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2011). These findings imply that catalase plays an
important role in the clearance of HyO, in brain tissue.
H,0, removal by the catalytic activity of catalase follows
the pattern of a first-order reaction, and its rate relies on
the H,05 concentration-in the environment. Given such
enzymatic kinetics, catalase appears to be fully
functional at removing H,O, at higher concentrations.
Furthermore, the contribution of catalase to the control
of endogenous H,O, in erythrocytes is negligible
(Johnson et al., 2010). In addition, the ex vivo analysis
using lung slices from wild-type (Cat*/*) and catalase
knockout mice (Cat*/~ and Cat”/") revealed that the
rates of H,O, decomposition were proportional to the
levels of catalase that were expressed, when examined
at higher H,O, concentrations, whereas the rates did
not significantly differ among the genotypes at lower
concentratons (Ho et al, 2004). Our study
demonstrated that only SGCs were labeled by the
oxidative damage marker, 8-OHdG, in TG. This finding
is likely to reflect the inefficient H,O,-scavenging activity
of catalase relative to GPx1 at physiologically low
concentrations in SGCs. Alternatively, ROS may be
actively involved in physiological signaling functions in
SCGs under the normal state. Recent evidence shows
that H,O, functions as a second messenger by protein
thiol oxidation of key proteins such as protein tyrosine
phosphatases (Forman et al., 2010).

GST family members exert cytoprotective actions by
catalyzing the conjugation of reactive chemicals with
glutathione. Specific isoforms are known to be
expressed in distinct cell populations, and GST-1 is
expressed primarily in oligodendrocytes in the central
nervous system. The present study provides the first
histological evidence that GST-7t is localized in SGCs
and in small- to medium-sized neurons
(diameter < 35 um) in TG. The significance of this
finding is unclear. However, because GST family
members are critically involved in the maintenance of
the cellular antioxidant glutathione in different cellular
compartments (Raza, 2011), GST-m might play a
compensatory role against the absence of GPx1 in
SGCs, which are equipped with less potent antioxidant
machinery compared to neurons. Intriguingly, the
monomeric form of GST-m is known to bind to the
C-terminal of JNK and suppress its kinase activity
(Wang et al., 2001). JNK activation is known to lead to
the development of cell death (Shen and Liu, 20086).
Although we performed the TUNEL method on TG
tissue specimens, there was no evidence of apoptotic
cell demise (data not shown). In spite of the evidence of
oxidative damage in SGCs, they appear healthy. This
enigma can be explained by the suppressive effect of
GST-1 on JNK activation.

TRPV1-mediated ROS production and cell death

TRPV1 activation is known to be sensitized by
inflammatory mediators, such as NGF and bradykinin,
via its increased expression andfor its phosphorylation,
which is mediated by several kinases (Khairatkar-Joshi
and Szallasi, 2009). Inflammation-mediated potentiation

