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Intravital cell imaging of the cerebral cortex upon

ischemia-reperfusion in rats

Summary

In this study, we established a new semi-quantitative analysis system that can
spatiotemporally detect the cortical intracellular production of reactive oxygen species
(ROS). Ischemia/reperfusion-dependent production of superoxide radical (-O;) and
hydroxyl radical (‘OH) were measured by intravital imaging. Transient (10min)
forebrain ischemia (4-vessel occlusion) followed by 20-minute reperfusion was induced
by coagulating bilateral vertebral arteries and occluding bilateral common carotid
arteries with balloon occluders. Then the fluorescence changes of MitoSOX (a
fluorescent indicator for mitochondrial -O,” generation) or hydroxyphenyl fluorescein
(HPF, a fluorescent indicator for -OH production) in the cortex were measured under a
confocal microscope. In the present study, the intravital imaging indicated that -O, and
‘OH production increased in the early period of reperfusion but not during the ischemia.
Especially, during reperfusion, production of -OH, toxic reactive oxygen species, was

more dominant than -O5".

Key words:

forebrain ischemia, reactive oxygen species, intravital imaging, cerebral cortex
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Introduction

Free radicals contribute to the cell damage in brain ischemia (Cross CE et al., 1987).
Cerebral ischemia and reperfusion enhance production of reactive oxygen species
(ROS), which can cause membrane damage or enzyme inactivation due to lipid
peroxidation and/or protein oxidation (Floyd RA and Carney JM, 1992; Halliwell B,
1992), resulting in disruption of cellular homeostasis. Thus sensitive, specific, and
reliable methods to detect changes in ROS are essential to understand the roles of these
substances in the both normal and diseased states.

Several studies using electron-spin resonance showed increased oxygen free
radical formation during ischemia (Zini I et al., 1992; Phillis JW and Sen S 1993;
Piantadosi CA and Zhang J, 1996). However, the results remain controversial. Oliver
CN et al. showed no evidence ofv increased free radicals at the end of 10-min ischemia
in gerbil (Oliver CN et al., 1990). In the present study, to analyze the controversial issue,
we tried to establish a new semi-quantitative analysis system that could
spatiotemporally detect the cortical intracellular oxygen radical changes of adult rat
brain, and sought to determine how the production of oxygen radicals could change in

ischemia-reperfusion.

Methods

Adult male Sprague-Dawley rats (300 g, SLC Inc., Japan) were anesthetized and
spontaneously ventilated. After instrumentation, bilateral vertebral arteries were
coagulated, and transient (10 min) forebrain ischemia was induced by occluding
bilateral common carotid arteries with balloon occluders (Unique Medical Inc. Tokyo,
Japan). The regional cerebral blood flow (rCBF) was measured by laser-Doppler
flowmetry.

To observe the oxygen radical production, cranial window (3x3mm, center at

3.6 mm caudal and 2 mm lateral to the Bregma) was made over the frontal cortex, and a
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fluorescent dye (2.5 pl) was microinjected (by pressurized bolus injection) into the
cortical region. MitoSOX (5uM, Ex/Em=510/580nm, Molecular probes, Invitrogen,
USA), a fluorescent dye for mitochondrial superoxide radical (-O,") production, was
used. To measure hydroxyl radical (-OH) production, hydroxyphenyl fluorescein (HPF)
(20 uM, Ex/Em=490/515nm, Daiichi Pure Chemicals, Japan), a fluorescent -OH
indicator, was used. After microinjection, closed cranial window was made over the
cortex, and the fluorescence images were taken under a microscope (BXSOWI,
Olympus, Japan) equipped with a confocal scanner of a microlens-attached

Nipkow-disk (CSU-21, Yokogawa, Japan) every 30 s before and after 10-min ischemia.

Results

1. rCBF change during ischemia and reperfusion in the cortex
Mean arterial pressure and blood

gases were within normal limits for 1503
anesthetized rats, and did not differ ischemia
among the groups. During 10-min
ischemia, the rCBF (mean + SD, n=6) 100

dropped to 29 = 7 %, and returned to

the baseline level with a slight

50

Percent CBF

hyperemia after reperfusion (Fig 1).

2. Changes in the fluorescence

intensity of MitoSOX and HPF in 0

the cortex Time (min)

In the control animals without

Fig. 1 rCBF change following 4-vessel occlusion
ischemia, ‘O, and ‘OH did not The rCBF of cortex (mean + SD, n=6) was
o ) approximately 29 + 7 % of baseline during 4-vessel
significantly increase (n=3/each). occlusion. At the onset of reperfusion, the rCBF
returned to the base-line in 6 minutes with a

During 10-min  ischemia, the hyperemic peak.
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fluorescence intensity of MitoSOX (n=5) began to significantly increase at the 5 min
after the onset of ischemia, reached to 160+13% at the end of ischemia, and persistently
increased up to 186+20% during 20-min reperfusion (Fig 2 and 3). The -fluorescence
intensity of HPF (n=5) started to increase at the 5 min after the onset of ischemia,
elevated to 131£12% at the end of ischemia, and persistently increased up to 183+10%

during reperfusion (Fig. 2).

