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Abstract
Recent studies have shown that similar to cerebral gray matter (mainly composed of neuronal
perikarya), white matter (composed of axons and glias) is vulnerable to ischemia. Edaravone, a
free radical scavenger, has neuroprotective effects against focal cerebral ischemia even in humans.
In this study, we investigated the time course and the severity of both gray and white matter
damage following global cerebral ischemia by cardiac arrest, and examined whether edaravone
protected the gray and the white matter. Male Sprague-Dawley rats were used. Global cerebral
ischemia was induced by 5 minutes of cardiac arrest and resuscitation (CAR). Edaravone, 3 mg/
kg, was administered intravenously either immediately or 60 minutes after CAR. The
morphological damage was assessed by cresyl violet staining. The microtubule-associated protein
2 (a maker of neuronal perikarya and dendrites), the β amyloid precursor protein (the
accumulation of which is a maker of axonal damage), and the ionized calcium binding adaptor
molecule 1 (a marker of microglia) were stained for immunohistochemical analysis. Significant
neuronal perikaryal damage and marked microglial activation were observed in the hippocampal
CA1 region with little axonal damage one week after CAR. Two weeks after CAR, the perikaryal
damage and microglial activation were unchanged, but obvious axonal damage occurred.
Administration of edaravone 60 minutes after CAR significantly mitigated the perikaryal damage,
the axonal damage, and the microglial activation. Our results show that axonal damage develops
slower than perikaryal damage and that edaravone can protect both gray and white matter after
CAR in rats.
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1. Introduction
Transient global cerebral ischemia, the most common clinical feature of which is circulatory
arrest, leads to severe neuronal damage in selectively vulnerable brain areas, such as the
hippocampal CA1 region, medium-sized neurons in the striatum, and the neocortical
neurons in layers 3, 5 and 6, in both experimental animals and humans (Horn and Schlote,
1992; Kirino, 1982; Petito et al., 1987; Pulsinelli et al., 1982). A number of promising
neuroprotective drugs for cerebral ischemia, especially for focal ischemia, have been
proposed for preclinical testing, but almost all of these drugs have been found disappointing
in clinical trials (Gladstone et al., 2002). One of the reasons why these neuroprotective drugs
do not demonstrate obvious clinical benefits is the fact that preclinical studies have
concentrated exclusively on protection of cerebral gray matter, i.e., neuronal perikarya.
However, damage of white matter, which is composed of myelinated axons and glias,
specifically oligodendrocytes, following acute cerebral ischemia and the effects of
neuroprotective drugs on white matter have been largely neglected (Gladstone et al., 2002).
Protecting only neuronal perikarya from ischemic insults is of little benefit to maintain
neuronal function if their axons are not being protected, and thus Dewar et al. have
emphasized that “total brain protection”, in which not only gray matter but also white matter
should be protected, is important and necessary (Dewar et al., 1999).

Cerebral white matter is as vulnerable to ischemic insults as cerebral gray matter (Pantoni et
al., 1996), although the pathophysiology and mechanisms of white matter damage differ in
certain ways from those of gray matter damage (Dewar et al., 1999; Gladstone et al., 2002).
For example, glutamatergic NMDA receptors are not expressed in axons and
oligodendrocytes. As a consequence, blockade of Na+ channels and AMPA/kinate receptors
is more important for white matter to maintain Ca2+ homeostasis during ischemia (Dewar et
al., 1999). Actually, MK-801, which markedly reduces ischemic damage to neuronal
perikarya, had no protective effect on axonal damage following middle cerebral artery
occlusion (Yam et al., 2000).

There is increasing evidence that oxidative stress following ischemia-reperfusion contributes
to neuronal damage (Liachenko et al., 2003). Edaravone (3-Methyl-1-phenyl-2-pyrazolin-5-
one) is a free radical scavenger and clinically available in Japan (Yoneda et al., 2003). It has
been demonstrated that edaravone has a neuroprotective effect on focal cerebral ischemia
(Abe et al., 1988; Amemiya et al., 2005), while there is no consensus about edaravone’s
neuroprotective effect on global cerebral ischemia (Jin et al., 2002; Otani et al., 2005). To
our knowledge, there is no report on edaravone’s effect on cerebral white matter damage.
We hypothesized that edaravone would be effective in protecting not only gray matter but
also white matter against cerebral ischemia, because white matter is abundant in lipid which
can be peroxidized following ischemia-reperfusion insults.