of the TRPV1 function is regarded as a mechanism that
underlies inflammatory hyperalgesia. TRPV1 agonist
stimulation of the high EGFP-fITRPV1-expressing cell
line appears to mimic this situation. Under the
circumstance; capsaicin treatment led to ROS-mediated
caspase-3 activation. Such situations appear to be
commonly encountered in meningitis and pulpitis. In
addition, recent studies show that ROS are capable of
augmenting TRPV1 activity by different mechanisms.
NADPH oxidase-derived ROS were shown to promote
protein kinase Ceg (PKCg) translocation from the
cytosolic to the membrane fractions, which led to TRPV1
activation by phosphorylation (lbi et al., 2008). Moreover,
covalent modification of conserved cysteines by
oxidative stress results in TRPV1 sensitization (Chuang
and Lin, 2009). Therefore, it is likely that inflammatory
conditions favor the long-lasting enhancement of TRPV1
activation by ROS-mediated posttranslational
modifications. In the present study, capsaicin treatment
caused cellular demise of TRPV1-positive primary TG
neurons in a dose-dependent manner, which indicates
that the enhancement of TRPV1 function renders
TRPV1-positive TG neurons more predisposed to cell
death. Moreover, our pharmacological experiments
demonstrated that the TRPV1-induced TG neuron death
is mediated by ROS production and caspase activation.
Although a previous study implicated ROS production in
TRPV1-mediated apoptotic cell death of a
nasopharyngeal carcinoma-derived cell line (Ip et al.,
2012), our results provide the first evidence for the
involvement of ROS in TRPV1-mediated TG neuron
death. TRPV1-induced death of TG neurons does not
seem to be a phenomenon restricted to an artificial
in vitro situation because systemic capsaicin
administration has been shown to induce the apoptotic
cell death of primary sensory neurons in TG, DRG and
nodose ganglia (Jin et al., 2005a,b; Czaja et al., 2008).
Caspases constitute a family of cysteine proteases that
execute apoptosis and that are implicated in a variety of
neurological disease conditions, such as stroke and
neurodegenerative diseases (Namura et al., 1998;
Shibata et al., 2000; Yuan and Yankner, 2000;
Friedlander, 2003). More specifically, caspase-3 is
known to be a principal executioner caspase. Judging
from the pharmacological data obtained with the high
EGFP-fITRPV1-expressing cell line, ROS generation can
be responsible for the caspase-3 activation. Our finding
implies that the efficient elimination of ROS is likely to be
a key action for rescuing primary sensory neurons from
TRPV1-mediated apoptosis. What is the role of sensory
neuronal death in the pathophysiology of pain disorders?
Intuitively, the demise of sensory neurons appears to
result in the development of sensory loss. However,
there is ample evidence that loss of sensory neurons
and fibers occurs in pain disorders. Diabetic neuropathic
pain is recognized in approximately 10-20% of the entire
diabetic population, and in 40-60% of patients with
documented neuropathy (Daousi et al.,, 2004; Abbott
et al, 2011). Diabetic neuropathy is pathologically
characterized by considerable loss of small-fibers,
including C- and Aéd-fibers, and oxidative stress is
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postulated to play an important role in the nerve damage
(Callaghan et al., 2012). Human immunodeficiency virus
(HIV)-associated sensory neuropathy presents a big
clinical challenge because of its increasing prevalence
and its association with debilitating pain. lts viral
proteins, Tat and viral protein R, are known to cause
hyperexcitability of DRG neurons via excess calcium
influx and impaired cyclin-dependent kinase 5 activity,
which culminates in apoptosis of DRG neurons
(Acharjee et al., 2010; Chi et al., 2011). Burdo et al.
(2012) reported pathological features of DRG damage in
simian immunodeficiency virus-infected rhesus
macaques, including satellitosis, presence of Nageotte
nodules, and neuronophagia as well as macrophage
infiltration and abundant viral replication. Collectively, it
is likely that neurodegenerative processes, which
eventually lead to sensory neuronal death, can be
responsible for the development of painful conditions.
We surmise that the capsaicin-induced demise of
TRPV1-expressing sensory neurons, which was found to
be mediated by ROS production, have significant
implications in the development of neuropathic pain.

Clinical implications

Our behavioral testing revealed that ROS is involved in
the development of mechanical hyperalgesia in the
trigeminal territory. Although mechanical hyperalgesia
driven by ROS has been demonstrated in several
models in rats, there seems to be controversy about the
exact site of ROS production relevant to the
development of mechanical hyperalgesia. Systemic and
intrathecal administration of ROS scavengers showed
similar efficacy against hyperalgesia induced by formalin
injection and xanthine oxidase activity was elevated in
the sciatic nerve in a chronic nerve constriction model,
which supports peripheral ROS production (Khalil et al.,
1999; Hacimuftuoglu et al., 2006). Meanwhile, some
authors claim the importance of spinal involvement
mainly because secondary, but not primary, capsaicin-
induced hyperalgesia can be attenuated by ROS
scavengers (Lee et al., 2007; Schwartz et al., 2008). As
we administered the ROS scavenger, TEMPOL,
intraperitoneally, we cannot determine where the agent
exerted its action. Nevertheless, our cell experiments
using TRPV1-expressing PC12 cell lines demonstrated
the cell autonomous ROS production in response to
capsaicin application and, more importantly, ROS was
found to be involved in the capsaicin-induced demise of
TRPV1-expressing neurons in the primary TG culture.
These findings seem to lend support to the peripheral
action of TEMPOL with respect to its antihyperalgesic
effect.

The capsaicin-induced mechanical hyperalgesia was
recognized at 2 h after capsaicin application, and face
sensitivity then returned to normal levels. Such fransient
nature of mechanical hyperalgesia implies the presence
of tight regulation of ROS levels by scavenging enzymes
in the trigeminal system. Our primary culture data show
that TRPV1-expressing neurons are vulnerable to
capsaicin treatment in the culture condition and that
capsaicin-induced TRPV1-expressing neuronal death is

mediated by ROS production. Although TG neurons
possess the potent antioxidant system, the culture
conditions are quite different from in vivo situations. The
cultured TG neurons are not in close contact with SGCs,
and, because of the lack of elongated axons, TRPV1
stimulation occurs in the proximity to the neuronal soma.
In this sense, the capsaicin stimulation in our primary
culture experiments may mimic the situation in which
endogenous TRPV1 agonists, such as protons and
anandamide, stimulate TRPV1 in the activated state as
seen in the inflammatory conditions. The trigeminal
nociceptors are not infrequently involved in inflammatory
disease conditions, such as meningitis, pulpitis and
migraine (Moskowitz, 1984). Under these circumstances,
TRPV1-mediated ROS overproduction could surpass the
antioxidative capacity of trigeminal primary neurons and
could contribute to compromising their viability, possibly
by caspase activation. Concomitantly, the diffusion
of H,O, from the initially affected neurons is expected to
be detrimental to the surrounding neurons. Such
propagation of H,O,-induced neurotoxicity can be
prevented by catalase, which is known to be effective at
degrading H,0, at higher concentrations and is located in
neuron-ensheathing cells (Ho et al., 2004). In this sense,
the localization of ROS-scavenging enzymes in TG is
strategically important in protecting TG neurons from
ROS-mediated cellular injury under the pathological
conditions.

