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Figure 3. Longitudinal cerebral blood flow (CBF) measurements
under chronic hypoxia. Increase in CBF response to sensory
stimulation was consistently observed at pre, 7 days, 14 days, and
1 month. Bold squares and line represent the mean of all animal
data of average values at each measurement day. Error bars indicate
s.d. *P<0.05, ¥*P<0.01.
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Figure 4. Increase in cerebral blood flow (CBF) evoked by 5% CO,
inhalation. (A) Time-response curve of increase in CBF. Time-
response curves were normalized to the baseline level (20 seconds
before sensory stimulation) and shown for one representative
animal. Horizontal bars indicate the stimulation period. (B) Mean
percentage increase in CBF within 10 to 20seconds 5% CO,
inhalation (N =5). Error bars indicate s.d.

Neural Response to Whisker Stimulation

Figure 5 shows the representative fluorescent VSD signals evoked
by a single sensory stimulation after T month of chronic hypoxia
(Figure 5). The region of neuronal activity before chronic hypoxia
was almost identical to that after T month of hypoxia (Figure 5A).
There were no significant differences in the number of pixels
between before and after 1T month of chronic hypoxia (Figure 5B).
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Figure 5. Neuronal activities evoked by sensory stimulation under

chronic hypoxia condition. (A) Activation maps of voltage-sensitive
dye (VSD) imaging experiment performed before (top) and 1 month
(bottom) after chronic hypoxia, shown for one representative
animal. Right and left frames showed VSD imagings before and
immediately after sensory stimulation, respectively. (B) Summary of
VSD results in five animals. There was no significant difference in the
number of pixels between pre and 1 month.

Effects of Changes in Effective Diffusivity for Oxygen in the
Capillary Bed (D) by Chronic Hypoxia

The relation between changes in CBF and CMRO,, corresponding
to CBF multiplied by OFEF, during neural activation for each D value
was simulated using Hyder’s model’® as shown in Figure 6. Based
on the simulation results in Figure 6, a 690% increase in CBF
during neuronal activation is required for a 10% increase in CMRO,
when D remained at 0.223 in spite of chronic hypoxia. As mention
above, the D values increased from 0.223 to 0.466 to 0.669 after
3 weeks of chronic hypoxia as a result of a 96% to 189% increase
in capillary blood volume.” The results shown in Figure 5 indicated
that neuronal activation at somatosensory cortex was quite stable
throughout the 1 month of chronic hypoxia, indicating that
CMRO, was also stable. Thus, as a result of the increase in D (0.466
to 0.669) caused by chronic hypoxia, no increase in CBF is required
for the 10% increase in CMRO, (Figure 6) because, in the case of
D=0.466 to 0.669, the % change in CMRO, was already above
10%, even if CBF did not increase.
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Figure 6. Simulation result of Hyder’s model. Solid and dashed lines

indicated the relationship between cerebral metabolic rate of
oxygen utilization (CMRO,) and cerebral blood flow (CBF) among
the respective D values.

DISCUSSION

We performed LDF measurements in awake mice maintained
under chronic hypoxic conditions. Although adaptation of the
baseline CBF to chronic hypoxia has been previously investigated
using human and animal models, this study represents the first
observation of the effects of chronic hypoxia on the hemody-
namic responses in awake mice. In this work, we observed that
chronic hypoxia causes a significant reduction of the increase in
CBF evoked by sensory stimulation. Previous study using BOLD
fMRI (blood oxygen level-dependent functional magnetic reso-
nance imaging) showed reduced cerebrovascular response to
visual stimulation in native-born high-altitude residents as
compared with native-born sea-level residents.?® These results
might be related to our results of changes in CBF during neural
activation.

The reduction in the increase of CBF during neuronal activation
appeared to lead to a reduction in the increase of the oxygen
supply to the brain. To explain the reasons for the reduction of the
increase in CBF during stimulation under chronic hypoxic
conditions, we hypothesized that this reduction was caused by
(1) cerebrovascular dysfunction, (2) neuronal dysfunction, and (3)
regulation of hemodynamics to adapt to the chronic hypoxic
condition. Because the hypercapnic CBF response was not
reduced, vascular dilatory function was sufficiently sustained in
the chronic hypoxia mice. Moreover, VSD imaging showed no
attenuation of neuronal activation during sensory stimulation
during the 1 month of chronic hypoxia. Based on these findings, it
was clear that the reduction in the increase in functional
hyperemia under chronic hypoxic conditions was not caused
either by cerebrovascular dysfunction or by neuronal dysfunction
in the somatosensory cortex.