The aim of this study was to investigate firstly, the time course and the severity of both gray
and white matter damage following global cerebral ischemia after cardiac arrest and
secondly, the effect of edaravone on reducing gray and white matter damage.

2. Results
2. 1. Physiological Variables

Fig. 1 shows the schematic diagram depicting the experimental protocol. Fifty rats were
randomly assigned to one of 5 groups (in each group, n = 10): Sham group, Isc1 group, Isc2
group, Edv0 group, and Edv60 group. Seven out of 50 rats (three rats in Isc1, two in Isc2,
and two in Edv60 group were excluded from the study because of massive bleeding during
operation.
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Table 1 summarizes the physiological variables before and after cardiac arrest and
resuscitation (CAR). The pH, pO2, pCO2, and blood glucose were all within the normal
physiological range before cardiac arrest and were not statistically different among the
groups. Cardiac arrest time was not statistically different among the groups. After CAR, rats
in the Isc2 group showed a significantly lower PaO2 than the Sham group.

2. 2. Neurologic Deficit Scores
Neurologic deficit scores (Jomura et al., 2007; Neumar et al., 1995) did not change after
CAR in any group and showed almost full marks without paralysis (data is not shown).

2. 3. Time Course and Severity of Neuronal Damage Induced by Global Cerebral Ischemia
Fig. 2 shows representative photomicrographs of the hippocampal CA1 region. In the Sham
group, almost all neurons appeared healthy and showed round nuclei with dark cell bodies in
cresyl violet staining (Fig. 2, A1). In contrast, there were numerous damaged neurons with
pyknotic nuclei (the condensation of chromatin) and karyorhexis (the fragmentation of the
nucleus) in the ischemic groups (Fig. 2, A2 and A3). The CAR caused a significant decrease
in the number of surviving neurons in the hippocampal CA1 region (Fig. 3A). There was not
significant difference between the number of surviving neurons in the Isc1 and Isc2 groups,
which differed only in the recovery time, indicating that the neuronal perikaryal damage was
fully established within a week after the CAR. Moreover, the ischemia caused an extensive
decrease in microtubule-associated protein 2 (MAP2) expression in the hippocampal CA1
region (Fig. 2, B2 and B3). Fig. 3B shows the significant quantitative decrease in MAP2
expression in the CA1 region. The β amyloid precursor protein (βAPP) accumulation in the
hippocampal CA1 region was quite low in the Sham and the Isc1 groups (Fig. 2, D1 and
D2), but the global cerebral ischemia caused extensive βAPP accumulation 2 weeks after
CAR (Fig. 2, D3 and Fig. 3C). Interestingly, βAPP accumulation following the global
ischemia in axon-rich brain areas, such as the caudate putamen and the internal and external
capsules, were sparse and some accumulation of βAPP was observed in the corpus callosum
2 weeks but not 1 week after CAR (Fig. 4, A2–3). Microglias were significantly activated at
1–2 weeks after CAR (Fig. 2, E1– 3).

2. 4. Effects of Edaravone on Neuronal Perikaryal Damage and Axonal Damage
Edaravone potently protected the brain against neuronal damage in the hippocampal CA1
region following global cerebral ischemia (Fig. 2, A4 and A5). The number of surviving
neurons in the Edv60 group was significantly greater than in the Isc1 and Isc2 groups (Fig.
3, A). The number of surviving neurons in the Edv0 and Edv60 groups was not significantly
different from that in the Sham group, indicating that edaravone restored the neuronal
survivability to the control level (Fig. 3A). Furthermore, MAP2 staining confirmed that
edaravone provided a significant neuroprotective effect against CAR (Fig. 2, B4 and B5).
The bar graphs in Fig. 3B show that edaravone protected hippocampus against the MAP2
disruption nearly to the control level. In addition, edaravone significantly reduced the βAPP
accumulation in the hippocampal CA1 region almost to the control (the Sham) level (Fig. 2,
D1, D4, D5, and Fig. 3C). The βAPP accumulation in the corpus callosum was also
attenuated by edaravone (Fig. 4, A3 and A4). The activation of microglias was significantly
suppressed by edaravone (Fig. 2, E4 and E5 and Fig. 3D)

