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Abstract Therapeutic hypothermia (TH) is the most potent
therapeutic strategy for global cerebral ischemia (GCI), usually
induced by cardiac arrest. TH has been shown both to suppress
the delayed neuronal cell death in the vulnerable hippocampal
CA1 subregion and to improve neurological outcomes in ex-
perimental animals after GCI. However, given the multiple ad-
verse effects resulting from TH, application of such a therapy is
typically limited. In recent years, methylene blue (MB) has
emerged as a potential therapeutic drug for the treatment of
neurodegenerative diseases. In this study, we investigated the
beneficial effects of mild TH combined with MB treatment after
GCI. We report that both the neuronal survival in the hippo-
campal CAI region and the hippocampus-dependent spatial
learning and memory in the combined treatment animals were
enhanced compared to those in the single treatment animals.
Mechanistic studies revealed that combined TH and MB treat-
ment significantly attenuated mitochondrial dysfunction in-
duced by GCI in the hippocampus CA1 region. The combined
treatment also markedly suppressed GCI-induced reactive
gliosis and inflammation and reduced oxidative stress while
enhancing the antioxidant capacity of hippocampal CA1 neu-
rons. Finally, combining TH and MB synergistically attenuated
the intrinsic cytochrome c/caspase-3 apoptotic pathway in-
duced by GCI. Our results suggest that TH and MB act
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synergistically to protect the ischemic brain and suppress cog-
nitive impairment caused by GCIL

Keywords Methylene blue - Hypothermia - Combination
treatment - Global cerebral ischemia - Neuroprotection -
Learning and memory

Introduction

Representing about 2% of the total body weight, the human
brain consumes about 20% of the oxygen and 25 to 50% of
the body’s glucose [1, 2]. Brain neurons have the highest energy
needs, requiring continuous delivery of oxygen and glucose
from cerebral blood flow [3]. However, blood supply of oxygen
and glucose to the brain tissue is drastically reduced during
global cerebral ischemia (GCI), usually resulting from cardiac
arrest, severe hypotensive shock, asphyxia, and complex cardi-
ac surgery [4-8]. In these situations, a transient period of GCI
causes selective cell death in the vulnerable hippocampal CA1l
pyramidal cell layer days after reperfusion, which is known as
delayed apoptotic neuronal death [7, 9, 10]. Following neuronal
cell loss, one of the major disabilities in survivors of GCI is
cognitive impairment.

To date, no pharmacological treatments are effective to
promote recovery in patients with a GCI. Therapeutic hypo-
thermia (TH) is the only strategy that has been reported to
benefit adult cardiac arrest patients, with the patients usually
being cooled to the range of 32-34 °C for 12-24 h [11, 12].
However, the practical induction of hypothermia, including
phases of induction, duration of therapy, and rewarming, is
labor-intensive and time-consuming. Importantly, recent
meta-analysis suggests that the benefit of TH on survival
and neurological outcome after cardiac arrest is still inconclu-
sive and controversial [11, 13]. Additional limitations of TH
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include significant side effects such as pneumonia, renal tubu-
lar dysfunction, arrhythmia, seizures, and imbalance of elec-
trolytes and blood sugar [14—16]. Therefore, it is important to
develop new treatment therapies for protection of the brain
after GCL

Methylene blue (MB), a century-old drug for the treatment
of malaria, has recently been shown to be neuroprotective
against various neurodegenerative disorders [17—19]. Recent
works by our laboratory and others have demonstrated the
beneficial effects of MB in ischemic brain injuries, including
the neuroprotective and functional improvement effects in ex-
perimental stroke and GCI models [20-23]. Accumulating
evidence from clinical and animal studies also suggests that
combination therapies are more effective than a single ap-
proach. As such, the combined treatment with effective drugs
and therapies may become a paradigm in preventing ischemic
brain injury such as GCI. Intriguingly, MB in combination
with other therapies has been reported to exert greater syner-
gistic efficacy [24-29]. Therefore, the MB-containing regi-
mens could also represent a promising alternative therapy
combination against GCI-induced neurological deficits.

By utilizing a well-established rat model of GCI, the pres-
ent study was designed to elucidate whether MB, combined
with an improved TH treatment, could synergistically protect
the hippocampal neurons from ischemic reperfusion-induced
injury and alleviate cognitive impairment. This work was also
performed to further refine the potential underlying mecha-
nisms of combination treatment.

