory diseases, such as asthma, rheumatoid arthri-
tis, and peripheral inflammatory pain. In the present study,
we examined whether LTs were implicated in pathome-
chanism of neuropathic pain following peripheral nerve
injury. Using the spared nerve injury (SNI) model in rats,
we investigated the expression of LT synthases (5-lipoxy-
genase; 5-L0, Five lipoxygenase activating protein; FLAP,
LTA4 hydrolase; LTA4h and LTC4 synthase; LTC4s) and
receptors (BLT1, 2 and CysLT1, 2) mRNAs in the rat spinal
cord. Semi-quantitative RT-PCR revealed that 5-LO, FLAP,
LTC4s, BLT1, and CysLT1 mRNAs increased following SNI,
but not CysLT2 mRNAs. Using double labeling analysis of
in situ hybridization with immunohistochemistry, we
observed that 5-LO, FLAP, and CysLT1 mRNAs were
expressed in spinal microglia. LTA4h and LTC4s mRNAs
were expressed in both spinal neurons and microglia. BLT1
mRNA was expressed in spinal neurons. The p38 mitogen-
activated protein kinase inhibitor, but not MEK inhibitor,
reduced the increase in 5-LO in spinal microglia. Continu-
ous intrathecal administration of the 5-LO inhibitor or
BLT1 and CysLT1 receptor antagonists suppressed mechan-
ical allodynia induced by SNI. Our findings suggest that
the increase of LT synthesis in spinal microglia produced
via p38 MAPK plays a role in the generation of neuropathic
pain. 2009 Wiley-Liss, Inc.

INTRODUCTION

Peripheral nerve injury induces a number of altera-
tions in gene expression, protein synthesis, and intracel-
lular signaling in nociceptive pathways (Scholz and
Woolf, 2002, Woolf and Salter, 2000; Zhuang et al.,
2006). Recent evidence suggests that glial cells in the
spinal cord undergo dynamic changes in their gene
expression and produce a number of important media-
tors, triggering the activation of an excitatory circle
among glial cells. And importantly, activated glial cells
produce and release proinflammatory cytokines, such as
IL-18, TNF-qa, and neurotrophins (DeLeo and Yezierski,
2001; Milligan and Watkins, 2009; Scholz and Woolf,

22009 Wiley-Liss, Inc.

2007; Watkins and Maier, 2003; Watkins et al., 2001a,b),
resulting in an enhanced excitability of nociceptive dor-
sal horn neurons.

One of most interesting subjects in pain research is
the discovery of lipid mediators and their receptors in
nociceptive pathways, and their crucial roles in patho-
logical pain conditions (Ma and Quirion, 2008; Tsuda
et al., 2007; Yao et al., 2009). The metabolism of arachi-
donic acid via cyclooxygenase and lipoxygenase path-
ways produces prostaglandins and several lipoxygenase
metabolites, respectively. It is widely accepted that pros-
taglandins generated by cyclooxygenase act locally to
sensitize peripheral nociceptors to external stimuli,
resulting in the development of hyperalgesia or allody-
nia (Moriyama et al., 2005). Prostaglandins are also sug-
gested to have a role in the spinal cord in modulating
nociceptive pathways (O'Rielly and Loomis, 2006; Zhao
et al., 2000). Another lipid mediator which has collected
much attention as a possible pain mediator is lysophos-
phatidic acid (LPA). LPA may be released in the spinal
cord after nerve injury and affect the excitability of dor-
sal horn neurons, which may be involved in the hyperal-
gesia/allodynia after peripheral nerve injury (Inoue
et al., 2004; Ueda, 2008).

Leukotrienes (LTs) are a group of lipid mediators
derived from arachidonic acid and comprise several
products of the 5-lipoxygenase (5-LO) pathway. Arachi-
donic acid is converted to leukotriene A4 (LTA4) and
LTA4 is converted to LTB4, or LTC4, LTD4, and LTE4
enzymatically, that are known as bioactive LTs. LTC4,
LTD4, and LTE4 are collectively termed as the cysteinyl
leukotrienes (CysLTs). LTs act by binding to specific
receptors that are located on the outer plasma mem-
brane of structural and inflammatory cells (Henderson,
1994). Four G-protein coupled LT receptors have been
cloned (Heise et al., 2000; Lynch et al., 1999; Yokomizo
et al., 1997, 2000). Leukotriene B4 receptor 1 (BLT1) is
a receptor which recognizes LTB4 with high affinity, and
BLT2 binds LTB4 and many other LTs with low affinity.
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The cysteinyl leukotriene receptor 1 and 2 (CysLT1 and
2) are known to recognize CysLTs with different affin-
ities (Peters-Golden and Henderson, 2007). LTs have a
variety of biological actions and have been recognized as
important factors in numerous disease processes includ-
ing allergic diseases such as asthma and atopic dermati-
tis, local and systemic inflammatory diseases such as
rheumatoid arthritis and psoriasis, cancer, and cardio-
vascular diseases (Henderson, 1994; Peters-Golden and
Henderson, 2007).