CONCLUSION

The present study has determined the cellular localization
of antioxidant enzymes in TG. In terms of the
decomposition of Oy~ and peroxide, TG neurons are
endowed with more potent antioxidant systems
compared to SGCs. Catalase, predominantly located in
SGCs, may play an important role in degrading large
quantities of H,O, generated in pathological conditions.
We also have found that excess TRPV1 stimulation can
cause toxicity to TG neurons via ROS production, which
implies that therapeutic measures for antioxidative
stress should be taken to prevent damage to trigeminal
primary sensory neurons in inflammatory pain disorders.
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Cortical spreading depression (CSD) is a repetitive, prop-
agating profile of mass depolarization of neuronal and
glial cells, followed by sustained suppression of sponta-
neous neuronal activity. We have reported a long-lasting
suppressive effect on red blood cell (RBC) velocities in
intraparenchymal capillaries. Here, to test the hypothesis
that the prolonged decrease of RBC velocity in capillaries
is due to suppression of neuronal activity, we measured
CSD-elicited changes in the electroencephalogram (EEG)
as an index of neuronal activity. In isoflurane-anesthetized
rats, DC potential, EEG, partial pressure of oxygen (PO,),
and cerebral blood flow (CBF) were ' simultaneously
recorded in the temporo-parietal region. The velocities of
fluorescently labeled RBCs were evaluated by high-speed
camera laser scanning confocal fluorescence microscopy
with our original software, KEIO-IS2. Transient deflection
of DC potential and PO, and increase of CBF were
repeatedly detected only in the ipsilateral hemisphere fol-
lowing topical KCI application. On the other hand, the rela-
tive spectral power of EEG was reduced bilaterally, show-
ing the lowest value at 5 min after KCI application, when
the other parameters had already returned to the baseline
after the passage of CSD. Mean RBC velocity in capillaries
was slightly but significantly reduced during and after pas-
sage of CSD in the ipsilateral hemisphere but did not
change in the contralateral hemisphere in the same rats.
We suggest that mass depolarization of neuronal and glial
cells might transiently decelerate RBCs in nearby capilla-
ries, but the sustained reduction of ipsilateral RBC velocity
might be a result of the prolonged effect of CSD, not of
neuronal suppression alone. © 2013 Wiley Periodicals, Inc.

Key words: cortical spreading depression; cerebral

microcirculation; electroencephalogram; transhemispheric
projection; RBC velocity

Cortical spreading depression (CSD) is a repetitive
mass depolarization of neuronal and glial cells, followed

© 2013 Wiley Periodicals, Inc.

by a sustained suppression of spontaneous neuronal activ-
ity (Ledo, 1944). CSD is involved in the mechanism of
migraine aura, which starts in the primary visual cortex
and moves toward the periphery at the rate of approxi-
mately 3 mm/min (Lauritzen, 2001). At the beginning
of migraine attacks, cerebral blood flow (CBF) decreases
in the posterior part of the brain, and then the hypoper-
fusion spreads into the parietal and temporal lobes at the
rate of 2-3 mm/min for 30—60 min (so-called spreading
oligemia; Olesen et al., 1981). In an experimental
model, artificially evoked CSD elicited a rise of CBF,
followed by a long-lasting reduction to below the
prestimulus level (Lauritzen et al.,, 1982; Kocher, 1990;
Fabricius and Lauritzen, 1993).

It has been accepted that CSD does not propagate
from one hemisphere to the other and does not interfere
with the circulation or cause edema in the contralateral
cortex (Bues et al., 1974). The side of the headache usu-
ally corresponds to the side of the vascular changes
(Olesen et al., 1990). On the other hand, CSD induced
by fine-needle stab or topical application of tetrodotoxin
(TTX) elicited a pronounced decrease of the spontane-
ous spike rate in layers III through IV of the contralat-
eral cortex (Enager et al., 2004). Electrical stimulation of
transcallosal fibers produces electrophysiologic and
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hemodynamic responses in contralateral cortical regions
via neuronal transmission (Hoffmeyer et al., 2007). Fur-
thermore, stimulation of the hindpaw motor cortex
evoked a bilateral blood oxygenation level-dependent
fMRI signal via corticocortical pathways (Austin et al.,
2003). Mono- and polysynaptic connections, including
callosal cells, are involved in interhemisphere interactions
(Bogdanova and Sil’kis, 1999). Thus, it is likely that uni-
lateral elicitation of CSD would affect neuronal activity
in the contralateral hemisphere.

