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Protection of the Retina by Rapid Diffusion of
Hydrogen: Administration of Hydrogen-Loaded Eye
Drops in Retinal Ischemia—Reperfusion Injury

Hideaki Obarazawa,' Tsutomu Igarashi,* Takashi Yokota,®> Hiroaki Fujii,'
Hisaharu Suzuki® Mitsuru Machide,* Hiroshi Takabashi,? Shigeo Obta,” and

[kurob Obsawa®

Purrost. Retinal ischemia-reperfusion (I/R) injury by transient
elevation of intraocular pressure (IOP) is known to induce
neuronil damage through the generation of reactive oxygen
species. Study results have indicated that molecular hydrogen
(H,) is an efficient antioxidant gas that selectively reduces the
hydroxyl radical (- OH) und suppresses oxidative stress-induced
injury in several organs. This study was conducted to explore
the neuroprotective effect of H -loaded eye drops on retinal I/R
injury.

MeTHODS. Retinal ischemia was induced in rats by raising 1OP
for 60 minutes. H loaded eye drops were prepared by dissolv-
ing H, gas into a saline to saturated level and administered to
the ocular surface continuously during the ischemia and/or
reperfusion periods. One day after I/R injury. apoptotic cells in
the retina were quantified, and oxidative stress was evaluated
by markers such as dhydroxynonenal and 8-hydroxy-2-deox-
yguanosine. Seven days after I/R injury, retinal damage was
quantified by measuring the thickness of the retina.

ResuLts. When H ,-oaded eve drops were continuously admin-
istered, H, concentration in the vitreous body immediutely
increased und I/R-induced -OH level decreased. The drops
recluced the number of retinal apoptotic and oxidative stress
marker-positive cells and prevented retinal thinning with un
accompanying activation of Miiller glia, astrocytes, and micro-
glia. The drops improved the recovery of retinal thickness by
>70%.

Concrusions. H, has no known toxic effects on the human
body. Thus. the results suggest that H,-loaded eve drops are a
highly useful neuroprotective and antioxidative therapeutic
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treatment for acute retinal I/R injury. (Invest Ophthalmol vis
Sci. 2010;531:487 - 492) DOL10.1167/i0vs.09-4089

Rctinal ischemia-reperfusion (I/R) injury by transient el-
evation of intraocular pressure (IOP) in animal models is
known to induce necrosis and apoptosis of cells and signif-
icant reductions in thickness in multiple lavers of the ret-
ina."? Clinically, these features closely resemble several
diseases such as acute angle-closure glwucoma, retinal artery
occlusion, and amaurosis fugax.® It can irreversibly damage
the retina, causing visual impairment and blindness. Imme-
diate mechanisms of I/R injury involve the formation of
reactive oxvgen species (ROS),* which has been considered
to contribute to the pathogenesis of many neurodegenera-
tive diseases, including glaucomutous neurodegeneration
Endogenous antioxidant enzymes and organic free radical
scavengers can retard or prevent neuronal damages of reti-
nal I/R injury in many animal models.®™’* One highly reac-
tive ROS, hydroxyl radical (-OH), is generated during the
early phase of reperfusion after ischemia and a major cause
of retinal injury.'*~'® +OH attacks lipids. proteins and nu-
cleic acids causing irreversible cellular damage.

in the past two decades, much attention has been focused
on the use of several pharmaceutical gaseous molecules to
attenuate oxidative stress.'” A variety of gas delivery systems
are used and under development for safe and effective admin-
istration of medical gases. We have reported that H, selectively
reduces +OH and peroxynitrite without affecting other oxygen-
derived free radicals.™ Inhatation of H, gas has been demon-
strated to limit the infarct volume of the brain, heart. and liver
by reducing I/R injury'® %! and can ameliorate intestinal trans-
plant injury.?? Moreover. the consumption of water with dis-
solved H, to a saturated level prevents stress-induced cognitive
decline and 6-hydroxydopamine-induced nigrostriatal degener-
ation.?*?* One clinical trial demonstrated a decrease in low-
density lipoprotein after drinking H,foaded water.”® H, has
the potential to easily diffuse into organs and no known toxic
effects on the human body.'™