Recently, it was reported that LTs have a key role in
the pain mechanisms of peripheral inflammation and
some papers indicated the involvement of spinal lipoxy-
genase metabolites in hyperalgesic responses (Bisgaard
and Kristense, 1985; Jain et al., 2001; Martin et al.,
1988). In this study, the detailed expression patterns of
enzymes for LTs synthesis and the receptors in the rat
spinal cord were examined. Moreover, we explored in
detail the alteration of expression of these molecules af-
ter peripheral nerve injury and their roles in neuro-
pathic pain. We hypothesize that the expression and the
dynamic changes in LTs and their receptors have impor-
tant roles in pathological pain.

MATERIALS AND METHODS
Animal Procedures

Male Sprague Dawley rats weighing 200-250 g were
anesthetized with sodium pentobarbital (50 mg kg ’,
i.p.) and received spared nerve injury (SNI) (Decosterd
and Woolf, 2000). At several time points (1, 3, 7, and 14
days) after the SNI, groups of rats were processed for
histological analysis (n = 4 at each time point). Every
effort was made to minimize animal suffering and
reduce the number of animals used. All animal experi-
mental procedures were approved by the Hyogo College
of Medicine Committee on Animal Research and were
performed in accordance with the National Institutes of
Health guidelines on animal care.

Reverse Transcription-Polymerase Chain Reaction
(RT-PCR) and In Situ Hybridization
Histochemistry (ISHH)

The rats were killed by decapitation under deep ether
anesthesia. Spinal cords (L4-L5) were removed and rap-
idly frozen with powdered dry ice and stored at —80°C
until use, Extraction of total RNA was done using a sin-
gle step extraction method with ISOGEN (Nippon Gene,
Tokyo, Japan) as described in a previous paper (Yama-
naka et al., 2005). PCR primers for LT synthase, recep-
tor, and glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) ¢cDNA were designed as follows:

5-LO (accession number J03960) primers, sense 5'-
CGGGCACCGACGACTACATT-3' and antisense 5'-GGG
GCAGATCCTTGTGGCAT-3';

GLIA
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FLAP (accession number X52196) primers, sense 5'-
GGCCATCGTCACCCTCATCA-3' and antisense 5-GAT
GAGAAGCAGCGGGGAGA-3,;

LTA4h (accession number S87522) primers, sense 5'-
GGGGACCCTATCTTTGGGGA-3' and antisense 5-CAG
GAGCATAGAGCCAGGCA-3';

LTC4s (accession number AB048790) primers, sense
5-GGTGATCTCTGCGCGAAGAA-3' and antisense 5'-
TCAGGCCATCGGCAGGAGCA-3;

BLT1 (accession number AB025230) primers, sense 5'-

GGTGGCATGTCCCTGTCTT-3 and antisense 5'-
GACCGGTATGGCCAGCAGAA-3';

BLT?2 (accession number AB052660) primers, sense 5'-
GGGGTGATCGCGTGTGTCAA-3 and antisense 5'-
CTCCCCAGAGCCTTCGAAGA-3;

CysLT1 (accession number AB052685) primers, sense
5-TGCTGGTGCTGAGTATGTCG-3' and antisense 5'-
GCATGTCAGATCCACAACGG-3';

CysLT2 (accession number AB052661) primers, sense
5-CTGGGGAGCCTTGGGAAATG-3' and antisense 5'-
GTGGACCTGATTCTGGAAATC-3';

GAPDH (accession number M17701) primers, sense 5'-
TGCTGGTGCTGAGTATGTCG-3' and antisense 5'-
GCATGTCAGATCCACAACGG-3'.