Recently, the concept of the neurovascular unit, in
which neurons and microvessels appear to communicate
with each other, with the participation of the interven-
ing astrocytes, has been proposed and investigated (del
Zoppo, 2010). Namely, neuronal activity and microcir-
culation in the adjacent area are closely interlinked. Red
blood cell (RBC) behavior in capillaries is especially
important, because RBCs are the predominant oxygen
carrier from the Jung to the tissue. We have found that
RBC velocity in intraparenchymal capillaries is often in-~
dependent of upstream arteriolar blood flow or tissue
perfusion in the surrounding microvasculature; for
example, RBC velocity in capillaries remained
unchanged in response to topical application of nitro-
prusside on the brain surface in spite of a dramatic
increase in local CBF (Tomita et al., 2009).

We have developed a method for measurement of
the velocity of individual RBCs in capillaries in vivo,
using a high-speed camera laser scanning confocal fluo-
rescence microscope system with Matlab-domain analysis
software, KEIO-IS2 (Schiszler et al., 2005; Tomita et al.,
2008; Unekawa et al., 2008). We observed heterogene-
ous changes of RBC velocity in capillaries, namely, both
a sustained decrease and a remarkable increase, after KCl
application on the cerebral cortex, while CBF as meas-
ured by laser Doppler flowmetry was elevated (Unekawa
et al., 2012). In that study, the number of slowed RBCs
was dramatically increased during CSD, and a similar
tendency was seen even after passage of CSD, in spite of
the recovery of DC potential, partial pressure of oxygen
(PO,), and CBF.

In the course of our study, we noticed that the
electroencephalogram (EEG), reflecting spontaneous
neuronal activity was bilaterally suppressed even after the
passage of CSD. We speculated that the prolonged
decrease of RBC velocity was due to this suppression of
neuronal activity. To examine this hypothesis, we
simultaneously evaluated the transhemispheric effects on
spontaneous neuronal activity and on RBC velocity in
intraparencymal capillaries 1n response to potassium-
induced CSD in the same animal. We discuss the rela-
tionship between neuronal activity and RBC flow in
single capillaries.

MATERIALS AND METHODS

General Procedures

Animals were used with the approval (No. 09058) of
the Animal Ethics Committee of Keio University (Tokyo,
Japan), and all experimental procedures were in accordance

Journal of Neuroscience Research

Neuronal Depression and RBC Velocity 579

with the university’s guidelines for the care and use of labora-
tory animals. General procedures were as described in our
previous article (Unekawa et al., 2012). Male Sprague-Dawley
rats (CLEA Japan, Inc., Tokyo, Japan; 10-15 weeks, body
weight 411 = 134 g, n = 17) were anesthetized with isoflur-
ane (2.5-3.0% in room air, with a flow rate of 250 ml/min)
via a concentration-controllable anesthesia unit (model 400;
Univentor Ltd., Zejtun, Malta). Arterial blood pressure (ABP)
was continuously recorded through a femoral arterial catheter
via a surgical strain-gauge (MLTO0670 and MLI117;
ADlInstruments Pty. Ltd., Bella Vista, New South Wales, Aus-
tralia), and heart rate (HR) was determined from the ABP
wave. Body temperature was maintained with a heating pad
and thermocontroller (BWT-100; Bioresearch Center Co.,
Ltd., Nagoya, Japan).