We have therefore developed ua simple and effective method
to deliver H, into lesions. The method is H loaded eve drops,
which are convenient, compared with the inhalation of H, gas,
for the treatment of eve diseases. In this article, we demon-
strate that the continuous administration of Hloaded eve
drops immediately increases H, concentration in the vitreous
body and prevents YR-induced oxidative stress, leading to a
decrease in apoptotic cell death in the retina and a decrease in
retinal thinning with glial responses.
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METHODS

Administration of H, and Measurement of
Its Concentration

H +loaded eye drops were prepared by bubbling H, gas (flow rate: |
L/min) through 400 mL of normal saline solution with stirring for 10
minutes to a saturated level (Fig. 1A). and then stored in an aluminum
foil bag (Fig. 1B: Hosokuwa Yoko, Tokyo, Japan) with no dead volume
The concentration of H, in the bag stowly decreased with a haif-life of
approximately 3 months. Freshly prepared Hdoaded eye drops were
administered to the ocular surface continuously (4 ml/min) with a
dropper connected to the aluminum foil hag during the ischemia
and/or reperfusion periods. The H, dissolved in saline solution was
measured by using a needle-type H, sensor (Unisense, Aarhus N,
Denmark). The H, concenteation on the ocular surface was measured
by touching the sensor to the surface. H, concentration was measured
in the vitreous body by inserting the sensor into the vitreous body
through the sclera.

To investigate the effect of H,loaded eye drops on retinal I/R
injury, we applied them using four different time courses (sce Fig, 44):
duration F, eve drops with and without H, were applied during an
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FIGURE 1. Hyloaded eve drops increased intravitreal H, (A) H,-
loaded eye drops were prepared by bubbling H, gas (solid thick line,
flow rate: 1 L/min) through 400 mL of normal saline solution. After the
bubbling wis stopped. the H, concentration was gradually decreased
by stirring and reached <1% within 90 minutes. (B) Hloaded eye
drops were stored in an aluminum foil bag and administered to the
ocular surface with a dropper. Scale bar, 4 cm. The concentrations of
H, on the ocular surface (C) and in the vitreous body (D) were
monitored with a needle-type H, sensor. Soffd thick line: application
times of H,loaded eye drops (4 mL/min). (E) Summary data showing
H, concentration on the ocular surface (OS; # = 3) and in the vitreous
body (VB: n1 = 3). Data represent the mean * §D.
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entire 90-minute process (60 minutes of ischemia followed by 30
minutes of reperfusion); duration 1. eye drops with H, were applied
only during ischemia: duration R, eve drops with H, were applied only
after reperfusion; and duration I/R. eve drops with H, were applied for
10 minutes before and 30 minutes after reperfusion

Induction of I/R Injury

Retinal I/R injury was induced esseatially as described previoushy.? 2
Seven-week-old male Sprague-Daw ley rats weighing 200 to 250 g were
anesthetized with an intraperitoneal injection of pentobarbital (100
mg/kg). and the pupils were dilated with topical phenylephrine hy-
drochloride and tropicamicde. After topical application of 0.4% oxybu-
procaine hydrochloride, the anterior cluumber was cannulated with a
30-gauge infusion needle connected to 4 normat saline reservoir. The
1OP was raised to 110 mum Hg for 60 minutes by elevating the saline
reservoir. Body temperature was maintained at 37.0 £ 0.5°C with a
rectal thermometer probe and a heating pad during the experimental
period. Retinal ischemia was confirmed by whitening of the iris and
fundus. After 60 minutes of ischemia. the needle was withdrawn from
the anterior chamber and the introcular pressure was normalized. The
animals were euthanatized with an overdose of anesthesia after reper-
fusion, and the eyes were immediately enucleated. All animals were
treated in accordance with the ARVO Statement for the Use of Animals
in Ophthalmic and Vision Research. The studies were approved by the
Animal Care and Use Committee of Nippon Medical School. All exper-
iments were performed by examiners blinded to the genotypes or
treatients of the rat.