The resulting PCR products were used to generate the
c¢RNA probes for ISHH. The rats were killed by decapi-
tation under deep ether anesthesia. The bilateral L4-L5
spinal cord were dissected out, rapidly frozen in pow-
dered dry ice, and cut on a cryostat at a 10 um thick-
ness. The protocol for ISHH was based on a published
method (Chen et al., 1995). Using the enzyme-digested
clones, **S UTP-labeled antisense and sense cRNA
probes were synthesized. The *’S-labeled probes in
hybridization buffer were placed on the section, and
then incubated at 55°C overnight. Sections were then
washed and treated with 1 pg mL ' RNase A. Subse-
quently, sections were dehydrated and air-dried. After
the hybridization reaction, the slides were coated with
NTB emulsion (Kodak, Rochester, NY) and exposed for
3-4 weeks. Once developed in D-19 (Kodak), the sections
were stained with hematoxylin-eosin and coverslipped.

Immunohistochemistry

Rats that received the SNI were used for immunohis-
tochemistry. The treatment of rats and methods of
immunohistochemistry were described before (Yama-
naka et al., 2004). The following antibodies were used:
rabbit anti-ionized calcium-binding adapter moleculel
(Ibal) polyclonal antiserum (1:100; Wako Chemicals,
Tokyo, Japan), goat anti-lbal polyclonal antiserum
(1:1,000; Abcam, Cambridge, MA), rabbit anti-phospho-
p38 MAPK (p-p38) polyclonal antiserum (1:500; Cell Sig-
naling Technology, Beverly, MA), mouse anti-neuronal
specific nuclear protein (NeuN) monoclonal antiserum
(1:1,000; Chemicon, Temecula, CA}, and rabbit anti-glial
fibrillary acidic protein (GFAP} polyclonal antiserum
(1:1,000; DakoCytomation, Glostrup, Denmark). Double-
immunofluorescent staining was performed with anti-
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rabbit Alexa Fluor 594 IgG (1:1,000; Invitrogen, San-
Diego, CA) and anti-goat Alexa Fluor 488 [gG (1:1,000)
after incubation with respective primary antibodies.

Double-Labeling Analysis of In Situ Hybridization
with Immunohistochemistry

To examine the distribution of mRNAs for LT synthase
and receptors in neurons versus glial cells, we used a
combined ISHH with immunochistochemistry (IHC)
(Kobayashi et al., 2006). The frozen spinal cord sections
were processed for THC using the ABC method. The fol-
lowing antibodies were used: rabbit anti-Ibal polyclonal
antiserum, mouse anti-NeuN monoclonal antiserum,
and rabbit anti-GFAP polyclonal antiserum. After immu-
nohistochemistry, these sections were immediately proc-
essed for ISHH. These sections were fixed again in 4%
formaldehyde in PB for 5 min, treated with 10 pg mL '
protease K in 50 mM Tris-5 mM EDTA (pH 8.0) for 5
min, postfixed in the same fixative, acetylated with ace-
tic anhydride in 0.1 M triethanolamine, rinsed in PB,
and dehydrated through an ascending ethanol series.
The following processes are the same as those men-
tioned in ISHH. :

Drug Treatments

Two or six days after, or at the same time as SNI sur-
gery, the L5 vertebra was laminectomized under
adequate anesthesia with scdium pentobarbital, and
a soft tube (Silascon, Kaneka Medix Company, Osaka,
Japan; outer diameter, 0.64 mm) filled with 5 pL of sa-
line was inserted into the subarachnoid space for an
~0.5-cm length (tube were pointed caudally). Mini-os-
motic pumps (model 2001; 7d pump, 1 pL h™'; Alzet,
Corporation, Palo Alto, CA) filled with saline or 5-LO in-
hibitor AA-861 (2-(12-Hydroxydodeca-5,10-diynyl)-3,5,6-
trimethyl-1,4-benzoquinone) (BIOMOL, PA, USA) or
CysLT1 receptor antagonist pranlukast (N-|4-oxo-2-(1H-
tetrazol-5-yl)-4H-1-benzopyran-8-yl|-4-(4-phenylbutoxy )-
benzamide (Cayman Chemical, Ann Arbor, MD) or BLT1
receptor antagonist U-75302 (6- 6-(3-Hydroxy-1E,5Z-
undecadienyl)-2-pyridinyl}-1,5-hexanediol) (Sigma, Poole,
UK) were connected to the tube. Then, the pump was
laid under the skin and the incision was closed. The con-
centrations of AA-861 and pranlukast were 0.24 nmol
day ' and 2.4 nmol day ' diluted in 0.02-0.2% ethanol
or 50% dimethyl sulfoxide (DMSO), respectively (n = 6-
8, for behavior test). The concentrations of U-75302
were 2.4 nmol day ' and 24 nmol day ' diluted in 10%
DMSO/saline (n = 6-8, for behavior test).