Study of Transhemispheric Effects

Measurements of PO,, CBF, and DC potential were
made as described in our previous article (Unekawa et al.,
2012). Each rat was fixed to a head-holder (SG-3N, modified
to be flexible around the horizontal axis; Narishige Scientific
Instrument Laboratory, Tokyo, Japan), and two windows of
approximately 3 mm width were made bilaterally at the pari-
eto-temporal region of the cerebral cortex. As shown in Fig-
ure 1A,B (n = 7), an electrode for measuring PO, (POE-
10N; Bioresearch Center Co., Ltd.), an electrode for DC
potential (EEG-5002Ag; Bioresearch Center Co., Ltd.), and
the probe of a laser Doppler flowmeter (ALF 21R; Advance
Co., Ltd., Tokyo, Japan) were positioned at the right win-
dow, and another electrode for DC potential was positioned
at the left window, after removal of the dura. These electrodes
and probe were fixed in place and sealed with dental cement
to prevent the brain surface from drying. Reference electrodes
for PO, (POR-10N; Bioresearch Center Co., Ltd.) and DC
potential (EER-5004Ag; Bioresearch Center Co., Ltd.) were
placed subcutaneously in the back and under the scalp, respec-
tively. PO, was continuously monitored with an oxygen
monitor (PO2-100DW; Inter Medical Co., Ltd., Nagoya,
Japan). The DC potential was amplified at 1-100 Hz with a
sampling rate of 1 kHz using a differential headstage and a dif-
ferential extracellular amplifier (models 4002 and EX1; Dagan
Co., Minneapolis, MN). Continuous recordings of ABP as
well as HR, PO,, CBF, and DC potential were stored on a
multichannel recorder (PowerLab 8/30; ADInstruments Pty
Ltd.) and evaluated with off-line analysis software (LabChart;
ADInstruments Pty Ltd.). EEG was obtained by digital filter-
ing of the DC potential signal with a 5-Hz low cut, to mini-
mize basal fluctuations resulting from heart rate and breathing.
The EEG signal was calculated by fast Fourier frequency anal-
ysis every 1 min, and the maximum value at each frequency
was employed to determine EEG spectral power. The peak
value was found at the frequency of about 8-11 Hz, namely,
a-wave, in all rats. PO,, CBF, and DC potential were aver-
aged for every 10 sec. KCl solution (1.0 M, 5 pl) was applied
into a posterior hole on either side having a center at the
coordinates of 7 mm posterior and 2 mm lateral to bregma,
after confirmation that all parameters had remained stable for
at least 10 min, and a further application was made into the
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Fig. 1. Positioning of electrodes for DC potential, an electrode for
PO,, and a laser Doppler flowmeter probe in the cranial window for
transhemispheric study (A,B) and RBC velocity study (C,D). EEG
was caleulated from the DC potential signal as mentioned in
Materials and Methods. When KCI was applied to the left hole, con-
tralateral DC potential, PO,, and CBF were recorded in parallel with
ipsilateral DC potential (A). When KCI was applied to the right
hole, ipsilateral DC potential, PO, and CBF were recorded in paral-
lel with contralateral DC potential (B) in the same rat. Ipsilateral or
contralateral confocal movies were obtained in the shaded area to
measure RBC velocity before and after application of KCl to the left
(C) or the right (D) hole, respectively.

posterior hole on the other side at least 30 min after the last
CSD, when all parameters including EEG had recovered. KCl
application at the concentration used here elicited several
CSD episodes within a 20-min interval without exception,
but analysis of EEG and other parameters was performed
during the first CSD episode to avoid the influence of the
previous episode(s).

Analysis of RBC Velocity

Measurement of RBC velocity was conducted as
described previously (Tomita et al, 2008; Unekawa et al.,
2008). A cranial window of approximately 4 mm diameter
was made at the left parietotemporal region of the cerebral
cortex. As shown in Figure 1C,D (n = 10), DC potential
electrodes were fixed at the posterior edge of the left window
and at the symmetric position across the sagittal suture on the
contralateral side. KCl solution (1.0 M, 5 pl) was applied
alternately into the additional posterior holes on both sides,
having a center at the coordinates of 7 mm posterior and 2
mm lateral to bregma. An appropriate capillary-rich area
around the center of the cranial window was selected, and 0.5
ml of fluorescein isothiocyanate (FITC)-labeled RBC suspen-
sion, prepared beforehand according to Seylaz et al. (1999),
was injected into the bloodstream so that the final percentage
of FITC-labeled RBCs/total RBCs in the circulating blood
was approximately 0.4%. The velocities of individual FITC-
labeled RBCs were automatically calculated using a high-
speed camera (500 fps) laser scanning confocal fluorescence
microscope and an image analysis system in the Matlab (The
MathWorks, Natick, MA) environment with application soft-
ware (KEIO-IS2) developed in our laboratory (Schiszler et al.,
2005; Tomita et al., 2008). Motion images were obtained at

the depth of approximately 80 pm from the brain surface
(layer I of the cerebral cortex) and analyzed in an area of 600
X 400 pm. The images acquired with the high-speed system
could be recorded for up to 15 sec because of the limitation
of file size (2 GB) in our analysis system. With reference to
alternatively recorded images obtained using a conventional
video camera, we defined single capillaries as having a diame-
ter of less than 10 pum, based on other reports (Williams et al.,
1993; Hutchinson et al., 2006). The frequency distribution of
RBC velocity was obtained by classification of velocities in
steps of 0.5 mm/sec and counting the RBCs within each step.
RBC appearance was represented as a percentage of the total
number of detected RBCs.

Statistical Analysis

All data are reported as mean £ SD. Statistical analysis
of transhemispheric effects was performed via Student’s f-test
after Levene’s test for equality of variance. Statistical analysis
of EEG spectral power was performed with paired parametric
multiple comparison (Bonferroni’s test) after demonstration of
homogeneity with repeated-measures ANOVA (Friedman’s
test). Statistical analysis of frequency distribution of RBC
velocity was performed with nonparametric multiple compari-
sons (Bonferroni’s test) after demonstration of homogeneity of
variance with one-way ANOVA (Kruskal Wallis test). P <
0.05 was considered statistically significant.