As mentioned above, we have previously reported that the
vasodilation induced by chronic hypoxia occurred mainly in
the parenchymal capillaries, indicating the ability to adjust the
diameter in response to the oxygen environment.” Based on
Hyder’s model,'® the relation between changes in CBF and CMRO,,
corresponding to CBF multiplied by OEF, during neural activation
can be simulated for each D value, which is in proportion to
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capillary blood volume, as shown in Figure 6. This simulation study
shows that when D increases by chronic hypoxia, an increase in
CMRO, during neural activation can be revealed without any
increase in CBF. On the other hand, the oxygen content (C,) of
mice might be changed during hypoxic condition. G, is expressed
as follows:

C, = axHbxSa0; + fxPa0,,

where o is the oxygen binding capacity of hemoglobin (1.39 mL/
g),21 Hb is the hemoglobin concentration (g/dL), SaO; is arterial O,
saturation, PaO, is arterial oxygen partial pressure (mmHg), and
S is the oxygen solubility (0.00315mL per 100 mL per mm Hg).
When the hypoxic condition (8% O;) decreased Pa0O, from 100 to
40mmHg, Sa0, was decreased from 092 to 047 (Psq of
mouse = 41.5 mm Hg; pH = 7.40).>? The hematocrit results in our
study indicated that hemoglobin was increased by about two
times during chronic hypoxia. Based on these parameters,
C, remained almost unchanged under hypoxia (19.73 mL/mL
blood) as compared with that under normoxia (19.50 mL/mL
blood).

The adaptive regulation mechanism of CBF responses during
chronic hypoxia must be associated with several factors. One
possibility is the inhibition of a synthetase of a vasoactive
mediator (e.g., nitric oxide, cyclooxygenase-2, and adenosine)
released from neurons and glia by neural activity**® or by
disturbing astrocyte function, which is associated with
neurovascular coupling.®® Especially, nitric oxide is associated
with hypoxia-inducible factor-1 activity,”*® suggesting that nitric
oxide plays an important role in the cerebrovascular tone in
chronic hypoxia and might also affect to the reduction of increase
in CBF. To explore the mechanism, further experiments using
synthetase inhibitors or immunostaining techniques in mice need
to be performed.

Using positron emission tomography in human subjects,
Mintun et al'® has shown that hemodynamic response to visual
stimulation was identical between normoxia and mild acute
hypoxia (fraction of inspired oxygen; FiO, of 12%) conditions."
These findings suggest that the neural activity-induced CBF
response is determined by factors other than local requirements
of oxygen. On the other hand, in the present study, the long-term
low oxygen condition could be modified by neurovascular
coupling, and the simulation results suggested that the
reduction in the increase in CBF contributed to the balance
between oxygen supply and metabolism in the brain. In other
words, the hemodynamic response to neuronal activation can be
modified in response to the change in their balance to energy
demand. The discrepancy between acute hypoxia and chronic
hypoxia could be explained as follows. A short-term exposure to
hypoxia may not produce a stabilized baseline state, whereas a
long-term exposure produces a newly established baseline state in
which the oxygen supply-demand level can be balanced. Further
experiments are needed to elucidate this slow adaptation
mechanism of neurovascular coupling to changes in the oxygen
environment, which involve (1) sensing the tissue oxygen state, (2)
monitoring the supply-demand balance, and (3) controlling the
magnification factor of CBF changes in neurovascular coupling.

in summary, we found a reduction in the increase in CBF evoked
by neuronal activation in mice occurring during 1 month of
chronic hypoxia. The results of the simulation using Hyder's model
indicated that a slight increase in CBF caused a large increase in
oxygen supply to the brain under increased D value conditions.
The adaptation mechanisms underlying the reduction in the
increase of CBF under chronic hypoxia remain to be identified. To
explore these mechanisms, further experiments using synthetase
inhibitors or immunostaining techniques on mice should be
performed.

© 2013 ISCBFM
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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 (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 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.

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.