The intrathecal delivery of the p38 MAPK inhibitor,
SB203580 hydrochloride (4-(4-fluorophenyl)-2-(4-methyl-
sulfinylphenyl)-5-(4-pyridyl)-1Himidazole, HCD (Calbio-
chem, La Jolla, CA) and MAPK kinase (MEK) 1/2
inhibitor, U0126 (1,4-Diamino-2,3-dicyano-1,4-bis(2-ami-
nophenylthio)butadiene) (Calbiochem, La Jolla, CA)
were performed at the same time as the SNI. To obtain
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a sustained drug infusion, an Alzet osmotic pump (model
1003D; 3d pump, 1 uL h '; Durect, Cupertino, CA) was
filled with SB203580 in saline or U0126 in 50% DMSO,
and the associated catheter was implanted intrathecally
before SNI. The concentrations of SB203580 were 36
nmol day ' and 196 nmol day ! (n = 4, for histochemi-
cal analysis). The concentration of U0126 was 29.8 nmol
day ' (n = 4, for histochemical analysis).

Behavioral Tests

All SNI rats were tested for mechanical allodynia on
the plantar surface of the hindpaw 1 day before surgery
and 1, 3, 5, 7, 9, 11 and 14 days after surgery. Mechani-
cal allodynia was assessed with a dynamic plantar anes-
thesiometer (Ugo Basile, Comerio, Italy) (Kaimar et al.,
2003; Lever et al, 2003). The detailed method of
mechanical sensitivity measurement in rat hindpaw was
described previously (Kobayashi et al., 2008).

Statistics

Data are expressed as mean * SEM. Differences in
changes of values over time of each group were tested
using one-way ANOVA, followed by individual post hoc
comparisons (Fisher's exact test) or pairwise compari-
sons (¢ test) to assess differences of values between
naive versus each time point of the SNI groups. A differ-
ence was accepted as significant if P < 0.05.

RESULTS

The gene expression of the LT synthetic enzymes from
the substrate arachidonic acid and the receptors of LTs
were examined in the rat spinal dorsal horn using RT-
PCR methods. At first, the mRNA level of LT synthases
was determined after peripheral nerve injury (SNI) (Fig.
1A,C). The L4-5 spinal cord was taken at 0 (naive), 3, 7,
and 14 days after surgery. Three of 4 LT synthases
examined, 5-LO, FLAP, and LTC4s, increased their
mRNA content after SNI surgery. Significant increases
were observed 3 days after nerve injury and continued
at least for 14 days except 5-LO. LTA4h mRNA did not
change after SNI. The expression of LT receptors was
also examined using RT-PCR (Fig. 1B,C). The mRNA of
BLT1! increased gradually after SNI and was signifi-
cantly increased at 7 days after injury. In contrast, the
level of CysLT1 rapidly increascd at 3 days after injury
and remained statistically significant at least until 14
days. CysLT2 showed no change in mRNA after SNI. We
could not detect BLT2 mRNA in the rat spinal cord by
RT-PCR method.

The presence of the mRNA of synthetic enzymes and
the receptors of LTs in the spinal cord led us to behav-
joral experiments to study whether the LTs have a role
in abnormal pain. First, the effect of an intrathecal
injection of the 5-LO inhibitor was examined using the
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The effect of intrathecal injection of a CyvsLT1 recepior
antagonist was also examined (Fig, 2EF, The intrathe-
el administration of the CysLT1 antagonist attenuated
the decrease in withdrawal threshold after SN There
was a significant effect of the antagonist from 3 1o 7 days
after injury, with a similar time course to the 5-LO inhib-