Fig. 2 Representative fluorescence images of MitoSox (a-c) and HPF (d-f)
Images were taken before ischemia (a, d), 10 min after ischemia (b, e), and 10 min after
reperfusion (c, f). Scale bar = 100 pm.

3. Effect of ischemia-reperfusion on the fluorescence in the cortex

Since the hemoglobin absorbs both excitation and emission light, ischemia may affect
the fluorescent intensity of dye inside the brain. To analyze the effects of ischemia on
the fluorescence intensity, the fluorescent microspheres (0.2 pm diameter, similar
excitation and emission to those of dye) were microinjected with pulse pressure into the
cortex and the images were taken before and after 10-min ischemia in the same manner
as did in the MitoSOX and HPF imaging.

The fluorescence of microspheres (510/560nm, and 490/515nm, n=3/each)
microinjected in the cortex increased to 130+13.7% of base line during ischemia and
returned to the baseline immediately after reperfusion (Fig. 4). In the fluorescence
imaging, therefore, the data during ischemia was corrected based on the results studied

using microfluospheres.
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Fig. 3 Raw data of the changes in fluorescence intensity of MitoSox upon
ischemia-reperfusion

The change in fluorescence of MitoSox in the cortex was measured.with (M:ischemia) or
without (#:sham operation) ischemia. Note that the fluorescence increased in the ischemia
group.
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Fig. 4 Changes in fluorescence upon ischemia-reperfusion

The change in fluorescence of microfluospheres in the cortex was measured. Note that the
fluorescence increased up to 130% in ischemia and return to baseline in reperfusion.
m:Ex/Em = 480/510 nm (similar to HPF)

A Ex/Em = 520/560 nm (similar to MitoSox)

n =15, values are mean + SD
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4. Corrected data showed the increase in fluorescence intensity only in reperfusion

period

In the MitoSOX group, a transient forebrain ischemia led to a low increase of MitoSOX
fluorescence (up to 125+11%); but during reperfusion, it increased significantly up to
179+£18% (Fig 5). In the HPF group, no increase in the fluorescence intensity was
observed during 10-min ischemia. However following reperfusion, it significantly

increased to 187+10% over the baseline (Fig 6).
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Fig. 5 ‘O, production corrected with the data obtained by microfluospheres

The change in fluorescence of MitoSox in the cortex was measured.with (M:ischemia) or
without (#:sham operation) ischemia, and the data were corrected with the results using
microfluospheres. Note that the fluorescence increased in the ischemia group only in
reperfusion period. Values are mean + SD,

p<0.01 MitoSox ischemia vs. sham operation (n=5)
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Fig. 6 ‘OH production corrected with the data obtained by microfluospheres

The change in fluorescence of HPF in the cortex was measured.with (M:ischemia) or
without (#:sham operation) ischemia, and the data were corrected with the results using
microfluospheres. Note that the fluorescence increased in the ischemia group only in
reperfusion period. Values are mean + SD,

*p<0.01 HPF ischemia vs. sham operation (n=5)

Comments

In the present study, the intravital imaging indicated that ‘O, and ‘OH production
increased in the early period of reperfusion but not during the ischemia in rats.
Especially, during the early period of reperfusion, production of -OH, toxic reactive
oxygen species, persistently increased, while ‘O,” did not do so. Our system allows us to
observe real-time production of oxygen radicals, which is useful for investigating the
pathological roles of free radical in the brain. Finally, we emphasize: 1) the effect of
ischemia should be carefully analyzed in the study of intravital fluorescence imaging;

and 2) our method using microsphere is useful.



22

References

Cross, C.E., et al., Oxygen radicals and human disease. Ann Intern Med 107:526-45,
1987

Floyd, R.A. and J.M. Carney, Free radical damage to protein and DNA: mechanisms
involved and relevant observations on brain undergoing oxidative stress. Ann Neurol 32

Suppl:S22-27, 1992

Halliwell, B. Reactive oxygen species and the central nervous system. J Neurochem,

59:1609-1623, 1992

Oliver, C.N,, et al., Oxidative damage to brain proteins, loss of glutamine synthetase
activity, and production of free radicals during ischemia/reperfusion-induced injury to

gerbil brain. Proc Natl Acad Sci U S A, 87: 5144-5147, 1990

Phillis, JW. and S. Sen, Oxypurinol attenuates hydroxyl radical production during
ischemia/reperfusion injury of the rat cerebral cortex: an ESR study. Brain Res,
628:309-312.1993