301

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) decwases
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 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-
p1u551de 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 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 (MLT0670 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 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
POy, 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 KCI was applied to the left hole, con-
tralateral DC potential, PO,, and CBF were recorded in parallel with
ipsilateral DC potential (A). When KCl 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 Jeast 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. KCI 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
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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 um, 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 ttest
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 KCI 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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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 KCl,
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 KCl 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
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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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,

/l\ {min)

* %

-&- contralateral
-0~ ipsilateral

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
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green). Frequency distribution of RBC velocities in capillaries before
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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 wvasodilation 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).
Qur 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 The purpose of this study is to determine when and where the brain
microvasculature changes its network in response to chronic hypoxia. To identify
the hypoxia-induced structural adaptation, we longitudinally imaged cortical
microvasculature at the same location within a mouse somatosensory cortex with
two-photon microscopy repeatedly for up to one month during continuous
exposure to hypoxia (either 8% or 10% oxygen conditions). The two-photon
microscopy approach made it possible to track a 3D pathway from a cortical
surface arteriole to a venule up to a depth of 0.8 mm from the cortical surface. The
network pathway was then divided into individual vessel segments at the
branches, and their diameters and lengths were measured. We observed 3 to 11
vessel segments between the penetrating arteriole and the emerging vein over the
depths of 20 to 460 um within the 3D reconstructed image (0.46 x 0.46 x 0.80
mm?®). The average length of the individual capillaries (< 7 um in diameter) was
67 + 46 um, which was not influenced by hypoxia. In contrast, 1.4 £ 0.3 and 1.2 +
0.2 fold increases of the capillary diameter were observed 1 week after exposure
to 8% and 10% hypoxia, respectively. At 3 weeks from the exposure, the capillary
diameter reached 8.5 £ 1.9 pm and 6.7 £ 1.8 pm in 8% and 10% hypoxic
conditions, respectively, which accounted for the 1.8 + 0.5 and 1.4 + 0.3 fold
increases relative to those of the prehypoxic condition. The vasodilation of
penetrating arterioles (1.4 £ 0.2 and 1.2 & 0.2 fold increases) and emerging veins
(1.3 +£0.2 and 1.3 £ 0.2 fold increases) showed relatively small diameter changes
compared with the parenchymal capillaries. These findings indicate that
parenchymal capillaries are the major site responding to the oxygen environment
during chronic hypoxia.

1 Introduction

The brain is known to be an organ vulnerable to a lack of oxygen. Only 2 to 3
minutes without an adequate oxygen supply leads to irreversible damage of central



2

nervous system (CNS) functions. To maintain an adequate supply, the brain
vasculature is well organized to allow the diffusion of oxygen to every region of
the tissue!!. Previous studies have shown that the density of brain microvessels
adaptively increased in response to chronic hypoxia™!. Angiogenesis and
degeneration of the microvasculature were also reported in response to a progress
of brain tumors and Alzheimer’s disease, respectively!™. These studies strongly
indicate that close interaction exists between brain microvasculature and tissue
activity to maintain an adequate supply of oxygen. However, the mechanism that
regulates the brain microvasculature and its effect on tissue oxygen homeostasis
remains mostly unknown.

Because one of the reasons for the lack of knowledge about the structural
adaptations of brain microvasculature is a lack of longitudinal studies at the
capillary network scale, here, we longitudinally tracked the spatial and temporal
adaptation of the microvasculature during chronic hypoxia in a mouse
somatosensory cortex with two-photon microscopy. The same three-dimensional
(3D) microvasculature was imaged every week for up to one month during
continuous exposure to hypoxia (at either 8% or 10% oxygen). Two-photon
microscopy is based on the principle of nonlinear optics'®"®l. In addition, two-
photon microscopy allows excitation with near-infrared light, which has the
advantage of providing a long penetration depth in biological tissues®™. In the
present study, volume images of the cortical microvasculature were captured up to
a depth of 0.8 mm from the cortical surface with a step size of 0.005 mm and
reconstructed with 3D rendering. The 3D pathways of the parenchymal
microvasculature were identified and divided into individual segments at the
branches. The diameters and lengths of the segments were measured, and their
temporal changes were longitudinally traced over the periods of the
measurements. Finally, the surface areas and volumes of the vessel segments were
calculated to evaluate the adaptation of the microvasculature.