3. Discussion
The novel findings of this study are that axonal (white matter) damage develops slower than
neuronal perikaryal (gray matter) damage, and that edaravone exerts significant protection
against not only gray matter damage but also white matter damage induced by global
cerebral ischemia.
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It has been demonstrated that damage to hippocampal pyramidal neurons is delayed and is
generally not fully developed until 5–7 days after reperfusion in animal models of forebrain
ischemia (Kirino, 1982; Pulsinelli et al., 1982). We confirmed that neuronal perikaryal
damage in the hippocampal CA1 region was apparent and completed by 1 week after CAR,
whereas axonal damage was absent one week after CAR and only becoming clearly evident
2 weeks after CAR. Based on these results, we recommend that, in in vivo studies, the
observation period following cerebral ischemia should be extended to a minimum of 2
weeks. Otherwise it is difficult to assess the efficacy of a drug with a potential for so-called
“total brain protection (Dewar et al., 1999)” against cerebral ischemia. In this study, we
examined the neuronal perikaryal damage using both the conventional cresyl violet staining
and the MAP2 immunohistochemistry. Neuronal perikarya and dendrites express MAP2,
which binds to and stabilizes microtubules, and may help to regulate microtubule spacing
(Matus, 1988). A loss of MAP2 expression can be used as a sensitive and reliable marker of
neuronal damage (Arai et al., 1994; Kitagawa et al., 1989). To evaluate axonal damage, the
accumulation of the βAPP was investigated. βAPP is usually produced within neurons at a
concentration lying below the detection threshold (Beeson et al., 1994; Koo et al., 1990; Lin
et al., 1999), and it accumulates in the axon, less often within the neuronal cell body, when
the fast anterograde axonal transport is disrupted following brain damage, such as ischemia
(Koo et al., 1990; Yam et al., 1998). It is generally accepted that βAPP accumulation is a
good marker of axonal damage (Lin et al., 1999; van Groen et al., 2005).

White matter is traditionally considered less vulnerable than gray matter to ischemic insults
(Marcoux et al., 1982). However, recent studies have shown that white matter is also
vulnerable to ischemia (Dewar et al., 1999; Hirko et al., 2008; Pantoni et al., 1996; Pantoni
and Garcia, 1997). Characteristic white matter lesions, sometimes in the absence of gray
matter damage, are observed following expose of cyanide, or carbon monoxide (Pantoni et
al., 1996). Such lesions also were observed after chronic cerebral hypoperfusion in a rat
model (Miyamoto et al., 2001). In the present study, we cannot clarify whether the axonal
damage in the CA1 is due to a direct effect of ischemia or a secondary damage of neuronal
perikarya. However, we assume that the axonal damage is due to the direct effect of
ischemia, because Wallerian degeneration in the mammalian central nervous system usually
occurs very slowly, taking months to years to appear (Vargas and Barres, 2007). In addition,
the evidence that there was a lot of βAPP accumulation in the CA1 stratum radiatum, which
contains septal and commissural fibers from the contralateral hippocampus and Schaffer
collateral fibers which are the projection forward from hippocampal CA3 region to the CA1
region, indicates that the axonal damage, at least partly, was induced directly by CAR but
not secondarily after neuronal perikaryal damage because the CA3 neuronal perikarya were
not damaged. Similar to βAPP accumulation in the CA1, βAPP accumulation in the corpus
callosum, which is a representative white matter, was apparent at 2 weeks after the CAR and
suppressed by edaravone.