Detection of -OH

The procedure for the measurement of accumulated -OH in the eye is
simifar to that previously described with modifications.”” We used
2-{6-(4"-hydroxy)phenoxy-3H-xanthen-3-on-9-y1] benzoate (HPF; Daii-
chi Pure Chemicals, Tokyo, Japan). which detects highly reactive ROS
including *OH, as a fluorescence probe ™ HPF (4 ul. 1 mM) was given
intravitreally just before the induction of ischemia. Rats were killed
after 60 minutes of ischemia followed by 15 minutes of reperfusion.
Retinas were quickly removed and flat mounted without fixation. The
fluorescence images were acquired by using a laser scanning confocal
microscope. The acquired images were analyzed by quantitative com-
parisons of the relative fluorescence intensity of retinas between
groups (NIH Image software, developed by Wavne Rasband. National
Institutes of Health, Bethesda, MD: available at hep://rsh.info.nibugov/
ij/index.html),

Histopathologic and Morphometric Study

Eyes were enucleated 7 days after reperfusion and fixed in 1% glutar-
aldehyde and 4% paraformaldehyde (PFA) in 0.1 M phosphate-buffered
saline (PBS) for 30 minutes, and the anterior segments were removed.,
Corneas and lenses were discarded. The entire eve cups were further
fixed in the same solution overnight and then transferred to 30%
sucrose for cryoprotection. Cryosections (10 um thick) were cut along
the vertical meridian of the eye. passing through the optic nerve head.
and were stained with hematoxylin and eosin (H&E). Retinal damage
was assessed by measuring the thickness of the retina.' The thickness
is defined as the toul width between the inner limiting membrane to
the interface of the outer plexiform layer and the outer nuclear layer.
These measurements were nutde at 1 distance within 1 to 2 mm from
the optic disc using a light microscope. The value was averaged from
four measurements in the temporal and nasal hemispheres of three
different sections.

TUNEL Assay and Immunohistochemical Staining

One day or 7 days after repertusion, the eves were immediately enu-
cleated. For TUNEL assay and the staining of reactive gliosis markers,
they were fixed in 4% PFA, and for staining of oxidative stress nuarkers
they were fixed in Bouin's fluid for 30 minutes. Next, the anterior
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segments were removed and the corneas and lenses were discacded.
For the TUNEL assay and for the staining of reactive gliosis markers, the
obtained entire eve cups were further fixed in the sume solution
overnight. For the staining of oxidative stress markers, they were
further fixed in the same solution for 2 hours. After cryoprotection
with 30% sucrose, cryosections (10 um thick) were cut along the
vertical meridian of the eye, passing through the optic nerve head
TUNGEL staining was performed with an apoptosis detection kit accord-
ing to the supplier’s instructions (Chemicon, Norcross, GA).™ The
numbers of TUNEL-positive cells in the retina were counted at a final
magnification X200 for each section using a light microscope.

For the immunostaining of oxidative stress markers, 4-hydroxynon-
enal (-HNE) and 8-hydroxy-2-deoxyguanosine (8-OHAG),* ! cryosec-
tions were postfixed in acetone and stained using the ABC kit accord-
ing to the supplier's instructions (Vector Laboratories, Burlingame,
CA).'™ Sections were incubated with the following primary antibodies:
mouse monoclonal anti4-HNE (1:400; JalCA, Shizuoka, Japan) and
mouse monoclonal anti-8-OHAG (1:20; jaICA), in a blocking buffer for
i hour at £°C. The stained sections were further counterstained for
nuclei with methyl green (0.5%). A light microscope was used to count
the numiber of +-HNE- and 8-OHdG-positive cells in each section of the
retina at a final magnification of X200,