2 Materials and Methods

2.1 Image Analysis

The 3D image (field of view: 0.46x0.46x0.80 mm”) consists of approximately 160
2D images in the x-y plane parallel to the brain surface with a depth step of 5 um,
and each 2D image has 1024x1024 pixels with an individual pixel size of 0.45
pum. The image analysis performed in each step is described below.
(i) Identification of parenchymal arteriovenous pathway

One target pathway between a surface artery and a vein through parenchymal
microvasculature was identified within the reconstructed image (Figs. 1a,b), by
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tracking all branches from the artery to the vein including penetrating arterioles,
parenchymal capillaries (< 7 pm in diameter), and emerging veins.
(ii) Segmentation of vessels

The vessel segments in the pathway were sequentially numbered (Fig. 1¢). One
vessel segment was defined as the vessel having two-branches at both ends. The
sequential numbers were assigned, beginning from the penetrating artery and
ending with the emerging vein.
(iii) Measurement of the length of a vessel segment

The vessel length was measured as the distance from one end to the other end
along the centerline of the vessel segment. Several measurement points were
manually placed on the centerline to account for the curvature of the vessel. By
summing all the distances between the neighboring two measuring points, the
vessel length was obtained.
(iv) Measurement of the vessel diameter

The vessel diameter was measured as the average of the diameters at 10
different positions in the vessel segment. Because the intensity differences (i.e.,
contrast) in the images were sufficient to discriminate the vessel edges relative to
the tissue, it was not difficult to manually assign the edges of the vessels to
measure the vessel diameters (Fig. 1d).
(v) Calculation of the vessel surface area and volume

The surface areas and volumes of each vessel segment were calculated from the
measured diameters and lengths by assuming that each vessel segment was
approximated as a cylinder.

2.2. Animal experiments

All experimental protocols were approved by the Institutional Animal Care and
Use Committee of the National Institute of Radiological Sciences and the
University of Electro-Communications, and the experiments were conducted by
following the approved protocols. Ten male C57BL/6J mice (21-23 g) were
randomly divided into two groups: one for the 8% oxygen experiment (n=5) and
the other for the 10% oxygen experiment (n=5). A custom-made fixation device
was fixed to the animal’s head for two-photon microscopy imaging!'”. At 2 weeks
post-operation, the experiments with hypoxic exposure initiated. During the
imaging experiments, the mice were anesthetized with isoflurane (1%) in a
mixture of air and oxygen gas, and their rectal temperature was maintained at
37+1°C. Sulforhodamine 101 (SR101) dissolved in saline (5 mM) was
intraperitoneally injected into the animal (8 mL/kg) for labeling blood plasma, and
cortical vasculature was imaged with a two-photon microscope (TCS SPSMP,
Leica Microsystems, Germany) equipped with a Ti:Sapphire laser (MaiTai HP,
Spectra-Physics, CA). The excitation wavelength was 900 nm (average power 2.0
W output), and the emission signal was detected through a bandpass filter (610/75
nm).



At day 0 (start of exposure to hypoxia), a reference image of the cortical
surface vasculature was obtained with reflection acquisition mode excited at 633
nm with a low magnification object lens (field of view: 3.6x3.6 mm?). The cortical
arteries and veins were distinguished in the reflection image; the arteries and veins
exhibited different light intensities because of their different light absorption
characteristics'®). Because the pattern of the cortical surface vessels was preserved
over the period of the longitudinal experiments, the reference image was used to
identify the measurement locations at different imaging experiments. Except while
undergoing imaging, the animals were kept in either an 8% or 10% oxygen room
in which the oxygen level was monitored with an oxygen sensor. The imaging
experiments were repeatedly performed on days 0, 7, 14, 21, and 31 after exposure
to hypoxia. Because 3 out of 5 animals were dead after 3 weeks in the 8% oxygen
experiment, the analytical results were only compared for the first 3 weeks of
measurements. Data were represented as mean = standard deviation.