Piantadosi, C.A. and J. Zhang, Mitochondrial generation of reactive oxygen species

after brain ischemia in the rat. Stroke, 27:327-331, 1996

Zini, L, et al., Detection of free radicals during brain ischemia and reperfusion by spin

trapping and microdialysis. Neurosci Lett, 138:279-282, 1992



23

Intravital cell imaging of the hippocampus in transient

forebrain ischemia in rats

Summary

In the present study, we sought to determine, in rats, the [Ca®']; changes following
transient forebrain ischemia in hippocampus. In anesthetized, spontaneously ventilated
Sprague-Dawley rats (300 g),.transient forebrain ischemia was induced. To obtain the
intravital fluorescence image, we employed an imaging fiber bundle (1.0 mm outer
diameter) including 20,000 fibers (4.5 um outer. diameter) coupled to the
microlens-attached Nipkow-disk scanner (CSU-21, Yokogawa, Japan) equipped with
10x objective lens. This fiber-coupled confocal microscope (FCM) is capable to
observe the confocal image just under the fibers. FCM was inserted stereotaxically into
CAl and CA3 regions, respectively. Fluo-3/AM (440 pM, 2.5 pl), a [Ca®'); sensitive
fluorescent dye, was microinjected into the brain, and observed before and after
ischemia with FCM. To analyze the effects of ischemia on the fluorescence intensity,
the microfluospheres (0.2 um diameter, similar excitation and emission to those of
Fluo-3) were microinjected into hippocampus and the images were taken in the same
manner as did in [Ca®']; imaging. Four-vessel occlusion decreased regional cerebral
blood flow (rCBF) measured by laser-Doppler flowmetry, to 20-25%. They did not
significantly differ in CA1 and CA3. 10-min forebrain ischemia significantly increased
fluorescence intensity (mean £ SD %) of the microspheres in the hippocampus up to
108 £ 5 (n=4), which declined to the baseline level following reperfusion. In [Ca™];
imaging, therefore, the change in fluorescence during ischemia was corrected. During
10-min ischemia, the fluorescence intensity of Fluo-3 slightly increased up to 110 + 9,

and then increased to 134 + 19 at the end of 20-min reperfusion in CAl (n=4). In
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contrast, in CA3 (n=5), the intensity did not change upon ischemia, and at reperfusion
slightly elevated to 108 = 4 without long-iasting increase. During 14-20 min reperfusion,
the [Ca®"); increase in CA1 was statistically larger (p < 0.05) than that in CA3. In CAl,
but not in CA3, transient forebrain ischemia induced long lasting Ca" increase in situ,
whereas it produced similar rCBF changes in these regions. Since the [Ca®']; increase
was significantly larger in CA1 during reperfusion period, it might reach to toxic levels

and then mediate the vulnerability of CA1 against ischemia.

Key words:

forebrain ischemia, calcium ion, intravital imaging, hippocampus
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Introduction

In cultured neurons, the increase in intracellular Ca®* concentration ([Ca®'];) plays a
crucial role in excitotoxicity (Yamamoto S et al., 2003; Matsumoto et al., 2004).
However, in whole animals, calcium response following ischemia remains to be
established. Especially, change in [Ca®"); in the hippocampus upon ischemia remains

unclear, since no method has been available to measure the [Ca®"];

in the deep structure
of brain. In the present study, we sought to determine, in rats, the [Ca®']; changes

following transient forebrain ischemia in hippocampus.

Methods

Adult male Sprague-Dawley rats (300 g, SLC Inc., Japan) were anesthetized and
spontaneously ventilated. After instrumentation, bilateral vertebral arteries were
coagulated, and transient (10 min) forebrain ischemia was induced by occluding
bilateral common carotid arteries with balloon occluders (Unique Medical Inc. Tokyo,
Japan). The regional cerebral blood flow (rCBF) was measured by laser-Doppler
flowmetry.

To obtain the intravital fluorescence image, we employed an imaging fiber
bundle (1.0 mm outer diameter) including 20,000 fibers (4.5 um outer diameter)
coupled to the microlens-attached Nipkow-disk scanner (CSU-21, Yokogawa, Japan)
equipped with 10x objective lens. This fiber-coupled confocal microscope (FCM) is
capable to observe the confocal image just undef the fibers (Sakurai et al.). FCM was
inserted stereotaxically into CA1 and CA3 regions, respectively. Fluo-3/AM (440 puM,
2.5 ul), a [Ca®"); sensitive fluorescent dye, was microinjectéd into the brain, and
observed every 30 s before and after 10-min forebrain ischemia with FCM.

Since the hemoglobin absorbs both excitation and emission light, ischemia may
affect the fluorescent intensity of Fluo-3 inside the brain. To analyze the effects of

ischemia on the fluorescence intensity, the microfluospheres (0.2 pm diameter, similar
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excitation and emission to those of Flu0-3) were microinjected into hippocampus and

the images were taken before and after 10-min ischemia in the same manner as did in

[Ca®"]; imaging.