For immunofluorescent staining of microglia and macroglia (ustro-
cytes and Miiller cells), cryosections were incubated with the follow-
ing primary antibodies: rabbit polyclonal anti-Ibal*? (1:100; Wako.
Osaka, Japan) or rabbit polyclonal anti-glial fibrillary acidic proteins
(GFAP: 1:500; DAKO, Glostrup, Denmark) in blocking buffer for 1
hour at room temperature. After they were washed twice with PBS. the
sections were incubated with fluorescein isothiocyanate (FITC)- con-
jugated secondary antibody (1:100; Invitrogen, Carlsbad. CA) for 30
minutes and further counterstained for nuclei with propidium iodide
for 10 minutes. A laser scanning confocal microscope (FV300; Olym-
pus, Tokyo, Japan) was used to count the number of lbal-positive cells
in each section of the retina at a final magnification of X200.

Statistical Analysis

All data are presented as the mean * $D. For single comparisons, we
performed an unpaired two-tailed Student’s #test. For multiple com-
parisons, we used an analysis of variance (ANOVA) followed by the
Fisher least-significant difference (LSD) test (StatView: SAS Institute,
Cary, NC). P < 0.05 was considered statistically significant.

RESULTS

Effect of H,-Loaded Eye Drops on H,
Concentration in the Vitreous Body and the
Accumulation of -OH during Retinal I/R

We prepared an H-saturated normal saline solution (0.8 mM.
pH 7.2: H,-loaded eye drops) and packed it into an aluminum
foil bag to prevent a decrease in H, concentration. A dropper
connected to the bag was held close to the rat’s eve, and drops
were applied to the ocular surface, The time-course of changes
in H, levels was monitored with a needleshaped hydrogen
sensor electrode inserted through the sclera to the vitreous
body. When H,-loaded eye drops were administered continu-
ously, approximatety 0.5 mM H, was detected on the ocular
surface (Fig. 1C). Two minutes after the start of administration,
H, concentration in the vitreous body started to increase and
reached a maximum level after 15 minutes (Fig. 1D). At that
time, the H, concentration accounted for approximately 20%
(0.16 mM) of the H,loaded eye drops. Immediately after ad-
ministration of the H -loaded eye drops ceased, the H, concen-
tration in the vitreous body was observed to gradually decrease
and then completely disappear atter 15 minutes (Fig. 10). The
maximum observed concentration of H, in the vitreous body
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was approximately one third of that observed on the ocular
surface (Fig. 1E)

To verity that the diffused H, protects against *OH during
retinal /R, we assessed the accumulation of *OH by the fluo-
rescence signal emitted by the oxidized form of HPF.** We
produced retinal ischemia in rats by increasing IOP with an
infusion needle connected to a saline bag. Just before the
induction of ischemia, 4 uL of 1 mM HPF was given intravit-
really. followed by 60 minutes of ischemia. Fifteen minutes
after reperfusion, the retinas were flatmounted and imaged in
their entirety using a laser confocal-scanning microscope (Fig.
2A). The retinal HPF-fluorescence in the H,-loaded eye drop-
treated group was significantly tess than that in the vehicle-
treated group (Fig. 2B).

Effect of H,-Loaded Eye Drops on the Number of
Apoptotic and Oxidative Stress
Marker—Positive Cells

To determine whether the administration of H,loaded eve
drops protects against retinal I/R injury. eye drops with and
without H, were applied during the entire 90 minutes process
(60 minutes of ischemia followed by 30 minutes of reperfu-
sion). One day after I/R injury, a remarkable increase in the
number of apoptotic cells (TUNEL-positive cells) was observed
in both the inner and the outer nuclear luyers of vehicle-treated
retinas (Fig. 3A): however. the administration of H loaded eye
drops resulted in a significant decrease (approximately 77%.
P < 0.0001) of TUNEL-positive cells (Figs. 3A, 3B), indicating
that H ,-loaded eye drops had potent antiapoptotic activity. We
speculate that the decreased apoptotic cell death reflects the
H ,-dependent reduction of oxidative stress. which was mainly
promoted by *OH.