3. Results and Discussion

Reconstructed 3D images of cortical microvasculature are represented in Fig. 2.
The images show the apparently same 3D structures over the period of one month
during continuous exposure to hypoxia. The 3D pathways were identified from
penetrating arteriole (A) to emerging vein (V) through parenchymal capillaries
(C), which had 5 to 13 branches between the surface artery and the vein over
depths of 20 to 460 pm within the image. The total length from the beginning of a
penetrating arteriole to the end point of the emerging vein was 703 £ 278 pym (311
-1221 pm, n=30 networks), which was unchanged during chronic hypoxia over 3
weeks (Table 1). In contrast, the parenchymal -capillary diameter was
predominantly increased by 1.4 £ 0.3 and 1.2 + 0.2 fold at 1 week after continuous
exposure to 8% and 10% oxygen, respectively (Table 1). The vasodilation of
parenchymal capillaries continued over 3 weeks: 1.8 = 0.5 and 1.4 + 0.3 fold
relative to that of the prehypoxic condition. This increase was significantly higher
than both the penetrating arterioles (1.4 = 0.2 times) and emerging veins (1.3 £ 0.2
times) under the 8% oxygen condition but not the 10% oxygen condition (1.2 £
0.2 fold for arterioles and 1.3 £ 0.2 fold for veins). Consequently, the vessel
surface area increased by 1.5 + 0.4, 1.8 + 0.7, and 1.2 + 0.3 fold for arterioles,
capillaries, and veins after 3 weeks under 8% oxygen exposure and by 1.2 + 0.3,
1.4 £ 0.5, and 1.3 0.3 fold for 10% oxygen, respectively. In addition, the vessel
volume was 2.1 £ 0.9, 3.5 £ 2.5, and 1.7 £ 0.6 times larger for 8% oxygen and 1.6
+ 0.5, 2.1 £ 1.6, and 1.6 £ 0.6 times larger for 10% oxygen. These results show
that depending on the level of hypoxia, vascular restructuring was induced for
different vessel types. In particular, the lower oxygen level (8%) caused a
predominant increase in the parenchymal capillary volumes, indicating that
several mechanisms may be participating in the hypoxia-induced restructuring of
cortical microvasculature. Future studies are needed to investigate the mechanism
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of oxygen level sensing and the driving force leading to a change in the capillary
diameter to further understand the mechanism involved in maintaining tissue
oxygen homeostasis in the brain.

4. Conclusions

The present study quantified hypoxia-induced restructuring of cerebral
microvasculature based on 3D network pathways measured with two-photon
microscopy at the same locations within mouse brains over one month. We found
that hypoxia-induced vasodilation occurred predominantly in the parenchymal
capillaries, indicating that parenchymal capillaries are the major site responding to
the chronic hypoxic environment.
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Table 1 Vessel diameter and length measurements of single pathways from a
penetrating arteriole (A) to the emerging vein (V) through parenchymal capillaries
(C, <7 um in diameter) during chronic hypoxia

i) 8% O, (n=5)

Diameter (pum) Length (um)
(total#)  day0 day7  dayl4d  day2l day0 day7 day14  day2l
A(32) 1145 14+5 15+5 16+6 T1+41  78%£39 764l  T7+38

C(61) 49+09 68+13 75+17 85+19 68+48 6949 67+46 67+46
V(23) 17£9  21+£10 23£]12  23+13 91+69 8866 86+6l 81+58

i) 10% O, (n=5)

Diameter (um) Length (um)
(total#)  dayO day7 dayl4  day2l day0 day7 dayl4  day2l
A@2) 146 17+£7 18+7 18£7 126+108  123+108 122+106 123+106

C(69) 50+10 59+14 64+15 67+18 61+37 62+36 60+36 6135
V@) 178 1948 2049  21+10 136127 141+12  134+121 133119
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¥ W haml
Figure 1. Methods for measuring vessel diameter and length. (a) Reconstructed
volume image of parenchymal microvasculature; binarized from 3D image that
was reconstructed by rendering obtained 2D x-y images. (b) Selection of a single
vessel pathway; the selection criterion was to have the entire connection from the
surface arteriole to the surface venule visible within the image. (¢) Segmentation
and measurement of the length of individual vessel segments. (d) Manual
measurement of vessel diameter in the image.