Edaravone has been clinically used for the treatment of acute cerebral infarction in Japan
since June 2001. Numerous animal studies have demonstrated the neuroprotective effects of
edaravone against focal cerebral ischemia (Abe et al., 1988; Amemiya et al., 2005; Kawai et
al., 1997), but there have been only a few reports which demonstrate that edaravone has
neuroprotective effects against global (forebrain) cerebral ischemia (Otani et al., 2005;
Watanabe et al., 1994; Yamamoto et al., 1997). We chose to use 3 mg/kg of edaravone,
because this dose has been effective neuroprotection in rodent ischemic models (Abe et al.,
1988; Amemiya et al., 2005; Watanabe et al., 1994). While the timing of edaravone
administration was variable in previous studies (Abe et al., 1988; Amemiya et al., 2005;
Otani et al., 2005; Watanabe et al., 1994), it was most often administered before or
immediately after cerebral ischemia and reperfusion. In the present study, we demonstrated
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that edaravone, administered even 60 minutes after CAR, significantly protected not only
gray matter but also white matter against ischemia.

Recent studies have shown that oxidative stress plays a pivotal role on brain damage
following ischemia-reperfusion insult (Liachenko et al., 2003). Reactive oxygen species
(ROS) induce lipid peroxidation, which can modify various cell membrane functions, such
as neurotransmitter release and uptake, those of ion-channels, ion-motive ATPases, and
GTP-binding proteins, leading to impaired mitochondrial function, resulting in apoptosis
(Mattson, 1998). Our result showing greatly reduced axonal damage after edaravone
treatment seems quite reasonable because white matter is abundant in lipid. The evidence
that edaravone suppressed microglial activation suggests that edaravone exerted
neuroprotection as a radical scavenger, because activated microglias produce ROS, which
can cause neuronal damage and amplify the inflammatory response of microglias (Block et
al., 2007). Although some authors have previously reported that free radical scavengers
mitigate white matter damage in rodent brain ischemia models (Imai et al., 2001; Irving et
al., 1997; Lin et al., 2006), they used radical scavengers other than edaravone and their
cerebral ischemia models were different from ours. Moreover, as 60 minutes after CAR is a
sufficiently long therapeutic time window in the clinical setting, edaravone seems to be a
promising neuroprotective drug against global cerebral ischemia.

In conclusion, using a cardiac arrest model in rats, we demonstrated that white matter
damage develops slower than gray matter damage in the hippocampal CA1 region, and
edaravone, administered 60 minutes after CAR, significantly protected not only gray matter
but also white matter. Our results indicate that the use of edaravone as a “total brain
protection (Dewar et al., 1999)” drug against global cerebral ischemia in the clinical setting
should be explored and evaluated.

4. Experimental Procedure
4.1. Animal Model

The study was approved by the Animal Research Committee at Kansai Medical University.
Adult male Sprague-Dawley rats (Shimizu Laboratory Supplies Co., Ltd, Kyoto, Japan)
weighing 210 to 290 g were used. Fifty rats were randomly assigned to one of five groups
(Fig. 1). In the Sham group, rats were subjected to the same surgical procedure except for
CAR. The Isc1 and Isc2 group rats were subjected to 5 minutes cardiac arrest and given
physiologic saline intravenously immediately after CAR. The Edv0 and Edv60 group rats
were subjected to 5 minutes cardiac arrest and treated with intravenous administration of 3
mg/kg edaravone immediately or 60 minutes after CAR, respectively.

Transient global ischemia was induced by the CAR technique as described previously
(Jomura et al., 2007; Liachenko et al., 1998; Liachenko et al., 2001) with slight
modifications. Under isoflurane anesthesia, rats were orotracheally intubated and
mechanically ventilated. Rats were paralyzed by the intravenous administration of
pancuronium bromide (1.5 mg/kg). Anesthesia was maintained with 1 to 2% isoflurane in
60% O2 unless otherwise stated. The temporalis muscle temperature was monitored and
maintained at 36.5 ± 0.5 °C during the surgical procedure using a feedback controlled
heating blanket. Before the induction of cardiac arrest, the arterial blood pH and gases were
measured using an i-STAT portable clinical analyzer 300F (FUSO pharmaceutical
industries, Ltd., Osaka, Japan). The arterial blood glucose was measured using Medisafe
Mini MS-GK03V (Terumo Co., Tokyo, Japan).