Materials and Methods
Global Cerebral Ischemia

Sprague Dawley male rats (aged 3 months and weighing 250—
300 g) were used for the current study. The animals were
randomly divided into six groups: sham control (sham, with-
out ischemia), GCI (rats underwent global cerebral ischemia,
no methylene blue, no hypothermia), GCI + Veh (GCI plus
vehicle saline treatment), GCI + MB (GCI plus methylene
blue treatment), GCI + TH (GCI plus hypothermia treatment),
and GCI + MB + TH. The experimental design is shown in
Fig. la. The GCI model was developed using the four-vessel
occlusion (4-VO) method [30] with some modifications.
Briefly, under anesthesia with sodium pentobarbital
(50 mg/kg, i.p.), the right and left alar foramina of the first
cervical vertebrae were exposed through a midline incision
behind the occipital bone. The vertebral arteries were perma-
nently occluded by bipolar electrocauterization. Thereafter,
the bilateral common carotid arteries (CCAs) were isolated
and a silastic ligature was loosely secured around each artery,
and the incision was closed with wound clips. Twenty-four
hours later, the animals were re-anesthetized with isofluorane

and the CCAs were exposed and occluded for 25 min with
aneurysm clips to induce GCI. A relatively long duration of
ischemia was induced in this study to evaluate the difference
between single treatment and the combined treatment.
Isofluorane was discontinued after initiation of the ischemia.
Successful GCI was ensured by monitoring the bilateral pupil
dilation, unresponsiveness to light, and loss of righting reflex
of each subject after CCA occlusion. After the procedure, the
clips were released and arterial blood flow was confirmed
before the skin was sutured. Rectal temperature of the subject
was kept at 37 = 0.5 °C during and after ischemia via an
infrared lamp and a thermal blanket, except after surgery in
TH groups. Sham-operated animals underwent identical sur-
gical procedures as with ischemic animals except for the oc-
clusion of CCAs. All animal procedures were approved by the
institutional animal use committee and conformed to the local
and international guidelines on the ethical use of animals. All
efforts were made to minimize the pain or distress and reduce
the number of animals used in the experiments.

Methylene Blue and Hypothermia Treatment

Two hours after GCI, mild hypothermia was induced and rec-
tal temperature was maintained at 35 = 0.5 °C for 2 h.
Temperature was consistently controlled by using an automat-
ed temperature control system including a Humidifier Cooling
Electric Fan, ice packs, and a rectal probe as described previ-
ously [31]. After the experiment, the animals were gradually
warmed up to normothermia over a period of 1 h with an
overhead infrared lamp and a heating pad. For methylene blue
(MB) treatment, 2 h after GCI, MB (Fisher Scientific,
Pittsburgh, PA) or vehicle (0.9% saline) was administered
with 3-day release ALZET Osmotic pumps (1003D,
DURECT Corporation, Cupertino, CA) at doses of 0.5 mg/
kg/day as described in our previous work [21]. The
minipumps were implanted subcutaneously under the upper
back skin of the animals.

Histological Analysis

Immunofluorescent labeling for NeuN and TUNEL was per-
formed to evaluate neuronal viability in the ischemic hippo-
campus, using a procedure previously described [32]. Briefly,
animals 12 days after GCI were transcardially perfused with
ice-cold phosphate-buffered saline (PBS) followed by 4%
paraformaldehyde (PFA) in PBS, under deep anesthesia.
Brains were collected, soaked in PFA overnight, and
cryoprotected in 30% sucrose solution at 4 °C until they sank
to the bottom. Rat brain specimens were frozen in OTC com-
pound, and coronal brain slices (25 pm thick) were prepared
using a Leica microtome. Free-floating sections were incubat-
ed with a mouse anti-NeuN monoclonal antibody (1:500;
EMD Millipore) to detect surviving neurons. The
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morphologically healthy CA1 pyramidal cells displaying
round soma and distinct nuclei as appeared in sham-operated
animals were counted as surviving neurons. TUNEL labeling
was performed on free-floating brain sections using a Click-
iT® Plus TUNEL assay kit (Thermo Fisher Scientific) follow-
ing the manufacturer’s protocol. All the images were obtained
using a Zeiss LSM 510 Meta confocal laser scanning micro-
scope (Carl Zeiss Inc., Germany). For quantitative analyses of
neuronal survival and apoptotic cell death, the number of
healthy CA1 neurons and TUNEL-positive cells per 250 um
length of medial CA1 pyramidal cell layer was counted bilat-
erally in three to five representative brain sections from each
animal. Cell counts from the right and left hippocampus on
each of the examined sections were averaged to provide a
single value for each brain. A mean + SE (n = 8-12) was
calculated from the data in each group and quantified as per-
centage changes versus sham control.
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Barnes Maze Task

