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Potassium-Induced Cortical Spreading
Depression Bilaterally Suppresses the
Electroencephalogram but Only

Ipsilaterally Affects Red Blood Cell
Velocity in Intraparenchymal Capillaries
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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 (POy),
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-1S2. Transient deflection
of DC potential and PO, and increase of CBF were
repeatedly detected only in the ipsilateral hemisphere fol-
lowing topical KC! application. On the other hand, the rela-
tive spectral power of EEG was reduced bilaterally, show-
ing the lowest value at 5 min after KCl 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.
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Cortical spreading depression {(CSD) is a repetitive
mass depolarization of neuronal and glial cells, followed
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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
fMRUI 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 lung 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 wvivo,
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 KCI
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 in 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
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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 ML117;
ADInstruments 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 1AB (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. KCI 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



580 Unekawa et al.
A contralateral B ipsilateral
Bregma PO2 PO2
ipsilatersl DC potentiat SonUalateral Z7 NDC potential
DC potential ¥ EEG DC potential A EEG
EEG EEG

KCI

KCl1

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 calculated from the DC potential signal as mentioned in
Materials and Methods. When KCl 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 pm, 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 t-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 KCl 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 KCl 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 KCl application are plotted in Figure 3. DC
potential deflection, transient decrease in PQOj, and
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Fig. 2. Sample recordings of DC potential, EEG, PO,, CBF, and
ABP in response to KCI application. A: Response to KCI application
on the left side, as shown in Figure 1A. B: Response to KCl applica-
tion on the right side, as shown in Figure 1B in the same rat.

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 KCl 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 KCI
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 is
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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 KCl 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
RBGCs) 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 continuously 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 Manzonti,

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 KCl 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

Journal of Neuroscience Research



After-CSD
DC potential
(ipsilateral) Im mv
DC potential |
{contralateral) § 110 mv

5 min

ipsilateral

W
g

&
8 8

n
(=]
Mean RBC velocity (mm/s})

RBC appearance {%}

10}

RBC velocity (mm/s)

contralateral

w

RBC appearance (%) 0
I
-1
Mean RBC velocity {(mm/s}

0 2 . 8 10
RBC velocity (mm/s)

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 KCl 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.
**P < 0.01 significant difference from Before-KCl.

interhemispheric projections caused by unilateral CSD
might suppress neuronal activity and affect the microcir-
culation in 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 KCl 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.

ACKNOWLEDGMENTS

The authors declare that they have no conflicts of
interest.

REFERENCES

Austin VC, Blamire AM, Grieve SM, O’Neill MJ, Styles P, Matthews
PM, Sibson NR. 2003. Differences in the BOLD fMRI response to
direct and indirect cortical stimulation in the rat. Magn Reson Med
49:838-847.

Back T, Kohno K, Hossmann KA. 1994. Cortical negative DC deflec-
tions following middle cerebral artery occlusion and KCl-induced
spreading depression: effect on blood flow, tissue oxygenation, and
electroencephalogram. J Cereb Blood Flow Metab 14:12—19.

Bogdanova OG, Sil’kis IG. 1999. The effects of high-frequency microsti-
mulation of the cortex on interhemisphere synchronization in the rat
motor cortex. Neurosci Behav Physiol 29:515-522.

Bues J, BureSovd O, Keivinek J. 1974. The mechanism and applications
of Leio’s spreading depression of electroencephalographic activity.
Prague: Academia.

Chang AY, Kuo TB, Tsai TH, Chen CF, Chan SH. 1995. Power spec-~
tral analysis of electroencephalographic desynchronization induced by
cocaine in rats: correlation with evaluation of noradrenergic neurotrans-
mission at the medial prefrontal cortex. Synapse 21:149-157.

Chuquet J, Hollender L, Nimchinsky EA. 2007. High-resolution in vivo
imaging of the neurovascular unit during spreading depression. J Neu~
rosci 27:4036-4044.



584 Unekawa et al.

Conti F, Manzoni T. 1994. The neurotransmitters and postsynaptic
actions of callosally projecting neurons. Behav Brain Res 64:37-53.

del Zoppo GJ. 2010. The neurovascular unit in the setting of stroke. J
Intern Med 267:156~171.