Cardiac arrest was induced by an ultra-short-acting β1 -blocker, esmolol (7 mg), followed by
the stoppage of mechanical ventilation. At this point, a sharp decrease in the mean arterial

Kubo et al. Page 5

Brain Res. Author manuscript; available in PMC 2012 July 03.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



pressure to less than 10 mmHg was considered as the induction of cardiac arrest. Strictly 5
minutes after the induction of cardiac arrest, resuscitation was performed by retrograde
infusion of oxygenated blood mixed with a resuscitation mixture containing heparin (8 U/
ml), sodium bicarbonate (0.05 mEq/ml), and epinephrine (8.5 μg/ml), at the same time
ventilation was started with 100% O2 for 10 minutes. The rats were ventilated for at least 60
minutes and were extubated when sustained spontaneous breathing was observed. Rats were
returned to the cages and followed up for one or two weeks.

4. 2. Neurologic Deficit Scores
Functional damage and recovery were evaluated using neurologic deficit scores (NDS),
which ranges from a score of 500 indicating a neurologically normal rat, to 0 for brain death
(Jomura et al., 2007; Neumar et al., 1995).

4. 3. Histology Analysis
Rats were observed for either 1 week (Sham and Isc1 groups) or 2 weeks (Isc2, Edv0, and
Edv60 groups) after the surgery. Under deep isoflurane anesthesia, rats were perfused with
buffered 10% formalin phosphate and the brains were extracted. The brain sections
containing the dorsal hippocampal region were embedded in paraffin and sliced into 5-μm-
thick coronal sections. The sections were stained with cresyl violet and the hippocampal
CA1 regions were photographed. For immunohistochemical staining, brain sections were
deparaffinized and incubated with mouse monoclonal antibodies against MAP2 (Sigma-
Aldrich, St. Louis, MO) or βAPP (Zymed, South San Francisco, CA), or with a rabbit
polyclonal antibody against Iba-1 (Wako Pure Chemical, Osaka, Japan). The sections were
subsequently incubated with biotinylated anti-mouse IgG for monoclonal antibodies or
biotinylated anti-rabbit IgG for Iba-1 (Vector Laboratories, Burlingame, CA), and then
incubated with an avidin-biotin peroxidase complex solution (Vector Laboratories). The
immunoreactive products were visualized with a solution of 0.02% 3, 3′-diaminobenzidine
tetrahydrochloride containing 0.005% H2O2 in 0.05 M Tris buffer (pH 7.6).

Morphometry and Statistical Analysis—The neuronal and axonal damages were
determined in a predetermined area of 0.0374 mm2 in the hippocampal CA1 region in each
hemisphere (square in Fig. 2, B1). To quantify the histological damage, morphologically
normal neurons stained with cresyl violet were counted by two observers blind to the
treatment and showed as the number of surviving neurons. The βAPP, MAP2, and Iba-1
expression positive areas were calculated with the use of a computer-assisted image analysis
system (NIH Image J) attached to a light microscope and a high-resolution color video
camera (Miyamoto et al., 2001).

Statistical comparison of physiological variables, histological data, NDS, and body weight
on the same day among groups was made by one-way analysis of variance (ANOVA)
followed by the Bonferroni post hoc test using Graph Pad Prizm (GraphPad Software, Inc.,
San Diego, CA). All data were expressed as mean ± SEM. A P value < 0.05 was considered
statistically significant.
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Abbreviations