Results

1. rCBF change during ischemia and reperfusion in the hippocampus

Mean arterial pressure and blood gases were within normal limits for anesthetized rats,
and did not differ among the groups. Four-vessel occlusion decreased CBF (mean +
SD %) measured by laser-Doppler flowmetry, to 25 + 18 (n=6) in CAl and to 20 = 11
(n=6) in CA3 (Fig 1). They did not significantly differ.
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Fig. 1 rCBF change following 4-vessel occlusion in the hippocampus
The rCBF (mean + SD, n=6) of the CA1 region (A) and CA3 region (B) were approximately
20 to 25 % of baseline during 4-vessel occlusion. At the onset of reperfusion, the rCBF

returned to the base-line in 6 minutes with a hyperemic peak. There was no statistical
difference between CA1 and CA3.
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2. Effect of ischemia-reperfusion on the fluorescence in the hippocampus

To obtain the intravital fluorescence image, we employed the FCM, which is capable to

observe the confocal image just under the fibers (Fig. 2) (Sakurai et al. 2006).

First of all, to analyze the effects of cerebral ischemia on the fluorescence inside the
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Fig. 2 Schematic presentation of fiber-coupled
confocal microscope (FCM)

1204

110

1004

ischemia

mean x SEM (n=6)

90

500 1000 1500 2000

Time (sec)

brain, microfluospheres (0.2 pm
diameter, similar Ex and Em to
those of Fluo-3) were observed
using FCM. 10-min forebrain
ischemia increased fluorescence
intensity (mean £ SD %) of the
spheres in the hippocampus up to
109% (n=6), which declined to the
baseline level following
reperfusion. In all measurements,
the ischemia showed significant

increase (Fig 3).

Fig. 3 Change in fluorescence
intensity of microfluospheres
upon ischemia.

Cerebral ischemia significantly
increased fluorescence intensity up
to 109 + 1.5 %.
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3. Changes in the fluorescence intensity of Fluo-3 in the hippocampus upon
ischemia

In [Ca®']; imaging, therefore, the change in fluorescence during ischemia was corrected
based on the results obtained with the microfluospheres. During 10-min ischemia, the
fluorescence intensity of Fluo-3 slightly increased up to 110+9, and then increased to
134+19 at the end of 20-min reperfusion in CA1 (n=6). In contrast, in CA3 (n=5), the
intensity did not change upon ischemia, and at reperfusion slightly elevated to 108+4
without long-lasting increase. During 14-20 min reperfusion, the [Ca®"]; increase in

CA1 was statistically larger (p < 0.05) than that in CA3 (Fig. 4 and 5).

{u) before ischemin {b) 5 min sfiter ischemia {u) before ichemin {b} 5 min sfter ischemin

{c) 10 min sfter mchemia  {d) 10 min efter reperfusion

{e) 15 min sfter reperfusion ({f) 20 min sfter reperfusion {e) 15 min after reperfumion (f) 20 min sfier reperfusion

-y y R Fak o

Fig. 4 Representative [Ca?'); imaging in CA1 (A) and in CA3 (B).
Data were not corrected with the results of microfluospheres. Bar = 100 pm.
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Fig. 5 [Ca’"]; change in CA1 is different from that in CA3 (Corrected data).
Note that during 14-20 min reperfusion, the [Ca®"]; increase in CA1 (A) was statistically larger (p
< 0.05) than that in CA3 (B).

Comments

In CAl, but not in CA3, transient forebrain ischemia induced long lasting Ca”" increase
in situ, whereas it produced similar CBF changes in these regions. Since the [Ca™};
increase was significantly larger in CAl during reperfusion period, it might reach to
toxic levels and then mediate the vulnerability of CA1 against ischemia. Finally, we
emphasize: 1) the effect of ischemia should be carefully analyzed in the study of

intravital fluorescence imaging; and 2) our method using microsphere is useful.
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Monitoring of singlet oxygen for the experimental

photodynamic therapy of the glioma in rats

Summary

Singlet oxygen ('0,) generated in photodynamic therapy (PDT) plays a very important
role to kill the tumor cells. Using a new near infrared-photomultiplier tube (NIR-PMT)
system, we monitored the real-time production of 'O, during PDT and investigated the
relationship between the 'O, production and photodynamic effects. We performed PDT
using S-aminolevulinic acid (ALA), in 9L in vitro glioma cells and in rat subcutaneous
in vivo 9L glioma model. We monitored '0, generation using NIR-PMT system, and
based on the 'O, monitoring, we investigated the relation between 0, production and
photodynamic effects. We could observe the temporal changes of 'O, production during
PDT. At a low fluence rate the 'O, signal gradually decreased with a low peak, while at
a high fluence rate it decreased immediately with a high peak. Consequently, the
cumulative 'O, at. a low fluence rate tended to be higher, which induced a strong
photodynamic effect. A low fluence rate tended to induce apoptotic change, while a
high fluence rate tended to induce necrotic change. The results of this study suggested
that the monitoring of 'O, enables us to predict the photodynamic effect and then allows

us to select the optimal laser conditions for each patient.