Enager P, Gold L, Lauritzen M. 2004. Impaired neurovascular coupling
by transhemispheric diaschisis in rat cerebral cortex. ] Cereb Blood
Flow Metab 24:713-719.

Fabricius M, Lauritzen M. 1993. Transient hyperemia succeeds oligemia
in the wake of cortical spreading depression. Brain Res 602:350-353.
Gold L, Lauritzen M. 2002. Neuronal deactivation explains decreased
cerebellar blood flow in response to focal cerebral ischemia or sup-
pressed neocortical function. Proc Natl Acad Sci U S A 99:7699-7704.
Hoffmeyer HW, Enager P, Thomsen KJ, Lauritzen M]J. 2007. Nonlinear
neurovascular coupling in rat sensory cortex by activation of transcal-

losal fibers. J Cereb Blood Flow Metab 27:575-587.

Hudetz AG. 1997. Blood flow in the cerebral capillary network: a review
emphasizing observations with intravital microscopy. Microcirculation
4:233-252.

Hutchinson EB, Stefanovic B, Koretsky AP, Silva AC. 2006. Spatial
flow-volume dissociation of the cerebral microcirculatory response to
mild hypercapnia. Neuroimage 32:520-530.

Itoh Y, Suzuki N. 2012. Control of brain capillary blood flow. J Cereb
Blood Flow Metab 32:1167-1176.

Kocher M. 1990. Metabolic and hemodynamic activation of postischemic
rat brain by cortical spreading depression. J Cereb Blood Flow Metab
10:564-571.

Lauritzen M. 2001. Cortical spreading depression in migraine. Cephalal-
gia 21:757-760.

Lauritzen M, Jorgensen MB, Diemer NH, Gjedde A, Hansen AJ. 1982.
Persistent oligemia of rat cerebral cortex in the wake of spreading
depression. Ann Neurol 12:469-474.

Ledo A. 1944. Spreading depression of activity in cerebral cortex. ] Neu-
rophysiol 7:359-390.

Mayevsky A, Weiss HR. 1991. Cerebral blood flow and oxygen con-
sumption in cortical spreading depression. ] Cereb Blood Flow Metab
11:829-836. )

Olesen J, Larsen B, Lauritzen M. 1981. Focal hyperemia followed by
spreading oligemia and impaired activation of rCBF in classic migraine.
Ann Neurol 9:344-352.

Olesen ], Friberg L, Olsen TS, Iversen HK, Lassen NA, Andersen AR,
Karle A. 1990. Timing and topography of cerebral blood flow, aura,
and headache during migraine attacks. Ann Neurol 28:791-798.

Osada T, Tomita M, Suzuki N. 2006. Spindle-shaped constriction and
propagated dilation of arterioles during cortical spreading depression.
Neuroreport 17:1365-1368.

Schiszler 1, Takeda H, Tomita M, Tomita Y, Osada T, Unekawa M,
Tanahashi N, Suzuki N. 2005. Software (KEIO-IS2) for automatically
tracking red blood cells (RBCs) with calculation of individual RBC

velocities in single capillaries of rat brain. ] Cereb Blood Flow Metab
25(Suppl):S541.

Seylaz J, Charbonné R, Nanri K, Von Euw D, Borredon J, Kacem K,
Méric P, Pinard E. 1999. Dynamic in vivo measurement of erythrocyte
velocity and flow in capillaries and of microvessel diameter in the rat
brain by confocal laser microscopy. ] Cereb Blood Flow Metab
19:863-870.

Takano T, Tian GF, Peng W, Lou N, Lovatt D, Hansen AJ, Kasischke
KA, Nedergaard M. 2007. Cortical spreading depression causes and
coincides with tissue hypoxia. Nat Neurosci 10:754-762.

Tomita M, Schiszler I, Tomita Y, Tanahashi N, Takeda H, Osada T,
Suzuki N. 2005. Initial oligemia with capillary flow stop followed by
hyperemia during K*-induced cortical spreading depression in rats.
J Cereb Blood Flow Metab 25:742-747.