We then examined the levels of two oxidative stress mark-
ers. #-HNE and 8-OHAG, in the vehicle-treated and the H,-
toaded eve drop-treated eves by immunohistochemical stain-
ing with each specific antibody.***' As expected,” 1 day after
I/R injury, the number of +HNE- and 8-OHdG-positive cells
increased dramatically in the retina (Figs. 3C. 3E, respectively).
However, eyes that had been treated with H louded eye drops
exhibited significantly fewer 4-HNE and 8-OHdG-positive cells
compared with the vehicle-treated retinas (Figs. 3C-F), sup-
porting our formulated hypothesis,
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FIGURE 2.

Hloaded eye drops reduced hydroxyl radicats in the ret-
ina. HPF was given intravitreally just before the induction of ischemia.
After I/R. the retinas were quickly removed and flatmounted. (A)
Representative fluorescent images were obtained with a laser scanning
contocal microscope. (B) HPF fluorescence was quantified from the
entire retina of each independent experiment. “P” < 0.01. Data repre-
sent the mean * SD. Scale bar, 200 um
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FIGure 3. H rloaded eye draps reduced apoptotic cell death and ox-
idative stress. One day after I/R. the eyes were immediately enucleated
and fixed for TUNEL assay (A, B) and staining with antibodies against
oxidative stress markers 4-HNE (C, D) and 8-OHAG (E. F). Images of
representative slices (A, C, E) and the number of positive cells per field
of view (FOV) (B. D. F) in normal retina (N) and the I/R-injured retinas
treated with the vehicle (H, —) or the H doaded eve drops (H, +) wre
shown (1 = 5 animals per group). P < 0.001. “*P <7 6.0001. Dats
represent the mean + SD. Scale bar, 30 g,

Effect of H,-Loaded Eye Drops on Histopathologic
and Morphometric Changes

To further evaluate the protective effect of H,loaded eye
drops, we observed histopathologic and morphometric
changes 7 days after retinal I/R injury. First, eye drops with and
without H, were applied during the entire 90-minute process
(duration F in Fig. 4A). Histopathologic changes of the retina at
7 days after I/R injury are depicted in Figure 4B. The H,loaded
eve drop-treated group showed a nearly normal structure with
a thicker retina; however. the Hfree (vehicle) eye drops-
treated group exhibited a marked thinning and atrophy of the
retina. Quantitative morphometry of retinal thickness was used
to estimate the effect of H, (Fig. 4C). The thickness in the
I/R-injured retina treated with the H,loaded eve drops
(102.6 = 3.8 um) increased significantly compared with the
retina treated with the vehicle (66.9 + 7.8 um, £ < 0.0001). In
normal retina from untreated animals, the mean thickness of
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the retina was 117.0 = 4.5 pm, indicating that the H,Joaded
eye drops improved the recovery of retinal thickness by >70%.