—109—



LEUKOTRIENES IN GLIA

ipsilateral

3

8
shays st

sisis suppn
Wusion of
BLTYL (ULT
the ipstlateral
sef 2 davs after surgery

zi the mechanicn
540 mhlinlm (AL

ihitest the me
» AT The

administration

m,mun« pUIRD Wi anad e

itor The low dose of the antagonist had no effect. On the
contralateral side to the nerve injury, the CysLTT antag-

snist had no effect on base Hne mechanieal sensitivity.
To determine the effect of antagonists of LT receptors
on established pain behaviers, the ssmotic pump with
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attenuate the decrease of withdrawal threshold after
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40 There wis no induction uf -1 mRBRNA in the con-
tradateral dorsal horn (Fig, 4B The changes in FLAP
mRNA in the spinal cord were more dramatic. The
tnerease of FLAP mRENA was apparent in ipsilateral dor-
sal horn tFig, 4D-F1 The aggregation of grains occurred
in cetls with small nucle ined by hematoxylin (Fig,
4F1 Next, the detailed expression of LTAdh and LTC4s
mENA in the spingd cord was examined using [SHH, We
found that both mBNAs were expressed throughout the
gray matter in the «imzml cord. Although the PCR
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injury, ISHH sections appesved to have an increase in
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To eluctdate what cells expressed mRNAs of LT syn-
thetie enzvme and receptor before and afier peripheral
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ments revealed that the expression of H-1.0 mRNA i the
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suggest 3-LO mRNA was expressed in microgha in the
spinal cord after nerve mjury, The double labeling with
FLAP mRNA and cell markers also indivated that micro-
olin expressed FLAP mRNA (Fig. 5D-F1. In contrast,
mBNA expression of LTA4h and I‘T("-%w were ohserved in
cells labeled for both NeuN and Ihal (Fig.
gesting the expression in neurons and microgha,
four mRNAs were not expressed in colls §&1\1' ol
GFAP, suggesting no expression in astrocytes,

Next, we perforpusl a detailed morphologivad analysis
of LT receptors in the spinad cord after peripheral nerve
injury using ISHH. As predicted from the RT-PCR data,
the expression fevel of BLT! mENA was low, even after
gpinal noerve injury, and therefore the inerease in BLTI
mBRNA in the spinal cord was hard w see in darkfield
photographs (Fig. 8A,Bn The brightiield photograph
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showed the aggreg :,mun of silver graing on cells with
farge nuclel that were lightly stained by hematoxylin in
the gray matter after SNI (Fig. 80 On the contralat-

eral side to the nerve injury, there were fewor agerega-
tions of silver grains idata net showni The expression

in CysLTE mBNA in the spinal cord increased in the

dorsal horn aftey SNI (Fiz. 8D.E» The labelod cells for
CvsDTE mRNA contained small nuclel deeply stained by
hematosylin (Flg, 6FL In contrast, the CysLT2 mENA
was expressed in the white matter of the spinal cord
iFig, 8G-11 and thiz expression was not changed after
SNT compared with the contrels. To identify the cell type
expressing LT receptor mRNAs, double labeling was per-
formed with cell markers (Fig. 6J-05 We found the
BETI mENA was co-labeled with NeulN, but not with
GFAP or Ihad (Fig. 6J-L1 This finding suggeste the
BETI mBNA was exprossed in nourons in the spinal
eord and inereased after SNL The expression of CysLT1
mENA w:w also examined using double labeling and we

fuund that CysLT1 mANA was polocalized with Ihal, not
with NeuN or GFAP (Fig. 8M-0), suggesting this

mBNA was expressed 1o microghia in the spinal cord.

LT synthetic enzymes, such as 5-LO and FLAP, and
LT receptor, CysLTD were found to be increased in
micraglia in the spimal cord after peripheral nerve
injury. We fsund thar only BLTT was increased in neus
vons in spinal gray matter after nerve injury. 5-L0O and
FLAP are first step enzymes of the LT metabolic path-
wiey 1Fiz 10 and the changes in the signal transdue-
tion eascade In micrpglia s known to be important :
for activation of microglin, We examined whether p38 i
hibitor (SH2055801 application could suppress or inhibiy
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Fig. 4. LT synthase mRNAs indueed by SNI were expressed in the ip-
silateral dorsal born. 1ISHH revealed the mRNA expression of 510 (A~
C1, FLAP i(D-Fi, LTAdh (G-I}, and LTC4s «J-Li in naive rats (A, 1), G,
J) and 3 days after nerve injury (B, E, H, Ky, {C, F, |, L} Brightficld pho-
wgraphs of lamina I-11 in the ipsilateral spinal cord 3 days after nerve