Tomita M, Osada T, Schiszler I, Tomita Y, Unekawa M, Toriumi H,
Tanahashi N, Suzuki N. 2008. Automated method for tracking vast
numbers of FITC-labeled RBCs in microvessels of rat brain in vivo
using a high-speed confocal microscope system. Microcirculation
15:163-174.

Tomita M, Osada T, Unekawa M, Tomita Y, Toriumi H, Suzuki N.
2009. Exogenous nitric oxide increases microflow but decreases RBC
attendance in single capillaries in rat cerebral cortex. Microvasc Rev
Commun 3:11-16.

Tomita M, Tomita Y, Unekawa M, Toriumi H, Suzuki N. 2011. Oscil-
lating neuro-capillary coupling during cortical spreading depression as
observed by tracking of FITC-labeled RBCs in single capillaries. Neu-
roimage 56:1001-1010.

Unekawa M, Tomita M, Osada T, Tomita Y, Toriumi H, Tatarishvili J,
Suzuki N. 2008. Frequency distribution function of red blood cell
velocities in single capillaries of the rat cerebral cortex using intravital
laser-scanning confocal microscopy with high-speed camera. Asian
Biomed 2:203-218.

Unekawa M, Tomita M, Tomita Y, Toriumi H, Suzuki N. 2012. Sus-
tained decrease and remarkable increase of red blood cell velocity in
intraparenchymal capillaries associated with potassium-induced cortical
spreading depression in rats. Microcirculation 19:166-174.

Williams JL, Shea M, Jones SC. 1993. Evidence that heterogeneity of
cerebral blood flow does not involve vascular recruitment. Am J Phys-
iol 264:H1740-H1743.

Yemisci M, Gursoy-Ozdemir Y, Vural A, Can A, Topalkara K, Dalkara
T. 2009. Pericyte contraction induced by oxidative-nitrative stress
impairs capillary reflow despite successful opening of an occluded cere-
bral artery. Nat Med 15:1031-1037.

Zhou N, Gordon GR, Feighan D, MacVicar BA. 2010. Transient swel-
ling, acidification, and mitochondrial depolarization occurs in neurons
but not astrocytes during spreading depression. Cereb Cortex 20:2614—
2624.

Journal of Neuroscience Research



<V ERYIAL

(2)-9-3 > T FEBE OB & 50

HRIERORBRICET 20N

ik

By  HREERCETIARRL L TEYMEREB L UEEYEREY 535, TUERAIESMERBRB LU
EN S A, HRBEESMEN (REE BEFELTRAY M T4 ETESRS LUBEEES 5. TR
LTRAN D TLIBRAECXTOM FF$H 5. EPREUNDEERE L THARERRE O Y U, AR
HEHENY, ROSHSHHESSURERBHBEEFrBIEDA N HS. —ROBREEL E
BERICALEHEEBRFBI A TVEH0OBHY, ThoOBRBEEE, 5% HAMPREEL!

WTHETTRIRRIL - Tu L& h 3.
(BRPR19#E 2013,53:1131-1133)

Key words @ IR0, @, SEE Y oy 7, OSSN, TREERR

FLsHic

FRECHERENMICHTAH L WERFZ oW T 22013485
B30 HARBEIZEEHE 7+ — 9 ATEBI b5 54 1
AEMEEaFEMAkEy PR LOREYEHTALOT
5.

HRERESME (R AEE

Sru7Ty >

MUY o CEREMABRLIIE, AT Y
3mgE TiES AH6mgE T, AT MUT Y L HRE
20 mg/dose 1= & A RERBEBLE/ VI MY TS 5~
10 mg GEECIHESHH bwvo s, WITHE, AUy
Y emg DETHRSEEHER b L (, EMEERL LA
BUEFMB LRI EAREIATYWE Y, ETHRG 1S
Bz U%OEFCEIGSEE L. 30 98BICIE 177%0ERT
HEEAELERERLASEES, bAEIZBCTLED
WAL BTV E Y, B ERCBBWTL AT YT
yemg AT OR TR PIHET2EH STV A,
BRI & A LEEREY (20 mgidose) CHITMERT X4
AALHIEENC T 30 UM ST% DESN CHEREZ A L
B, FOEDEFGRE STV EFOAETREREE S
LT wh,