Keywords:

glioma, 5-aminolevulinic acid (5-ALA), apopfosis, necrosis, photomultiplier
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Introduction

Photodynamic therapy (PDT) is very useful for several kinds of cancers. PDT is
performed using a photosensitizer, which is selectively taken up and retained by
neoplastic tissue. When activated by a laser, the photosensitizer causes direct cell death
by generating singlet oxygen ('O,) (Weishaupt KR et al. 1976; Schweitzer C and
Schmidt R 2003). If detecting 'O, is possible during PDT, we might be able to
determine the optimal condition of each photosensitizer. In general, 'O, generated by
PDT wundergoes radiant decay, thus resulting in emission at 1270-nm light
(Near-infrared luminescence detection) (Krasnovsky AA, Jr. 1998). For the detection of
near-infrared luminescence, a new NIR-PMT system (H9170-45, Hamamatsu Photonics
K.K., Hamamatsu, Japan) has recently been developed and miniaturized for clinical
-application. In this study, using a new near infrared-photomultiplier tube (NIR-PMT)
system, we monitored the real-time production of 'O, during PDT with
5-aminolevulinic acid (5-ALA) and investigated the felationship between the 'O,

production and photodynamic effects.

Methods

Monitoring system, and Brain tumor cell lines and animals
Using a new NIR-PMT system (H9170-45, Hamamatsu Photonics K.K., Hamamatsu,
Japan), 1270-nm luminescence, which originated from 'O, through the interfered filter,
was collected into the PMT (Fig. 1). The photon counts were integrated every 10 and
15 s for 5-ALA-induced protoporphyrin for the in vitro and the in vivo studies
respectively.

9L glioma cells were cultured for several days in RPMI 1640 medium with
10 % fetal calf serum at 37°C before use. Male Fischer 344 rats (9w) purchased from

SLC Inc. (Hamamatsu, Japan) were used for the inoculation of 9L glioma cells.
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Fig. 1 Principle of the singlet oxygen detection

'0, generated by PDT undergoes radiant decay, thus resulting in emission at 1270-nm
light Using a new near infrared-photomultiplier tube system (H9170-45, Hamamatsu
Photonics K.K., Hamamatsu, Japan), 1270-nm luminescence, which originated from 10,
through the interfered filter, was collected into the PMT.

Monitoring of 'O, production in cultured 9L glioma cells

9L glioma cells were incubated with complete medium containing 10 mM 5-ALA for 4
hours. The samples were removed and immediately transferred to the cuvette and
measured 'O, production during PDT. The sample were irradiated at 80 mW/cm? (400
s), 160 mW/cm? (200 s) and 240 mW/cm? (133 s) (n=3). Total fluence was 32 J/cm’ at
each group. After PDT, tumor cells (1x10* /well) were seeded in 96-well plates and
incubated with fresh medium. The cell viability was determined using the

tetrozolium-based colorimetric (MTT) assay at 24 hours after PDT.

Monitoring of the 'O production in a rat tumor model

9L glioma cells (1x10° cells) were implanted in the skin of rats. 13 days later,
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intratumoral irradiation of the subcutaneous tumors was performed (Yamamoto J et al.
2005) at 30 mW/cm (900 s), 60 mW/cm (450 s) and 120 mW/cm (225 s) 4 h after the
intravenous administration of 5-ALA (100 mg/kg) (n=6). Total fluence was 27 J/cm at
each group.

Thereafter all animals were sacrificed at 48 h after PDT under the deep
anesthesia. The tumor tissue specimens were removed and stained with

2,3,5-triphenyltetrazolium chloride (TTC) to determine the tumor death.

Results

Real-time monitoring of 'O, production during PDT in cultured 9L glioma cells

We could obviously detect the temporal changes of 'O, production during in vitro PDT
using NIR-PMT system (Fig. 2-a,b,c). Under a fixed fluence, the cumulative '0,
production increased as the fluence rate decreased (Fig. 2-d). The statistical differences

between 80 mW/cm” and the other groups were significant (Fig. 2-d).
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Fig. 2 The temporal changes of 'O,
production in 9L cells during PDT.

..................................... g 9L cells were incubated with 5-ALA (10
mM) for 4 h and exposed to laser light
(n=3). The control was incubated without
.......................................... 5-ALA (n=3). Total fluence was 32 J/cm®.
a) 80 mW/cm? (400 s), b) 160 mW/cm®
200 0 o (sec) (200 s), ¢) 240 mW/cm? (133 s). The
cumulative 'O, counts during PDT at
[J 5-ALA ¢ Control each fluence rate (d) Note that the
cumulative 'O, production increased as
the fluence rate decreased. The data

photon counts

represent the mean + SE, # p<0.05
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The cell viability revealed statistical differences between the 5-ALA-treated
group and the irradiation alone group at the same irradiance (Fig. 3). Although no
significant differences were observed among the samples in the irradiation alone group,
the differences between 80 mW/cm? and the other samples were statistically significant

in the 5S-ALA-treated group.
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Fig. 3 Cell viability evaluated by an MTT assay

The control group and the sham group were incubated with neither S-ALA nor
light exposure. The sham group was handled as the irradiation was done but
without any irradiation (sham irradiation). The data were shown as a percentage
of the control value. The data represent the mean + SE, # p<0.05, ##p<0.01.