To investigate the effect of different durations of H,-toaded
eye drop administration. we applied H loaded eye drops using
three different time courses (Fig. 4A) and observed that the
Hloaded eye drops exerted their effect only when H, was
already insice the eyeball at the onset of reperfusion (Fig. 4C).
There were no significant differences in retimil thickness be-
tween groups treated with H,-Joaded eye drops only after
reperfusion (duration R: 75.4 * 10.4 pm) and treated with
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FiGURe 4. H +loaded eye drops prevented retinal degeneration caused
by I/R. One week after /R injury. the retinas were sliced and stained
with H&E. (A) Schematic of the experiment, with four different dura-
tions of Hloaded eye drops administration. (B) Images of representa-
tive slices of normal retinas, I/R-injured retinas treated with vehicle.
and retinas treated with Hyloaded eye drops during the entire 90-
minute process (60 minutes of ischemia followed by 30 minutes of
reperfusion) are shown. Scale bar, 50 um. (C) Retinal thicknesses for
different durations of H,loaded eye drops (100%) administration
=P 7 0.0001 compared with I/R-injured retina treated with the vehi-
cle (H, —). (D) Retinal thicknesses at different concentrutions of H, in
eye drops, The retinas were treated with H yloaded eve drops during
the entire process (duration F). "P < (.01, **P <2 0.001. > < 0.0001
compared with I/Rinjured retina treated with 0% H,  Histograms
represent the mean * SD
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vehicle (P = 0.06). However, the retina that was treated with
H Jloaded eye drops only during ischemia (duration | 91.6 =
>3 jum) was still significantly thicker than that treated with the
vehicle (P < 0.01). We next administered H ,loaded eve drops
for 10 minutes before and 30 minutes after reperfusion (dura-
tion I/R) and observed that the administration schedule was
sufficient to suppress the reduction of retinal thickness (dura-
tion /R; 96.6 = 4.4 um; P < 0.001 vs. vehicle). Furthermore,
we applied eye drops diluted to 25%, 50%, and 75% of the
normal H,-loaded eye drops during the entire 90-minute pro-
cess and observed that H,loaded eye drops suppressed the
reduction of retinal thickness in a dose-dependent manner (Fig.
4D). It is notable that the 25%-diluted H ,loaded eye drops
were still effective.

Effect of H,-Loaded Eye Drops on Glal Activation

Considering the critical role of increasing glial activation in the
pathogenic progression of retinal damage, we investigated the
immunohistochemical changes of the Iba1*? and GFAP* at 7
days after retinal /R injury with and without H, treatment.
ibal is specifically expressed by microglia/macrophages.™ A
small number of Ibal-positive cells was observed in normal
retinas, whereas an increasing number of Ibal-positive cells
wis observed in I/R-injured retinas. At that time, H,-loaded eye
drops were observed to inhibit the activation of microglia
(Figs. 3A, 5B), indicating that the ongoing neurodegeneration,
which activated microglia, was repressed by H,. In addition,
H loaded eye drops repressed the increase in GFAP immuno-
reactivity in I/R-injured retinas. The only GFAP-positive cells in
normal retina are astrocytes, whereas in the injured retinas,
Miiller cells, the specific glia! cells in the retina, react with
anti-GFAP antibody across the retinal layers.>® In vehicle-
treated retinas, GFAP was quite prominent in the Miiller cells
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FIGURE 5. H,loaded eye drops prevented glial activation caused by
I/R in the retina. One week after I/R injury, the retinas were sticed,
stained with antibodies to Ibal (a marker for microglia/macrophages.
greein) (A, B) and GFAP (a marker for Midler cells and astrocytes,
green) (C). and further counterstained for nuclei with propidium
iodide (red). Images of representative slices (A, C) and the number of
positive cells per field of view (FOV) (B) in normal retina (N) and
I/Rinjured retinas treated with the vehicle (H, —) or Hloaded eye
drops (H, +) are shown (1 = 5 animals per group). P00 Data
represent the mean = SD Scale bar, 50 pm.
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across the retinal layers and was also strongly present in the
astrocytes of the nerve fiber layers, when compured with the
H ,loaded eye drop-treated retinas (Fig. 5C).