The Barnes Maze task was adapted to examine
hippocampus-dependent spatial learning and memory in
rats as described previously by our laboratory [33].
Briefly, trial tests were performed on days 9, 10, and
11 after GCI. During a 180-s test, latency of each ani-
mal to locate the hidden escape box (escape latency)
was recorded. On day 12 after GCI, the escape box
was removed, and the time spent in the target quadrant
(quadrant occupancy) was recorded in a 90-s period.
The platform was extensively cleaned with 70% ethanol
between each test. The behavioral traces in the Barnes
Maze task were monitored using an overhead camera
controlled by computer and analyzed afterwards using
ANY-maze video tracking software (Stoelting Co.,
Wood Dale, IL).
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Immunofluorescence Staining and Confocal Microscopy

As described previously [32], free-floating sections were
blocked with 10% normal donkey serum for 1 h followed by
overnight primary antibody incubation at 4 °C. The following
primary antibodies were used for this study: anti-Ibal, super-
oxide dismutase 2 (SOD2), and thioredoxin-2 (TRX2,
Proteintech Group [10]), anti-4-HNE (Abcam Inc.), and anti-
GFAP (Cell Signaling). Sections were then washed and incu-
bated with appropriate Alexa Fluor donkey anti-mouse/rabbit
secondary antibodies for 1 h at room temperature. The sec-
tions were washed, mounted, and coverslipped in Vectashield
mounting medium with DAPI (H-1200, Vector Laboratories,
Inc.). The changes of mitochondrial membrane potential
(MMP) was measured using MitoTracker Red Staining as
described [33]. Briefly, MitoTracker® Red CMXRos
(50 ng/ml in 100 pl of saline, Life Technologies) was admin-
istered via tail vein injection 5 min before scarification. The
brains were perfused and fixed, and coronal brain slices
(25 pum thick) were prepared as described above. After wash-
ing with 0.1% PBS-Triton X-100 and briefly with distilled
water, the sections were mounted and sealed in Vectashield
mounting medium with DAPI. The images were then obtained
on a Zeiss LSM 510 Meta confocal laser scanning microscope
(Carl Zeiss Inc., Germany) using either x40 oil immersion
Neofluar objective with the image size set at 1024 x 1024
pixels. The captured images were viewed and analyzed using
LSM 510 Meta imaging software, and representative fluores-
cent images were selected for presentation.

Brain Homogenates and Subcellular Fractionation

Animals were sacrificed by rapid decapitation under deep an-
esthesia with sodium pentobarbital 3 days after GCI. Brain was
immediately removed from the cranium and placed on an ice
pad, and the hippocampal CA1 regions were quickly separated
and frozen in dry ice. The cytosolic protein fractions were pre-
pared as previously described [32]. Briefly, tissues were ho-
mogenized in ice-cold homogenization buffer containing
10 mM HEPES (pH 7.9), 0.6% NP-40, 12 mM [3-glycerophos-
phate, and inhibitors of proteases and enzymes (Thermo
Scientific, Rockford, IL) with a Teflon-glass homogenizer.
The homogenates were centrifuged at 17,000xg for 20 min at
4 °C to yield cytosolic fractions in the supernatants. Protein
concentrations were determined by the Modified Lowry
Protein Assay Reagent Kit (Pierce, Rockford, IL), and super-
natants were aliquoted and stored at —80 °C until use.

ELISA Assay
The cytoplasmic contents of proinflammatory cytokines and

cytochrome ¢ were determined by ELISA technique as de-
scribed previously [33]. In brief, hippocampus protein

samples were diluted with bicarbonate/carbonate coating buff-
er (Sigma-Aldrich), loaded in PVC ELISA microplate
(Corning) and incubated overnight. The plate wells were then
washed, blocked, and probed with specific antibodies to IL-
13, IL-6, and cytochrome c for 4 h at 37 °C, respectively.
Afterwards, the plate wells were washed and incubated with
HRP-conjugated secondary antibodies for 1 h at room temper-
ature. Finally, the plates were developed with TMB substrate
and absorbance was read at 370 nm on a spectrophotometer
(Bio-Rad). The values were calculated and normalized to the
corresponding protein content and expressed as percentage
changes compared to the control group.