The types of tumor cell death, ie, apoptosis or necrosis, were analyzed by
fluorescence imaging using annexin V-FITC and PI staining, fluorescence-based cell
death detection. The cell death occurred slowly after PDT in all groups, but the total
number and the proportion varied. The majority of cell death in 80 mW/cm? (100 s) and
80 mW/cm® (200 s) showed early or late apoptosis in any time. On the other hand, the
greater part of the cells in 240 mW/cm” resulted in necrosis (Fig. 4).
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Fig. 4 Proportion of cell death after PDT under different laser conditions

The control was incubated with 5-ALA, but without light exposure. a) 3 h, b) 8 h, ¢) 24 h
after PDT.

Representative images using by annexin V-FITC and PI staining in 9L cells (d)

Left: early apoptotic cell; Note that the cell without swelling was FITC-positive and
Pl-negative. Center: late apoptotic cell; Note that the cell with fragmentated nucleus was
PI-positive. Right: necrotic cell; Note that the swollen cell was FITC- and PI-positive.
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Monitoring of 'O, production in a rat tumor model

The NIR-PMT system could clearly detect the change in 'O, production during PDT in
vivo (Fig. Sa-c). At a low fluence rate, 'O, decreased gradually with a low peak, which
was comparable to the in vitro results. On the other hand, a high fluence rate induced a
high peak, but rapidly decreased the 'O, production. There were no major differences in
'0, signals between control and 5-ALA-treated samples, especially at the fluence rate
of 30 mW/cm and 60 mW/cm. In the animal preparation in vivo, the light inside the
body may show a lot of scattering and can produce noise detected by NIR-PMT system,
inducing the large variation of the data. Although, due to the large variability in the in
vivo study, the cumulative 'O, production did not reached the level of statistical
differences between the control and 5-ALA-treated samples, they tended to decrease as

the fluence rate increased (Fig. 5d), which was comparable to the results in the in vitro

study.
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Despite of the same rate of fluence, a difference in the fluence rate revealed
different photodynamic effects in experimental tumors (Fig. 6). The photodynamic
effect in 30 mW/cm group was the strongest (Fig. 6). The different types of cell death
occurred between 30 mW/cm group and 120 mW/cm group. Though each group
showed the apoptotic changes in the boundary zones between the coagulation necrosis
and the surviving tumor cells, the number of the apoptotic cells was more in 30 mW/cm
group than that in 120 mW/cm group (data not shown). In addition, the
TUNEL-positive cells in the former (98%) also significantly (p<0.01, n=6,) increased in

comparison with the latter (68%).

Fig. 6 The photodynamic
effect evaluated by TTC
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Comments

We have found that the different condition in laser irradiation varied 'O, production
regarding the peak and decay of the 'O, signal. During PDT using 5-ALA, the
irradiation with a low fluence rate shows a long lasting 'O, generation. To the contrary,
a high fluence rate did not do so. Our results indicated that the optimal condition of
irradiation should be decided based on the 0, generation.

The laser irradiation after photobleaching is excessive and may damage normal

tissue (Powers SK, et al. 1991; Walstad D, et al. 1992; Chen Q, et al. 1996). However,
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the duration of irradiation alone cannot predict the occurrence of photobleaching, since
the present study also showed that the fluence rate varied the duration that reached the
photobleaching. Therefore, the generation of 'O, should be monitored during PDT.
When we monitor the 'O, production using the detection system and adjust the laser
fluence rate or laser pattern (continuous or intermittent) during PDT, it must allow us to
perform the appropriate PDT for each patients.

We propose the new NIR-PMT system, used in the present study, to be
appropriate for detecting 'O, signals during PDT. Using this system, we could monitor
the 'O, production during PDT in an experimental tumor model and demonstrated a
relationship between the amounts of 'O, and photodynamic effects. Our new system
detects 'O, production through the optical fiber. Therefore, it can monitor the direct and
focal production of 'O, during PDT in vitro and in vivo. This miniaturized, desktop-size

system must be very useful in a clinical setting.
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INTRAVITAL IMAGING REVEALS THAT TRANSIENT FOREBRAIN
ISCHEMIA INDUCES LONG-LASTING INCREASE IN INTRACELLULAR
CALCIUM ION CONCENTRATION IN RAT HIPPOCAMPAL CA1

S. Yamamoto, Y. Wang, A. Miyakawa, T. Sakurai, K. Ibaraki, S. Terakawa
Photon Medical Research Center, Hamamatsu University School of Medicine,

Hamamatsu, Japan

INTRODUCTION: In cultured neurons, the increase in intracellular Ca*'
concentration ([Ca’'];) plays a crucial role in excitotoxicity. However, in whole animals,
calcium response following ischemia remains to be established. Especially, change in
[Ca®"]; in the hippocampus upon ischemia remains unclear, since no method has been
available to measure the [Ca®"]; in the deep structure of brain. In the present study, we

sought to determine, in rats, the [Ca**]; changes following transient forebrain ischemia

in hippocampus.