IR RO SEORIESVHE I, bt
ECRRREEATH L. LEREFITCR VI TS
v HESESHE S NERTH OREAERCS s LTy
b, I ¥ ALTMEBBERERTIE, TSI PYTY O
BESmg BIT W0mg OHBSFIE7I LR LS LEERLE

WEYHF ST EPRGERTVE, O
WL LABRENB LU o=
BEHAFTA TSN P TH 2 EBE:
BT SATYhA Y,

DR A

Wik, 15 FHOMA (7 AT Ay W
LEHE SN T5, HEBFERAZELSNROY
HEHRT ¥ A LR BE T, HBERAR
RKEROUBEFALLTYAS, BEfFLIH
(2§57 CLBTENHS v ¥ AL E B
B 78% OHFII BV TEITH AL h Tn2
PR A ZIXER ORI 20% TH D, B
BREOUEFFEIEGEER LD ERE R

BRBERER RO FRIRE

DARS Y LEREOP TR, BHIBLT
360 mg/ BAT 5 LM B EERRBRCTIHE
EHRE SN TS, L LOEEEERERIZ.
ReErEHTIILEHVEETETS. hb-
HAEB OIS L UBRT COMIES
BHENTWS, AT, BEEROB
HEPERINTVLY, BERRERNTHI
PEBEEAFOAL FlIowT o EF > AL
AEBRIEH D L BILTW A, AFALTL FZVT
FERIRITED TH L D LANRENTYV A, TE
Abisaigiz B o abiiTuivy, o4
W, AFNTL Fon s BREEE R L R
FEEL LS TTHHRERRC L IHEEINL TV

VSRS E A E [T 160-8582  WRIEHETEIRIZIRNT 35)

(ZHHE 2035 H30H)



53 11132

YA~ 60mg HELEFFITAY Y 8mg 515 L
OBELHHD, 2006 ET— Oy NHEEEICIBTAN
FALrTHE0~10mgO 7L Foredh{Lb5HEL
HIEZSL, 0B 0ng BT¥2®8ETH 70—
PEHDLENTVDEY, oW FIA o TRAFEA FIEHE
PhEBERS » S A LHEEBY B I abR Ty by
b= FALT & EATWE Y BRFO4 FidbaEIC
BUTLBEEEETORIMER A LD STV A,

FEMBELSOESE

KBEME 7Oy 7, HERHY SEeEN% BosE
RIS & ORI EL S B IR A I S
B, —HOHEERETRIBEERT ¥ ¥ A LRERERSS
IhbhTwedbnbdl, 46 BEEREEFLLCS
WTHITHEILZ o Ty LS ELE,

CREBEHEAGE 7Oy 7

Ambrosini & &, BB L CEREFEREATO L F LB
BEOESPHEEBIIDREFRLAIL2HRELTVA Y
% 7. Gantenbein 5 (% 60 AOBERTUGIC oW TRBHMEE
ADAFIA FEARBI v, LHOEAT24ERDA
DEVEE R L DL dpo BN 40.7%, 25% UL RIFORBE,
BESBL L ENF IR TH oL B/RELTWAT,
Leroux b X ABEME~OAF T/ FiEALBTIIRME
EEBRI LA E2RELTHEY,

DR

B H (Deep brain stimulation; DBS? (22w,
Schoenen 513 6 FOME L EEEREE LRI, #{KRT
HoODBS #HITFLTWwA. 3BIXES, 1HIES 151
gz off 2 ¥ 5 L F%E, 1PIERBR TR LR EHL
TwhY Fokk BEIUTGHCH LUETHO DBS ®
BREBEH L1 ARSI L0006k, 4% BT
KHBEWTHERALDLATYLA T, LiL. Fontsine 50
BREBEECHTAHURTEDBS O » ¥ AL EEH
HETIE2 » AEICBYVCEMNME L sham fTET AL D
Bipolb dnTwh, SGUBRERBEIIBWCHET
% DBS {2335 responder 3 & U non-responder {28347 24
WAL AN S R E o LS L AW S
NTHBH, DBSOBEFMEL. BETEL2WRTa2I L
RERET, DBS BB TH L 2 3dRKAEOBREE
@ generator 7, RN L MBESELAFLACEH LY
BERTOTHAVDPEZEZ HILTHAT,