Protein Carbonyl Content Assay

The levels of oxidative modification of proteins in the hippo-
campus CA1 region were measured using the OxyBlot Protein
Oxidation Detection Kit (EMD Millipore Corporation) fol-
lowing the manufacturer’s protocol. Briefly, protein was de-
natured in sodium dodecyl sulfate (SDS) and derivatized to
2,4-dinitrophenylhydrazone (DNP) by incubation with 2,4-
dinitrophenylhydrazine (DNPH). Electrophoresis was carried
out on 4-20% SDS-PAGE, and the separated proteins were
transferred onto PVDF membranes. The membranes were
then incubated with anti-DNP primary antibody, followed by
incubation with HRP-conjugated anti-rabbit secondary anti-
body. Bound antibodies were visualized by enhanced chemi-
luminescence (ECL; Amersham Biosciences). The mem-
branes were stripped and reprobed with a monoclonal primary
antibody against GAPDH (1:5000, Proteintech Group). The
level of protein carbonylation was normalized to the corre-
sponding GAPDH and expressed as percentage changes ver-
sus sham control.

Total Antioxidant Capacity Assay

The total antioxidant capacity in the hippocampus region
was determined using an antioxidant assay kit (Cayman
Chemical) as described recently [33]. The antioxidant ca-
pacity of the sample relies on the ability to inhibit the
oxidation of 2,2'-azino-di-(3-ethylbenzthiazoline-6-sul-
fonic acid (ABTS) by metmyoglobin. Briefly, diluted pro-
tein samples or trolox standards were mixed with
metmyoglobin and hydrogen peroxide working solution
to start the reaction, according to the manufacturer’s in-
structions. The absorbance was measured at 450 nm on a
spectrophotometer (Bio-Rad) after a 5-min incubation,
and the standard was plotted as a function of trolox.
Total antioxidant capacities of the samples were deter-
mined by comparison to the standard curve, and the re-
sults were reported as percentage changes compared to the
sham control.
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Caspase Activity Assay

Caspase-3 activity was measured in the hippocampal pro-
teins using a fluorometric substrate Ac-DEVD-AMC
(AnaSpec, Fremont, CA) as previously described by our
laboratory [21, 33]. In brief, the reaction was initiated by
mixing the protein homogenate and caspase-3 substrate in
protease assay buffer and incubated at 37 °C for 1 h. The
fluorescence AMC was determined on a fluorescence
spectrophotometer (Perkin Elmer) with excitation at
360 nm and emission at 460 nm. Data were calculated
as changes in fluorescent units per microgram of protein
and presented as percentage changes compared to sham
control.

Statistical Analysis

All results were expressed as mean = SE and analyzed by
using SigmaStat 3.5 software (SPSS, Inc., Chicago, IL). The
data were examined by one-way or two-way analysis of var-
iance (ANOVA) followed by post hoc comparison with
Student-Newman-Keuls’ or Dunnett’s post hoc tests.
Probability values less than 0.05 were reported as statistically
significant.

Results

Effect of MB and TH on Neuronal Survival
in Hippocampal CA1 Region after GCI

Twelve days after GCI, histological analysis was performed to
evaluate the level of neuronal survival in hippocampal CA1
subfields. As shown in Fig. 1b, ¢, a 25-min GCI followed by
reperfusion led to severe cell loss in CA1 cell layers in GCI
control and vehicle (Veh)-treated GCI animals compared with
the sham controls. Examination of NeuN-positive cells from
either MB- or TH-treated animals revealed that the single-
treatment animals that underwent GCI displayed significant
neuronal survival in the hippocampal CAl region as com-
pared to the GCI or Veh group. Intriguingly, quantitative anal-
ysis of the number of surviving neurons indicated that the
neuroprotection was markedly greater in the MB-TH com-
bined treatment group than in the MB or TH single-
treatment group.

Effect of MB and TH on Impaired Spatial Learning
and Memory Following GCI

Hippocampus-dependent spatial learning and memory was
examined in Barnes Maze task performed on days 9-12 fol-
lowing GCI. As shown in Fig. 2a (upper panel) and Fig. 2b,
the trial tests on day 11 revealed that GCI control and Veh-
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treated animals spent more time (escape latency) to find the
hidden escape box, compared to sham control rats. In addition,
in the probe tests on day 12 after GCI, ischemic animals spent
significantly shorter time (quadrant occupancy) in the target
quadrant where the escape box was located, as compared to
sham control (lower panel in Fig. 2a, c). By contrast, single
MB or TH treatment could significantly decrease escape la-
tencies to find the escape box in the training trials and increase
quadrant occupancy in the probe tests. Importantly, MB-TH-
combined treatment further increased the performance on
hippocampal-dependent learning and memory tests, as
evidenced by the shortest escape latency and longest quadrant
occupancy in the ischemic animals with combination treat-
ment (Fig. 2a—c).