METHODS: In anesthetized, spontaneously ventilated SD rats (300 g), bilateral
vertebral arteries were coagulated, and transient forebrain ischemia was induced by
occluding bilateral common carotid arteries with balloon occluders. To obtain the
intravital fluorescence image, we employed an imaging fiber bundle (1.0 mm outer
diameter) including 20,000 fibers (4.5 pum outer diameter) coupled to the
microlens-attached Nipkow-disk scanner (CSU-21, Yokogawa, Japan) equipped with
10x objective lens. This fiber-coupled confocal microscope (FCM) is capable to
observe the confocal image just under the fibers (1). FCM was inserted stereotaxically
into CAl and CA3 regions, respectively. F1u0-3/AM (440 pM, 2.5 pl), a [Ca®™);
sensitive fluorescent dye, was microinjected into the brain, and observed every 30 s
before and after 10-min forebrain ischemia with FCM. Since the hemoglobin absorbs
both excitation and emission light, ischemia may affect the fluorescent intensity of
Fluo-3 inside the brain. To analyze the effects of ischemia on the fluorescence intensity,
the fluorescent beads (0.2 pm diameter, similar excitation and emission to those of

Fluo-3) were microinjected into hippocampus and the images were taken before and
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after 10-min ischemia in the same manner as did in [Ca®']; imaging.

RESULTS: Four-vessel occlusion decreased CBF (mean+SD%) measured by
laser-Doppler flowmetry, to 2518 (n=6) in CA1 and to 20£11 (n=6) in CA3. They did
not significantly differ. 10-min forebrain ischemia increased fluorescence intensity
(mean+SD%) of the beads in the hippocampus up to 108+5 (n=4), which declined to
the baseline level following reperfusion. In all measurements, the ischemia showed
significant increase (102+2, n=12 to 106+4, n=84, p<0.01). In [Ca®™); imaging,
therefore, the change in fluorescence during ischemia was corrected. During 10-min
ischemia, the fluorescence intensity of Fluo-3 slightly increased up to 110+9, and then
increased to 134+19 at the end of 20-min reperfusion in CA1 (n=4). In contrast, in CA3
(n=5), the intensity did not change upon ischemia, and at reperfusion slightly elevated
to 108+4 without long-lasting increase. During 14-20 min reperfusion, the [Ca®");

increase in CA1 was statistically larger (p < 0.05) than that in CA3.

COMMENTS: In CAl, but not in CA3, transient forebrain ischemia induced long
lasting Ca®" increase in situ, whereas it produced similar CBF changes in these regions.
Since the [Ca®']; increase was significantly larger in CA1l during reperfusion period, it

might reach to toxic levels and then mediate the vulnerability of CA1 against ischemia.
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ALPHA-AMINO-3-HYDROXY-5-METHYL-4-ISOXAZOLE PROPIONIC ACID
(AMPA) RAPIDLY INDUCES DNA FRAGMENTATION OF THE
HIPPOCAMPAL NEURONS IN THE INITIAL STAGE OF NECROSIS

K. Ibaraki, S. Yamamoto, Y. Wang, A. Miyakawa, T. Sakurai, S. Terakawa
Photon Medical Research Center, Hamamatsu University School of Medicine,

Hamamatsu, Japan

INTRODUCTION: Under the video enhanced contrast-differential interference
contrast (VEC-DIC) microscope, the intact cultured neurons show large nuclei
containing an amorphous nucleoplasm, and an application of glutamate induces
granular structure inside the nucleus within 20 minutes (1). This nuclear change
corresponds to DNA fragmentation, indicating that the extracellular stimuli would
affect the nuclear DNA in the very early stage of excitotoxicity (2). However, whether
alpha-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid (AMPA) could produce
the comparable change remains unclear. In the present study, we sought to determine

the sole effects of AMPA application on the hippocampal neurons.

METHODS: Dissociated hippocampal cultures were prepared from one-day old Wister
rats, and used for the experiment three weeks later. Morphological changes in
hippocampal neurons induced by AMPA were observed under the VEC-DIC
microscope. To detect the type of cell death, that is, necrosis or apoptosis, hippocampal
neurons were stained following AMPA application with propidium iodide (PI) and
fluorescein-4-isothiocyanate (FITC) conjugated annexin V (annexin V-FITC), and
examined under the fluorescence microécope. DNA fragmentation was assessed using
comet assay, a single cell gel electrophoresis assay. To assess the severity of DNA
fragmentation, we classified DNA damage from grade 1 (no damage) to 5 (severe

damage) by visual scoring.