RESULTS

General Results

Initial levels of mean ABP (MABP) and HR were
75 = 6 mmHg and 327 £ 49 bpm, respectively. MABP
and HR were maintained within =20 mmHg and *£50
bpm in each rat throughout the experiments. MABP did
not decrease below 60 mmHg in any rat. Average
MABP and HR were 72 *= 12 mmHg and 314 *= 51
bpm at the end of the experiment.

Transhemispheric Effect of CSD

When KCI was applied to the left side, as shown
in Figure 1A, DC potential, PO,, and CBF of the right
(contralateral) side did not change, whereas DC potential
deflection was seen on the left (ipsilateral) side (Fig. 2A).
In the same rat, when KCIl was applied to the right side,
as shown in Figure 1B, DC potential, PO,, and CBF on
the right (ipsilateral) side showed a specific response as
described previously (Unekawa et al, 2012), without
DC potential deflection at the left (contralateral) side, as
shown in Figure 2B. Namely, potassium-induced
responses of DC potential, PO,, and CBF propagated
only within the same hemisphere. On the other hand,
EEG was bilaterally suppressed for a longer time. ABP
was constant independently of the site of KCI applica-
tion; that is, the responses were locally elicited and were
not due to a change in systemic BP.

Average changes of DC potential, PO,, CBF, and
EEG spectral power on the ipsilateral and contralateral
sides after KCI application are plotted in Figure 3. DC
potential deflection, transient decrease in PO,, and
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increase in CBF were observed on the ipsilateral side
(Fig. 3A). However, these parameters did not change at
all on the contralateral side (Fig. 3B). On the other
hand, EEG spectral power was reduced in a sustained
manner on both sides after unilateral application of KCI,
showing a trough at 5 min after KCI application, when
the other parameters had recovered to their base levels.
The suppressive response on the ipsilateral side was stat-
istically significantly larger than that on the contralateral
side (Fig. 3C).

Change of RBC Velocity in Capillaries

As shown in Figure 4A, confocal microscopic
movies for the analysis of RBC velocity were recorded
for 10-15 sec at representative periods, i.e., before KCl
application (Before-KCl), just after the trough of the
DC potential at the ipsilateral side (Intra-CSD), between
CSD when all parameters had returned to the baseline
(Inter-CSD), and approximately 1 hr after KCI applica-
tion when CSD had ceased (After-CSD), in the same
manner as in the previous report (Unekawa et al., 2012).

RBC appearance (frequency distribution of RBC
velocity in capillaries) showed a peak in the range of
1.0-1.5 mm/sec, with tailing to higher velocities of up
to 8.6 mm/sec (Fig. 4B,C; see Before-KCl), which 1s
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broadly consistent with our previous findings (Unekawa
et al,, 2008). After ipsilateral application of KCl, the
peak was shifted to the range of 0.5-1.0 mm/sec,
namely, to slower velocity (Fig. 4B). This tendency was
more apparent at Intra-CSD than at Inter-CSD, again in
agreement with our previous report (Unekawa et al,
2012). Mean RBC velocity in single capillaries after ipsi-
lateral application of KCI was statistically significantly
decreased to 1.48 * 1.18 mm/sec (for 337 detected
RBCs) at Intra-CSD from the level of Before-KCl (1.74
* 1.35 mm/sec for 527 detected RBCs), as shown in
Figure 4B (inset). The mean velocity was further
decreased to 1.34 * 0.94 mm/sec (for 291 detected
RBCs) at Inter-CSD and 1.31 * 0.72 mm/sec (for 239
detected RBCs) at After-CSD. On the other hand, con-
tralateral application of KCl did not affect the frequency
distribution at any recording period (Fig. 4C). The
mean velocity after contralateral application of KCI in
the same rat was unchanged throughout the serial re-
cording period (Before-KCl, 1.72 = 1.05 mm/sec for
1,047 detected RBCs; Intra-CSD, 1.68 = 1.11 mm/sec
for 1,406 detected RBCs; Inter-CSD, 1.72 * 1.14 mm/
s for 1,005 detected RBCs; After-CSD, 1.68 * 1.34
mm/sec for 593 detected RBCs), as shown in Figure 4C
(inset).

DISCUSSION

The occurrence of propagating unilateral CSD
within the ipsilateral hemisphere (Bues et al., 1974) has
been generally accepted. Nevertheless, our findings that
the typical CSD-induced changes in DC potential, PO,,
and CBF did not propagate to the contralateral hemi-
sphere serve to strengthen this idea and define the trans-
hemispherical profile more precisely than before
(Mayevsky and Weiss, 1991; Back et al., 1994), because
all the parameters were contmuously and simultaneously
recorded and were repeatedly observed in the same ani-
mal.