Effect of MB and TH on Mitochondrial Dysfunction
Induced by GCI in the Hippocampus CA1 Region

We next examined whether MB and TH have the additive
effects to prevent GCl-induced changes in mitochondrial
function. We first examined mitochondrial membrane poten-
tial (MMP) using MitoTracker Red fluorescent dye and con-
focal microscopy, as shown in Fig. 3a, b. Quantitative analysis
of MitoRed fluorescence intensities showed markedly de-
creased fluorescence signal associated with MMP in the cyto-
plasm of CA1 neurons 3 days after GCI (GCI control and Veh
vs. Sham), suggesting mitochondrial depolarization and col-
lapse of MMP induced by GCI. Intriguingly, treatment with
either MB or TH could partially and significantly increase
fluorescence intensity associated with MMP, compared with
GCI- and Veh-treated controls. Additionally, MB-TH-
combined treatment synergistically preserved the fluorescence
intensity, compared with single MB or TH treatment.
Secondly, we measured the cytochrome ¢ oxidase (CCO) ac-
tivity associated with mitochondrial function, using the mito-
chondrial fraction samples from CAl regions. As shown in
Fig. 3c, a similar protective pattern as in MMP was observed
in single MB- or TH-treated animals compared to GCI/Veh
controls, and this effect was potentiated by combination treat-
ment, indicating a synergistic effect of MB plus TH in preser-
vation of mitochondrial function and the presence of healthy
mitochondria.

Effect of MB and TH on Reactive Gliosis
and Proinflammatory Cytokine Production Induced
by GCI in the Hippocampus CA1 Region

Microglial and astrocytic gliosis and inflammation were then
evaluated at the later reperfusion time points, 3 and 12 days
after GCI. Brain sections were immunostained for detection of
Ibal (a marker for microglial activation) and GFAP (a marker
for reactive astrocytosis). Figure 4a presents typical confocal
microscopy images showing remarkable activation of
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Fig. 2 Effect of methylene blue and hypothermia on hippocampus-
dependent spatial learning and memory following GCI. a
Representative tracks of the indicated animals in the trial tests (up
panel) on day 11 and probe tests (low panel) on day 12 after GCI are
shown, respectively. b, ¢ Statistical analyses of the escape latency and

microglia and astrocytes in the hippocampal CA1 subfield
12 days after GCI. In addition, the production of proinflam-
matory cytokines, IL-13 and IL-6, were determined by
ELISA assays in CAl proteins collected 3 days after GCI
(Fig. 4b, c). The data clearly showed that single treatment of
MB or TH could effectively attenuate ischemia reperfusion-
evoked microglial and astroglial activation (Fig. 4a), as well as
the elevated levels of IL-13 and IL-6 (Fig. 4b, c).
Interestingly, when animals were treated with both MB and
TH, ischemia reperfusion-induced reactive gliosis and proin-
flammatory cytokine levels were almost completely blocked
at days 12 and 3 after GCI, respectively.

Effect of MB and TH on the Levels of Oxidative Status
After GCI in the Hippocampus CA1 Region

We then examined the level of protein carbonyl, a novel bio-
marker for oxidative stress [34], and the total antioxidant ca-
pacity in hippocampus CA1 protein samples collected 3 days
after GCI. As shown in Fig. 5a, b, relative to the changes in the
GCI/Veh control groups, both the single treatment group (MB
or TH) and the combination treatment group (MB + TH) had
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quadrant occupancy of the animals in each group. P < 0.05 versus sham
control, *P < 0.05 versus ischemic control (GCI) or vehicle control (Veh)
group, and $P < 0.05 versus MB or HT treatment group. Data shown are
means + SE from 8 to 12 animals in each group

significant changes reflected in the decreased level of protein
carbonyl content and increased level of antioxidant capacity,
with moderate and greater effects in single and combined
groups, respectively. Furthermore, immunofluorescent label-
ing for lipid peroxidation (4-HNE) and mitochondrial antiox-
idants (TRX2 and SOD2) was performed in the hippocampal
CALl region 3 days after GCI. The results in Fig. 5c revealed
that, in agreement with the effects of MB/TH in maintaining
cellular redox homeostasis status, combination of both treat-
ments resulted in a remarkable decrease in the level of 4-HNE
and increase in the levels of TRX2 and SOD2, respectively,
compared with GCI/Veh control and single-treatment groups.