RESULTS: Under the VEC-DIC microscope, continuous exposure to higher
concentration of AMPA (100 uM, 1 mM) dose-dependently showed the nuclear
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granulation and the cellular swelling within 5 minutes. Although 10 pM-AMPA also
induced the cellular swelling, it did not produce the marked nuclear granulation,
suggesting that the pathway inducing cellular swelling may be distinct from that
inducing nuclear granulation. Non-competitive AMPA receptor antagonist,
GYKI-52466 (50 uM), blocked these morphological changes after continuous exposure
to 100 uM-AMPA for 1 h, while N-methyl-D-aspartate (NMDA) receptor blocker,
MK-801 (20-200 pM), did not do so, indicating that AMPA mediated toxicity
independently of NMDA receptor activation. The staining with PI and annexin V-FITC
revealed that AMPA (100 pM, 1 mM) induced necrosis but not apoptosis in dose
dependent manner. The treatment with AMPA (100 uM, 1 mM) for 1 h significantly

increased the percentage of grade 4, severer DNA fragmentation in comet assay.

COMMENTS: In hippocampal neurons, AMPA receptor stimulation alone,
independently of NMDA receptor, induces the cellular swelling and the nuclear
granulation in the very early stage of necrosis. The granular change in the nucleus
observed under the VEC-DIC microscope corresponds to DNA fragmentation. Our
results suggest that: 1) even in the process of necrosis, the extracellular stimuli to the
AMPA receptor rapidly produce the nuclear signal to induce DNA fragmentation; and
2) the pathway inducing DNA fragmentation may be less sensitive to AMPA receptor

activation as compared with that inducing cellular swelling.
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OXYGEN RADICAL PRODUCTION IN RAT ISCHEMIC BRAIN MEASURED
BY INTRAVITAL FLUORESCENCE IMAGING

Yong Wang, Seiji Yamamoto, Atsuo Miyakawa, Takashi Sakurai, Kyoko Ibaraki,
Susumu Terakawa
Photon Medical Research Center, Hamamatsu University School of Medicine,

Hamamatsu, Japan

INTRODUCTION: Several studies using electron-spin resonance showed increased
oxygen free radical formation during ischemia. However, the results remain
controversial. In the present study, to analyze the controversial issue, we tried to
establish a new semi-quantitative analysis system that could spatiotemporally detect the
cortical intracellular oxygen radical changes of adult rat brain, and sought to determine

how the production of oxygen radicals could change in ischemia-reperfusion.

METHODS: Adult male SD rats (300 g) were anesthetized and spontaneously
ventilated. After instrumentation, bilateral vertebral arteries were coagulated, and
transient (10 min) forebrain ischemia was induced by occluding bilateral common
carotid arteries with balloon occluders. The regional cerebral blood flow (rCBF) was
measured by laser-Doppler flowmetry. To observe the oxygen radical production,
cranial window was made over the frontal cortex, and a fluorescent dye (2.5 pl) was
microinjected to the cortical region. To measure superoxide radical (-O;") production,
MitoSOX Red (5uM, Molecular Probes), a fluorescent dye for mitochondrial -O;" , was
used, and to measure hydroxyl radical (-OH) production, Hydroxyphenyl Fluorescein
(20 pM, Daiichi Pure Chemicals, Japan), a fluorescent -OH indicator, was used. After
microinjection, closed cranial window was made over the cortex, and the fluorescence
images were taken under a microscope (BX50WI, Olympus) equipped with a confocal
scanner of a microlens-attached Nipkow-disk (CSU-21, Yokogawa, Japan) every 30 s
before and after 10-min ischemia. The free radical scavenger, edaravon
(3-methyl-1-phenyl-2-pyrazolin-5-one, Mitsubishi Pharma Corporation, Japan), which

has been developed as a neuroprotective agent, is approved for the treatment of acute
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cerebral infarction in Japan. To test the feasibility of our intravital imaging system,

edaravon (3.0 mg/kg) was intravenously injected 5 min before ischemia, and measured

‘O, and -OH.

RESULTS: Mean arterial pressure and blood gases were within normal limits for
anesthetized rats, and did not differ among the groups. In the control animals without
ischemia, ‘O," and ‘OH did not significantly increase (n=3/each). During 10-min
ischemia, the rCBF (mean+SD) dropped to 29+7% (n=6). The ‘O, production (n=5)
began to significantly increase at the 5 min after the onset of ischemia, reached to
160+13% at the end of ischemia, and persistently increased up to 186+20% during
20-min reperfusion. The -OH production (n=>5) started to increase at the 5 min after the
onset of ischemia, elevated to 131+12% at the end of ischemia, and persistently
increased up to 183+10% during reperfusion. The treatment with edaravon completely

scavenged -OH to the control level (p<0.01, n=3), but did not do so in -O, generation
(n=5).

COMMENTS: In the present study, the intravital imaging indicated that -O, and -OH
production increased in the ischemia and reperfusion in rats. Whereas ischemia
(ischemic rCBF=30%) produced oxygen radicals, reperfusion strongly enhanced the
production. Especially, during reperfusion, production of -OH, toxic reactive oxygen
species, was more than -O,". Our system allows us to observe real-time production of

oxygen radicals, which is useful for investigating the pathological roles of free radical

in the brain.
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