SR

SR (Occipital nerve stimulation; ONS) 1C L 58
BERRIZIETADEIIDOWT, Magie H13¥FH 2240/ HD
PR BEEED, 8y HECIRORE/HEHEES
EFLAZLEHELTVWE Y. Z20M%. BESUGRTCY

BARESEE 534115 2013111

THONSOMBUBETL UHAORESERY
GITBDESITHEL-EHESLTVEY. O
HEEEEBE TS oBLrRE Al E
FABBACEETAOTE vl EL S

TEn

RAETHENSEHESENEICL Y, 67.1%01%
Aroohizl b, FLAERRNRLERENE
EENLTHH®,

b

Wk, #EERCETLIREOHREBIIOVTE
iz, BRELSOEIRIZOWT, HEbE
—HOEREL TR TEER Y o v akites
LhiTwd, BEEEREH L LBy Tilt
AIEPHFEND,
EARFLCIEEL, MR~ COIRBI A48
FeFREA Y LA,

X m

1; Gobel H, Linder V, Heinze A, et al. Acute thera
headache with sumatriptan: findings of a one-ys
study. Neurology 1998:51:908-911.

2y WHFLE, WHHY, BE o, SN-308
BT ESHOS I EEFRRE BREEES
L7 REHELOTEERLRAS
2000;16:301-323,

3) May A, Leone M, Afra ], et al. EFNS Task

guidelines on the treatment of cluster headac

trigeminal-autonomic cephalaigias. Eur J Neurol .

1077,

Cohen AS, Burns B, Goadsby PJ. High-flow

treatment of cluster headache: a randomized

2009;302:2451-2457.

55 Magis D, Schoenen J. Advances and challeng
stimulation for headaches. Lancet Neurol 2012;11

6} Schoenen ], Di Clemente L, Vandenheede M,
thalamic stimulation in chronic cluster headache:
of efficacy and mode of action. Brain 2005;128:940

7; Fontaine D, Lanteri-Minet M, Ouchchane L, et :
location of effective deep brain stimulation electro
cluster headache. Brain 2010;133: 214-223.

8) Magis D, Gerardy PY, Remacle JM, et al. Su
tiveness of occipital nerve stimulation in drug-res
cluster headache. Headache. 2011;51:1191-1201.

9} Magis D, Bruno MA, Fumal A, et al. Central

cluster headache patients treated with oc

stimulation: an FDG-PET study. BMC Neurol 201

Schoenen J, Jensen RH, Lantéri-Minet M, et al.

the sphenopalatine ganglion (SPG) for clus

treatment. Pathway CH-1: A randomized, sh
study. Cephalalgia 2013;33:816-830.

4

St

10;



HREEOGBICET L REo#EE

Abstract

New treatments for cluster headache

Toshihiko Shimizu, M.D., Ph.D.”

YDepartment of Neurology, Keio University, School of Medicine

Subcutaneous injection and nasal spray of sumatriptan are known to be useful for the treatment of act
cluster headache. Although pasal spry of zolmitriptan is not available in Japan, it is also reported to be effec
acute phase of cluster headache. In addition, high flow oxygen is also reported to abort the attack of cluste
For preventive treatment of cluster headache, calcium channel blocker (verapamil) and stercids are recom
addition to these medications, some of refractory chronic cluster headache patients are reported to be res
occipital nerve block, deep brain stimulation, vagus nerve stimulation and occipital nerve stimulation. Fy
recent report revealed that stimulation of the sphenopalatine ganglion is effective for acute pain relief
prevention. This review will introduce the recent treatment for cluster headache including these nerve stimu

{Clin Neurol 2013;53:113
Key words: Cluster headache, treatment, occipital nerve block, sphenopalatine ganglion, deep brain stimulation
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