Effect of MB and TH on Cytosolic Levels of Cytochrome c,
Caspase-3, and Neuronal Apoptosis Induced by GCI
in the Hippocampus CA1 Region

Finally, we investigated the changes of the intrinsic mito-
chondrial apoptotic pathway following GCI and MB-TH
treatments. The cytosolic distribution of cytochrome c
(Cyt ¢) was examined by ELISA assay, and caspase-3
activity was determined using specific fluorometric
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Fig. 3 Effect of methylene blue and hypothermia on mitochondrial
dysfunction in the hippocampus CA1l neurons 3 days after GCI. a
Representative confocal microscopy images of fluorescent MitoTracker
Red staining for MMP tests. DAPI was used for nuclear counterstain of
the CA1 cell layer. Staining images are representative of four to five
individual animals in each group. Scale bar = 20 pm. b The
MitoTracker fluorescence intensity associated with MMP was

substrates at day 3 after GCI. As shown in Fig. 6a, b,
ischemia reperfusion induced significant elevations in cy-
tosolic Cyt ¢ level and caspase-3 activity compared with
sham control, and these increases could be attenuated by
either MB or TH treatment. Notably, MB-TH-combined
treatment exerted additive effect in inhibition of Cyt ¢
release and caspase-3 activation, as compared to single
MB or TH treatment. Subsequently, the extent of apopto-
tic neuronal death in hippocampal CA1 was investigated
by TUNEL staining 12 days after GCI. As presented in
Fig. 6¢, d, cell counting and statistical evaluation demon-
strated that single MB or TH treatment could moderately
decrease the number of TUNEL-positive cells in the hip-
pocampal CA1 region, compared with GCI/Veh control
groups. Furthermore, MB and TH in combination had a
synergistic inhibitory effect on the level of neuronal apo-
ptosis following GCI. These observations suggest that
MB and TH can work together to inhibit the intrinsic
mitochondrial apoptotic pathway and attenuate delayed
neuronal death following GCI and reperfusion.
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the mitochondrial fractions from each group, and the value was expressed
as percentage changes relative to sham control. “P < 0.05 versus sham,
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Discussion

Using a well-established 4-VO GCI model, the current
study first demonstrated that combination treatment with
MB and TH, initiated 2 h after GCI insult, exhibited syner-
gistic neuroprotective properties against the delayed neuro-
nal cell death in the hippocampal CAl region. Previous
studies suggest that TH must be applied immediately or
within hours after GCI and must be sustained for at least
1 h in order to obtain neuroprotective effects [35, 36]. The
treatment window and profile of TH also rely on the ische-
mic duration or severity. It should be noted that, to examine
the potential combined effects of certain therapies com-
pared with the single treatment, a relatively prolonged du-
ration of ischemia (25 min vs. the standard 10—15 min) was
adopted in this study to induce more severe neuronal dam-
age. The key findings are that the extent of hippocampus
neuronal survival, improved strikingly by combination
treatment, was correlated with the improvement of neuro-
logical function following GCI. The underlying mechanism
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a

Fig. 4 Effect of methylene blue and hypothermia on microglial and
astroglial activation, and proinflammatory cytokines produced by GCI
in the hippocampus CA1 region. a Typical confocal microscopy images
of Ibal (green) and GFAP (red) staining taken from the medial CAl
region 12 days after GCI. Brain sections were counterstained with
DAPI (blue). Scale bar = 20 um. Staining images are representative of

of MB-TH-combined treatment on reducing apoptotic
neuronal loss and cognitive deficits is likely due to the
multifactorial beneficial effects as illustrated in our study:
(1) preservation of mitochondrial membrane integrity and
restoration of mitochondrial function, (2) suppression of
oxidative stress and preservation of antioxidant capacity,
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proinflammatory cytokines IL-13 and IL-6 were determined by ELISA
assays using hippocampal CA1 proteins collected 3 days after GCI. Data
are means + SE (n = 4-5) expressed as percentage changes versus sham
controls. “P < 0.05 versus sham, P < 0.05 versus GCI or Veh control
group, and *P < 0.05 versus MB or HT treatment group