CAR cardiac arrest and resuscitation

MAP2 microtubule-associated protein 2

βAPP beta amyloid precursor protein

Iba-1 ionized calcium binding adaptor molecule 1

NDS neurologic deficit score
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Fig. 1. Experimental groups and protocol
Fig. 1 shows the schematic diagram depicting the experimental protocol. In Sham group,
rats were subjected to the same surgical procedure but did not undergo cardiac arrest and
resuscitation (CAR). In Isc1 and Isc2 groups, rats were subjected to 5 minutes cardiac arrest
and treated with saline immediately after CAR. Rats in Edv0 and Edv60 groups were
subjected to 5 minutes cardiac arrest and given 3 mg/kg edaravone intravenously
immediately after CAR or 60 minutes after CAR, respectively. The rats in the Sham and the
Isc1 groups were killed one week after CAR. Rats in the Isc2, Edv0, and Edv60 groups were
killed two weeks after CAR.
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Fig. 2. Histologic neuronal and axonal damages in the hippocampal CA1 region following global
cerebral ischemia caused by cardiac arrest and resuscitation (CAR)
Representative sections of cresyl violet staining (A1–5) and immunostained sections of
MAP2 (B1–5 and C1–5), βAPP (D1–5), and Iba-1 (E1–5) in the CA1 in the Sham, Isc1,
Isc2, Edv0, and Edv60 groups are depicted. A1: Normal pyramidal neurons in the Sham
group. A2 and A3: Typical appearance of neuronal damage 1 week (Isc1) and 2 weeks
(Isc2) after CAR, respectively. A4 and A5: Reduction of neuronal damage by edaravone
administered immediately (Edv0) and 60 min (Edv60) after CAR, respectively. B1: Normal
MAP2 expression in the Sham group. A white square shows the region of predetermined
area for the neuronal perikaryal and axonal damages evaluation. B2 and B3: Extensive
decrease in MAP2 expression after CAR in the Isc1 and Isc2 groups, respectively. B4 and
B5: Mitigation of decrease in MAP2 expression by edaravone in the Edv0 and Edv60
groups. C: MAP2 expression as in B at a higher magnification. D1 and D2: Normal
detection level of the βAPP accumulation in the Sham and Isc1 groups, respectively, one
week after CAR. D3: Extensive granular βAPP deposition 2 weeks after CAR in the Isc2
group. D4 and D5: Mitigation of βAPP accumulation in the edaravone-treated groups. E1:
Scattered ramified microglias are found in the Sham group. E2 and E3: Dense accumulation
of ameboid microglias 1 week and 2 weeks after CAR. E4: Microglial activation is slightly
suppressed by edaravone administered immediately after CAR. E5: Microglial activation is
markedly suppressed by edaravone administered 60 minutes after CAR. Scale Bar: 50 μm
(A, C, D, and E); 1 mm (B).
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Fig. 3. Quantified Analyses of neuronal and axonal damages in the hippocampal CA1 region
following global cerebral ischemia caused by cardiac arrest and resuscitation
A: The extent of neuronal perikaryal damage is quantified by counting the number of
surviving neurons in a predetermined hippocampal CA1 region. * P<0.05 compared with the
Sham group; † P<0.05 compared with the Edv60 group. B: Neuronal perikaryal damage,
quantified by the percentage of MAP2 immunoreactive areas in a predetermined
hippocampal CA1 region. * P<0.05 compared with the Sham group; † P<0.05 compared
with the Edv60 group. C: Axonal damage, quantified by the percentage of the βAPP
immunoreactive areas in a predetermined CA1. * P<0.05 compared with the Isc2 group. D:
Microglial activation, quantified by the percentage of the Iba-1 immunoreactive areas in a
predetermined hippocampal CA1 region. * P<0.05 compared with the Isc1 and Isc2 groups;
† P<0.05 compared with the Isc1 and Isc2 groups.
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Fig. 4. Axonal damage in the corpus callosum following global cerebral ischemia caused by
cardiac arrest and resuscitation (CAR)
βAPP immunoreactivity in the corpus callosum. A1: Absence of βAPP accumulation in the
Sham group. A2: Little βAPP accumulation 1 week after CAR. A3: Positive staining of
βAPP is seen in axons 2 weeks after CAR (arrow). A4: βAPP accumulation is suppressed by
edaravone administered 60 minutes after CAR. Scale Bar: 50 μm
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