the upregulation of LT synthesis in microglia after SNL
At first, we confirmed the upregulation of phosphoryl-
ated p38 in microglia in the spinal cord after nerve
injury, and found that phosphe-p38-labeled cells were
also labeled for Ibal extensively after SNI (Fig. TA). We
tested the effect of several doses of the p38 inhibitor on
mechanical allodynia following SNI surgery (Fig. 7B
All doses of the p38 inhibitor significantly suppressed
mechanical allodynia. On the contralateral side to the
nerve injury, the p3d8 inhibitor did not produce any effect
on the withdrawal threshold (data not shown).

RT-PCR analysis of spinal tissues 3 days after SNI
revealed that the pretreatment with the p38 MAPK in-
hibitor (192 nmol days !} suppressed the increase in 5-
LO mRNA (Fig. 7C). Lower dose of the p38 inhibitor did
not significantly attenuate the increase in 5-L0O mRNA

imury showed the mRNA expression for LT synthases, Scale bars: dark-
fiddd images; 300 pm, brightficid images; 25 pm. 3 d; 3 days after surgery,
ipsis ipsilateral, contra; contralateral. {Color figure can be viewed  the
anline issue, which ig gvailable at www.interscience. wiley.com.|

after nerve injury, MEK inhibitor, U01286, could not sup-
press mRNAs for synthase and receptor induced by SNIL
Other enzymes, such as FLAP and LTC4s and the LT
receptor CvsLT1, were not suppressed by the pretreat-
ment with the p38 inhibitor (Fig. 7C). The content of
Ibal mRNA observed after SNI was not changed by the
pretreatment. Finally, we confirmed the effects of the
p38 inhibitor on 5-LO and Ibal using morphological
methods (see Fig. 8). The signal of 5-LO mRNA was
clearly decreased by the application of p38 inhibitor, but
there was no effect on Ibal immunoreactivity.

DISCUSSION

In the present study, we examined the distribution of
mRNAs of LT synthase and receptor in the rat spinal
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Fig. 5. Imduction of LT synthase mRNAs oceurred in the spinal
microglia 3 days after SN1 Photographs shew combined 18HH for LT
synthase; (A-Ch 5-L0, (D-F: FLAP, 1G-h LTAdh, and J-Li LTC4s
mRNAs with immunostaining of NeuN (A, D, G, ., GFAP (B, E, 1, Ky
and Hhatl iC, F. I, Ly Scale bar; 25 pm, Open arrows indicate double-la-

cord using RT-PCR and ISHH. One of most important
findings was that 5-LO and FLAP mRNAs increased in
spinal microglia and after SNI surgery (Fig. 1C). The 5-
LO is the most important enzyme in the process of syn-
thesis of LTs and FLAP enhances the ability of 5-LO to
interact with its substrate. We found 5-LO and FLAP
mRNAs in spinal microghia, suggesting that LTs are syn-
thesized and playing a role in the microglia in the spinal
cord. The following enzyvmes, LTAdh and LTC4s mRNAs,
were also increased in the spinal cord by ISHH. How-
ever, RT-PCR confirmed the significant increase in
mRNA content only of the LTC4s, but no increase of
LTAdh after nerve injury. This discrepancy may be
derived from the ample constitutive expression of mENA
in numerous cells, including ventral horn neurons,
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beled cells. Arrowheads indicate single-labeled cells by ISHH taggroga-
tion of prains, and spen arrowheads indicste single Immunostained
cells thrown staining), |Color figure can be viewed in the online issup,
which i avallable at www.interscience.wiley.com. |

which resuits in the saturation of RT-PCR signais in all
conditions. In any case, we belicve that LTB4 and
CysLTs are synthesized in spinal microglia a few days
after peripheral nerve injury.

Another important finding in the present article is that
the receptors of LTs, BLT1, and CysLT1, are expressed in
the gray matter in the spinal cord. ISHH and double-
labeling studies revealed that BLT1 is localized in neu-
rons and CysLT1 in microglia. We also found that these
receptors were upregulated by peripheral nerve injury in
each cell type. These findings are interesting, because
L'F's synthesized in the spinal cord after SNI may have an
affect on different cells, neurons, and microghia. Increas-
ing evidence in pain research indicates that glial cells in
the spinal cord have substantial reles in the development
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