(3) reductions in reactive gliosis and neuroinflammation,
and (4) attenuation of intrinsic mitochondrial apoptotic
pathway in the hippocampal CAl region. These observa-
tions suggest an efficient additive action of TH and MB in
the treatment of delayed brain injury following global
ischemia.
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Fig. 5 Effect of methylene blue and hypothermia on oxidative stress
status in the hippocampus CA1 region 3 days after GCI. a The levels of
oxidative modification of proteins in the hippocampus CA1 region were
measured using a protein carbonyl immunoblot kit. b Total antioxidant
capacity in the hippocampus CA1 of each group was examined using an
antioxidant assay kit. ¢ Representative microscopy images of

In this GCI model, hippocampal CA1 cell death usual-
ly occurs 3—4 days after ischemic insult, which provides
an extended and valuable therapeutic time window for the
application of therapies. Although a relatively short dura-
tion (2 h) and a higher temperature (35 vs. 32-34 °C) of
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GCI +Veh

Sham Veh MB TH MB+TH

GClI

GCl + MB GCI+TH GCI+MB+TH

immunofluorescent labeling for 4-HNE, TRX2, and SOD2 in the
hippocampal CALl region 3 days after GCL. Scale bar = 20 um. Results
are means % SE from four to five animals in each group. P < 0.05 versus
sham, #P < 0.05 versus GCI or Veh control group, and *P < 0.05 versus
MB or HT treatment group

TH was combined with MB in the current work, the ben-
eficial effects of combination treatment were still present.
Our findings thus suggest that the improved TH therapy
combined with MB not only exerted enhanced benefits
through synergic action but could also potentially
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Fig. 6 Effect of methylene blue and hypothermia on cytosolic level of
cytochrome c, caspase-3 activity, and apoptotic cell death induced by
GCIL a The content of cytochrome ¢ (Cyt c) in the cytosolic protein
samples of hippocampal CA1 region was examined by ELISA assay at
3 days after GCI. b The change of caspase-3 activity in cytosolic proteins
was examined using specific fluorometric substrates at 3 days after GCI. ¢
Representative fluorescent microscopy image of TUNEL staining in the

decrease the many side effects caused by the longer peri-
od of TH, as mentioned above.

Mitochondrial dysfunction in the hippocampal CA1l region
plays a pivotal role in the pathogenesis of neuronal death fol-
lowing GCI[10, 21, 37]. Our previous work shows that MB has
neuroprotective and functional improvement effects against
GCI, at least via improving mitochondrial function [21]. The
current study has now extended our past knowledge to include
the synergistic influence with mild TH on mitochondrial MMP
and activity and showed that TH-MB combination therapy
could favorably influence mitochondrial function. Since mito-
chondria are important regulators of the delayed cell death in
response to GCI [38—40], the strategies to improve mitochon-
drial integrity and function, as shown by the combination
treatment herein, are of vital importance in protecting the
vulnerable hippocampal CA1 neurons.

We found that the hypothermic animals with MB
treatment exhibited a significantly increased activity of
cytochrome ¢ oxidase, the terminal complex of the elec-
tron transport chain where over 90% of oxygen is con-
sumed [41], compared to the singly MB- or TH-treated

Q

70 q

50 A

30 A

TUNEL positive cells

Sham TH MB+TH

Veh

MB
GCI

hippocampal CAL1 region 12 days after GCIL. Scale bar = 20 pm. d The
numbers of TUNEL-positive cells in the medial hippocampal CA1 region
from the indicated animals were counted and statistically evaluated.
Results are means + SE from four to five animals in a, b, and 8-12
animals in ¢, d, in each group. “P < 0.05 versus sham, #P < 0.05 versus
GCI or Veh control group, and *P < 0.05 versus MB or HT treatment

group

animals. This data thus suggests that the combination
treatment has an ameliorative affect on brain energy
metabolism especially during the late ischemic reperfu-
sion stage. This observed beneficial impact is important,
as the reductions of energy metabolism and the oxida-
tive metabolism of glucose, at later reperfusion stages,
are observed in ischemia-susceptible neurons and persist
for several days after GCI [42]. The progressive failure
of energy production in the CA1l subfield is suggested
to be coincident with the eventual cell death in hippo-
campal CA1l pyramidal neuron populations [10].
However, an important mechanism underlying the ther-
apeutic benefits of TH is the reduction of cerebral glu-
cose and oxygen metabolism during the initial phase of
reperfusion [12, 43], alluding to the importance of stem-
ming the overproduction of dangerous oxidative free
radicals occurring primarily in the early hours after re-
perfusion [32]. Recently, important findings from Dr.
Yang’s group [22, 44] showed that MB can act as an
alternative electron donor, shuttling electrons from early
energy substrates to Cyt C and increasing energy
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Fig. 7 Schematic summary of the combination treatment of therapeutic
hypothermia (TH) and methylene blue (MB). Mitochondrial damage,
reactive gliosis, and oxidative stress contribute to the delayed cell death
(apoptosis) in hippocampal CA1l neurons following global cerebral
ischemia (GCI). Oxidative stress can act as positive feedback, attacking
mitochondria and glial cells. MB and HT work synergistically to attenuate
these detrimental effects and improve neurological outcome