On the other hand, we observed a sustained and
bilateral suppression of EEG spectral power in this
experiment. Although administration of narcotics alters
the peak frequency obtained from power spectral analy-
sis, the frequency domain of EEG signals was relatively
constant in anesthetized rats (Chang et al,, 1995). The
peak frequency obtained in our experiment was limited
to the o component range, suggesting that the CSD-
induced EEG suppression may be a general neuronal
depression rather than an effect on a speciﬁc mechanism.

Reduced spontaneous neuronal activity induced
by the CSD in the contralateral hemisphere may be
related to the phenomenon of diaschisis. Neuronal deac-
tivation in the cerebral cortex by cerebral artery occlu-
sion, topical application of TTX or needle stab-induced
CSD reduced blood flow, EEG, and neuronal spontane-
ous spike rates in the bilateral cerebellar cortex (Gold
and Lauritzen, 2002). Furthermore, unilateral application
of TTX or CSD reduced cortical spontaneous spike rates
in the contralateral sensory cortex (Enager et al., 2004).
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Fig. 3. Average response curves of DC potential, PO,, CBF, and
EEG peak spectral power on the ipsilateral and contralateral sides.
Average changes of DC potential (blue), PO, (red), and CBF (green)
from the level before KCI application for every 10 sec after KCl
application are shown for the ipsilateral side (A) and the contralateral

The time course of bilateral suppression of the spike rate
was very similar to that of suppression of the EEG spec-
tral power observed in our experiment, so we consider
that EEG spectral power reflects the status of spontane-
ous neuronal activity in the contralateral hemisphere.
Transhemispherical transmission of neuronal activ-
ity seems to be mediated via transhemipheric neuronal
projections such as corpus callosum (Conti and Manzoni,

side (B). C: Time course of peak EEG spectral power averaged for
every 1 min in response to ipsilateral application (open circles) and
contralateral application (solid circles) of KCl. **P < 0.01 significant
difference from the level before KCI application. *P < 0.05, ##p <
0.01 significant difference between ipsilateral and contralateral sides.

1994; Bogdanova and Sil’kis, 1999). This idea is sup-
ported by the results showing that electrical stimulation
of transcallosal fibers elicited a biphasic postsynaptic
potential response, including initial negative potential
change (excitation) and following long-lasting positive
potential change (inhibition), accompanied by CBF
increase (Hoffmeyer et al., 2007). Thus, decrease of
excitatory input and/or increase of inhibitory input via
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Fig. 4. Summary of RBC velocities in single capillaries. Motion pic-
tures were obtained with the high-speed camera laser scanning con-
focal microscope at the timings shown in A; before KCl application
(Before-KCl; gray), just after the trough of DC potential deflection
(Intra~-CSD; red), several minutes after the DC potential had recov-
ered (Inter-CSD; blue), and 1 hr after KCI application (After-CSD;
green). Frequency distribution of RBC velocities in capillaries before
and after ipsilateral (B) and contralateral (C) application of KCL
Average velocities of total detected RBCs are shown in the insets.
**Pp < 0.01 significant difference from Before-KCL

interhemispheric projections caused by unilateral CSD
might suppress neuronal activity and affect the microcir-
culation 1n the contralateral hemisphere.

There have been conflicting reports regarding the
response of capillary flow to potassium-induced CSD in
the ipsilateral hemisphere, such as an increase of flow
concurrently with arterial dilation followed by a relative
decrease during oligemia in adult mice (Takano et al,,
2007), a fall with an occasional transient cessation in
neonatal rats (Chuquet et al., 2007), a transient decrease
with occasional full stop in adult rats (Tomita et al.,
2005, 2011), and a heterogeneous profile with a long-
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lasting decrease and a remarkable increase in adult rats
(Unekawa et al., 2012). In addition to CSD-induced va-
soconstriction following vasodilation of parenchymal
arterioles (Osada et al., 2006), neuronal swelling (Takano
et al., 2007; Zhou et al., 2010), morphological changes
of astrocytes (Tomita et al., 2011), and capillary constric-
tion by oxidative-nitrative stress-induced pericyte con-
traction (Yemisci et al., 2009) have been described.
Thus, capillary resistance might be altered through some
physical and/or hemorheological mechanism(s), such as
alteration of shear stress and/or hemodilution in nearby
capillaries (Hudetz, 1997), increase of plasma viscosity
(Tomita et al., 2011), or swelling of endothelial cells, as
seen under ischemia/reperfusion (Itoh and Suzuki, 2012).
Our present results suggest that sustained neuronal depres-
sion alone might be too small to elicit apparent changes in
RBC velocity as well as metabolism and local CBF.