Figure 2. The 3D imaging of cortical microvasculature with two-photon
microscopy. Volume images (0.46x0.46x0.80 mm’) were obtained from day 0
(start of exposure to 10% oxygen) to day 31 for the identical region within the
cortex. The upper panels show the maximum intensity projected images in the x-y
plane (0.46x0.46 mm?), and the lower panels show the 3D reconstructed images.
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Chapter 23
Dynamic Two-Photon Imaging of Cerebral

Microcirculation Using Fluorescently Labeled
Red Blood Cells and Plasma

Kazuto Masameoto, Hiroshi Kawaguchi, Hiroshi Ito, and Iwao Kanno

Abstract To explore the spatiotemporal dynamics of red blood cells (RBCs) and
plasma flow in three-dimensional (3D) microvascular networks of the cerebral cor-
tex, we performed two-photon microscopic imaging of the cortical microvasculature
in genetically engineered rats in which the RBCs endogenously express green
fluorescent protein (GFP). Water-soluble quantum dots (Qdots) were injected intra-
venously into the animals to label the plasma, and concurrent imaging was performed
for GFP-RBCs and Qdot plasma. The RBC and plasma distributions were compared
between resting state and forepaw stimulation-induced neural activation. The RBC
and plasma images showed detectable signals up to a depth of 0.4 and 0.6 mm from
the cortical surface, respectively. A thicker plasma layer (2-5 pum) was seen in venous
vessels relative to the arterial vessels. In response to neural activation, the RBCs
were redistributed among the parenchymal capillary networks. In addition, individ-
ual capillaries showed a variable ratio of RBC and plasma distributions before and
after activation, indicative of dynamic changes of hematocrit in single capillaries.
These results demonstrate that this transgenic animal model may be useful in further
investigating the mechanism that controls dynamic RBC flow in single capillaries
and among multiple capillary networks of the cerebral microcirculation.
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1 Introduction

Two-photon microscopy allows for three-dimensional (3D) microscopic imaging of
animal brains in vivo with deep penetration of near-infrared excitation light [1, 2].
In previous studies, we have shown that 3D images of cortical microvasculature can
be obtained up to a depth of 0.6 mm in rats with thinned skulls [3] and 0.8 mm in
mice with a closed cranial window [4]. However, these studies are limited to only
structural imaging and are not investigated for measuring blood flow, which is of
particular importance for understanding oxygen transport to tissues in living brains.

With two-photon microscopy, Kleinfeld et al. introduced a line-scanning method
for measuring red blood cell (RBC) speed in single capillaries [5]. Later studies have
successfully employed a variety of methods for the quantification of capillary RBC
speed [6—11]. With a high-speed frame rate (500 frames/s), Tomita et al. created a 2D
RBC speed map inrat and mouse cerebral cortex [ 12—14]. In their studies, fluorescently
labeled RBCs were injected to create contrast within the circulation, which allows
for the tracking of individual RBCs in multiple vessels simultaneously using a confo-
cal laser-scanning microscope. However, the labeled RBCs represent only a portion
of the RBCs resident in the circulation, and thus, vessel occupancy of the RBCs rela-
tive to plasma levels, i.e., hematocrit, cannot be resolved using this technique.

In the present study, we performed dynamic two-photon imaging of cortical
microvasculature using genetically engineered rats in which whole RBCs were
endogenously labeled with green fluorescent protein (GFP). In addition, we injected
the animals with water-soluble quantum dots (Qdots) that act as a plasma marker
[15]. The selected Qdots had a peak emission in the red spectrum at a wavelength of
605 nm, which allowed for simultaneous imaging of GFP-RBCs and Qdot plasma.
We compared RBC and plasma distributions in single capillaries and among multi-
ple capillaries under the conditions of rest and forepaw stimulation-induced activa-
tion in the somatosensory cortex.

2 Materials and Methods

2.1 Animal Preparation

All experimental protocols were approved by the Institutional Animal Care and Use
Committee. A total of eight male transgenic Wistar rats (250-480 g) were used for
the experiments. The animals were anesthetized with 2% isoflurane for surgery and
1.4% for experiments. Intubation was performed for mechanical ventilation. The
femoral artery was catheterized with a PES0 tube for monitoring the arterial blood
pressure and blood gas sampling, and the femoral vein was catheterized with a PE10
tube for drug administration. The rectal temperature was maintained at 37°C. The
animal was fixed on a stereotactic frame, and the left somatosensory cortex was
exposed by removing the skull with a dental drill, leaving a layer of thinned dura.
The exposed area was covered with warm saline (37°C), and the experiments were