production while simultaneously bypassing potential
electron leakage in the presence of damaged electron
transport chain (ETC) components upstream of CCO.
This complementary action of MB to increase energy
production, thereby maintaining healthy neuronal func-
tion, is of vital importance in supporting the therapeutic
action of TH. By preventing excessive free radical pro-
duction while supporting ATP production, we believe
that combination therapy can confer additional protec-
tion to the mitochondria, greatly improving long-term
neuronal survival, as indeed indicated in this study.
Brain neurons are more susceptible to oxidative stress
as compared to other body tissues [45, 46]. Enhanced
free radicals and oxidative neuronal damage are well
accepted for their great contribution to the cell loss and
poor neurologic outcome following GCI. Accumulating
research findings support that dysfunctional mitochon-
dria and reactive glial cells act as reservoir of reactive
oxygen species (ROS) generation [45]. Iron overload
caused by ischemia induces mitochondrial depolarization
and respiratory chain breakdown thereby generating
subsequent deleterious oxidative stress. In addition, re-
active microglia and astrocytes enhance inflammation
and oxidative damage after ischemia via increased pro-
duction and release of cytokines and ROS [47, 48].
Oxidative stress can also attack mitochondria and glial
cells in a positive feedback manner [49, 50]. Importantly,
TH has been shown to attenuate oxidative damage in a

@ Springer

variety of experimental models of brain injuries, such as
traumatic brain injury [51, 52], neonatal hypoxic-
ischemic encephalopathy [53-55], and stroke [56-59],
as well as cardiac arrest and global ischemia [60—63].
Oxidative stress is induced by disturbed equilibrium be-
tween oxidative status and antioxidant homeostasis. In
the current work, we provided novel evidence in the
changes of decreased oxidative stress and increased en-
dogenous antioxidant potential by MB and TH, suggest-
ing that redox homeostasis status was substantially re-
stored following combination treatment.

Mitochondrial dysfunctions, activation of caspase-3,
and finally apoptosis have been recognized as patholog-
ical causes for delayed neuronal death of hippocampal
CA1 neurons after GCI insult [9, 10]. This type of cell
death of CAl pyramidal neurons, usually occurring sev-
eral days after an initial ischemic attack in rodents and
humans, is well accepted as neuronal apoptosis [7, 9,
10]. Previous studies from ours and others have indicat-
ed that both TH and MB are able to induce neuropro-
tection associated with reduced mitochondrial dysfunc-
tion and the inhibition of caspase-3 activity following
cardiac arrest or GCI [21, 64]. The present results ex-
tend these previous findings by detailing the combina-
torial benefits in inhibiting the intrinsic mitochondrial
apoptotic pathway following the combined therapy with
TH and MB over the two treatment components in
isolation.

While MB has significant therapeutic potential, it must be
noted that there are several considerations to be made when
designing treatment paradigms. Higher doses of MB have
significant adverse effects including cardiovascular effects,
headaches, vomiting, diarrhea, and blue urine [65, 66]. MB
functions as a photosensitizer, inducing formation of ROS
upon exposure to light that can result in damage to the epider-
mis [67]. MB can also induce serotonin syndrome in the pres-
ence of a selective serotonin reuptake inhibitor (SSRI) [68]. In
addition, those with glucose-6-phosphate dehydrogenase
(G6PD) deficiency are at risk for anemia when administered
MB [69]. These considerations must be taken into account
when translating MB to GCI in clinical trials.

In conclusion, the novel finding of the synergistic effect of
MB plus TH against delayed apoptotic cell death evoked by
the GCI indicates that the combination treatment can function
in concert to exert beneficial effects. As summarized in Fig. 7,
the neuroprotective effects of this treatment appears to involve
mediation by preservation of mitochondrial integrity and
function, antioxidant preservation against oxidative stress, in-
hibition of reactive gliosis and inflammation, and attenuation
of Cyt c release and mitochondrial apoptotic pathway.
Therefore, combination treatment with MB and TH may serve
as a potential therapy to treat GCI-induced neuronal death and
cognitive deficits.
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