CONCLUSIONS

Unilateral application of KCI on the surface of the
cerebral cortex induced a short-lasting DC potential
deflection with a long-lasting suppression of RBC veloc-
ity only in the ipsilateral hemisphere, with neither a typ-
ical CSD response nor an RBC velocity change in the
contralateral hemisphere. Nevertheless, a significant,
long-lasting suppression of EEG spectral power following
the CSD events was found in both hemispheres. These
findings suggest that CSD-induced changes in RBC ve-
locity in single capillaries might be elicited by mass
depolarization of neurons and glial cells in their vicinity,
but not by a long-lasting suppression of spontaneous
neuronal activity.
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Abstract

Objects: It has been found that the orofacial region exhibits a great deal of
referred pain. Substantial chronic pain results from the inability to identify
the primary cause of pain. In acupuncture therapy, when the primary cause
is not found, treatment to hands or feet is used for orofacial pain in addition
to topical treatments. However, many questions remain regarding the
therapeutic mechanism. Therefore, we examined the effects of electro-
acupuncture (EA) on mustard oil-induced orofacial pain in rats and also
characterized the effects of naloxone in this model.

Methods: A total of 39 adult male Sprague Dawley rats (250 - 400 g) were
randomized into three groups: a control [CONT] group, an EA group, and
an EA + naloxone [NAL] group. Activity was recorded from functionally
identified single nociceptive neurons in the trigeminal subnucleus caudalis
for which mechanoreceptive fields [RFs], mechanical activation thresholds,
and responses to noxious stimuli were tested in anesthetized rats. Ten
minutes after 5% mustard oil (MO) injection into the masseter muscle, EA
and NAL group rats received 2 Hz EA for 15 min. NAL group rats were
injected with naloxone intravenously 5 min before the MO injection.

Results: In the CONT group, RFs and responses were significantly
increased and the mechanical activation thresholds were deceased within
35 min of MO injection, and then gradually returned to baseline. In the EA
group, however, the RFs, responses, and thresholds recovered to baseline
soon after EA. In the NAL group, the time-course of RFs, responses, and
thresholds were similar to those of the CONT group.

Conclusion: The results suggest that EA is effective in reducing MO-
induced orofacial pain via activation of the endogenous opioid system.
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Fig.2 Representative responses to noxious stimuli and mechanoreceptive fields [RFs] with (b) and
without {a) EA are shown.

Number of spikes and the area of RFs are increased after 10 minutes of MO injection and maintained at 25
minutes after injection in the subject without EA, while those with EA showed recovery to the equivalent
level of the baseline.
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Fig.3 Changes in mechanoreceptive fields [RFs] (a) and the mean corresponding area under the RFs-
time curve (AUC) of each group (b).

a: The time response curve for the RFs in three groups.
In the CONT group, the RFs was increased within 5 ~ 10 min after MO, which was sustained for 35 min.
In the EA group, the RFs was recovered to the baseline within 25 min, while in the NAL group the recovery

was similar to that of the CONT group.
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CONT :*; p<0.01, EA : T; p<0.01, NAL : §; p<0.01 (compared with the value before MO injection (pre):

Dunnett’t test)

b: Mean AUC for the time response curve for the RFs in three groups.
The EA group was significantly different compared with the CONT and NAL groups.

§ : p<0.05 (Scheffe’s multiple comparison test)
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Fig.4 Changes in mechanical activation thresholds (a) and the mean corresponding area under the
mechanical activation thresholds-time curve (AUC) of each group (b).

a: The time response curve for mechanical activation thresholds in three groups.
In the CONT group, Mechanical activation thresholds was decreased within 5 - 10 min after MO, which
was sustained for 35 min. In the EA group, Mechanical activation thresholds was recovered to the baseline
within 25 min, while in the NAL group the recovery was similar to that of the CONT group.
¢ :CONT (n=9) H:EA (n=9) A:NAL (n=9)
CONT : #; p<0.01, EA : T; p<0.01, NAL : #; p<0.01 (compared with the value before MO injection (pre):
Dunnett’t test)
b: Mean AUC for the time response curve for mechanical activation thresholds in three groups.
The EA group was significantly different compared with the CONT and NAL groups.
§: p<0.05 (Scheffe’s multiple comparison test)
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Fig.5 Changes in responses to noxious stimuli (a) and the mean corresponding area under the
responses to noxious stimuli curve (AUC) of each group (b).

a: The time response curve for responses to noxious stimuli in three groups.
In the CONT group, responses to noxious stimuli was inecreased within 5 - 10 min after MO, which was
sustained for 35 min. In the EA group, responses to noxious stimuli was recovered to the baseline within
25 min, while in the NAL group the recovery was similar to that of the CONT group.
9:CONT (n=9) B :EA (n=9) A:NAL(n=9)
CONT : *; p<0.01, EA : ; p<0.01, NAL : #; p<0.01 (compared with the value before MO injection (pre):
Dunnett’t test)
b: Mean AUC for the time response curve for responses to noxious stimuli was in three groups.
The EA group was significantly different compared with the CONT and NAL groups.
§ : p<0.05 (Scheffe’s multiple comparison test)
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