Discussion

H,loaded eye drops have a strong protective effect against
retinal I/R injury. Previous studies have demonstrated that
antioxidants can decrease retinal injury® ~'*: however, because
antioxidants are difficult to deliver into the vitreous body by
topical administration, they were injected into either the eye or
the peritoneal cavity. Thus. easily applicable antioxidative re-
agents without significant side effects are strongly desirable. H,
is afn antioxidant that can easily diffuse into the body. We have
observed that H, diffuses into the organelles, including mito-
chondria and the nucleus, of cultured cells.'” These properties
prompted us to attempt the administration of H,loaded eye
drops for retinal diseases. This is the first report that H, can
immediately penetrate the vitreous body after the administca-
tion of H yloaded eye drops, thereby directly reducing a toxic
ROS, -OH, which is produced curing I/R. This effectively pro-
tects the retina from /R injury,

Although the sources and mechanisms of ROS§ generation
during I/R by transiently raised IOP are not clearly understood,
ROS kills neurons in the ganglion cell layer, inner nuclear layer,
and outer nuclear layer mainly by apoptosis.>”* Ophir et
al.'* "% demonstrated that a burst of *OH occurs in the cat
retina during the early reperfusion phase (5 minutes of reper-
fusion). Thus, we assessed *OH after 15 minutes of reperfusion
with HPF fluorescence and found that the accumulation of -OH
was reduced by Hoaded eve drops in the I/R-injured retina.
indicating that H, directly reduced *OH and decreased subse-
quent oxidative stress. Indeed, 1 day after reperfusion, H,-
loaded eye drops dramatically decreased 4-HNE-, 8-OHAG-, and
TUNEL-positive cells indicating that H, protected lipids from
peroxidation and DNA from oxidation and reduced subsequent
retinal cell death (detected as apoptosis) after I/R injury.

Neurodegeneration was obvious at 7 days after cetinal /R
injury. Previous studies on retinal dumuage 7 days after I/R
injury have shown that the thinning of the retina was evident
both morphologically and morphometricalty.' *****" in the
present study. H,loaded eye drops clearly suppressed the
thinning of the retina. However, when Hloaded eye drops
were applied after the onset of reperfusion (duration R), they
did not protect from retinal damage (Fig. 4). As shown in
Figure 1. H, concentration in the vitreous body gradually
increased after 2 minutes and reached its maximum level after
15 minutes. Immediately after H,doaded eye drop administra-
tion was stopped, the H, level gradually decreased and then
completely disappeared after 15 minutes. Thus, H, applied
after the onset of reperfusion could not reach a level sufficient
to inhibit the accumulation of *OH in the early reperfusion
phase, whereas H, applied before or during reperfusion (du-
ration [ or I/R) had a high enough H, level.

Microglia, Miiller cells, and most likely astrocytes respond
within hours to elevation of IOP in the retina.*® Heterogeneous
populations of microglis/macrophages are observed in the
normal retina and activated early after /R injury.® Dying
neurons are phagocytosed by them. The long duration of ROS
production (up to 48 hours after I/R) may be expliined partly
by the infiltration of microglis/macrophages into the site of
inflammation.” The presence of GFAP in a glial cell is consid-
ered a marker for reactive gliosis, which is not neuroprotec-
tive. but rather promotes neurodegeneration. 1 H doaded eve
drops reduced the number of reactive glia, indicating that
H loaded eye drops during I/R were sufficient to suppress
harmful gliosis after I/R injury and recover the thickness of the
reting,
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In conclusion, this study demonstrates that the topical ap-

plication of H, can be a useful antioxidant to protect against
retinal I/R injury by direct H, diffusion into the retina. Accord-
ingly, this neuroprotective antioxidant could offer 4 new ther-
apeutic strategy to the clinical setting to reduce retinal damage
in acute ghircoma and acute retimal vascular occlusion,
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Chronic stress impairs cognitive function and hippocampal neurogenesis. This impairment is attributed
to increases in oxidative stress, which result in the accumulation of lipid peroxide. On the other hand,
voluntary exercise enhances cognitive function, hippocampal neurogenesis, and antioxidant capacity
in normal animals. However, the effects of voluntary exercise on cognitive function, neurogenesis, and
antioxidants in stressed mice are unclear. This study was designed to investigate whether voluntary

Keywards: . exercise cures stress-induced impairment of cognitive function accompanied by improvement of hip-
\S/t"r'e“;;tary exercise pocampal neurogenesis and increases in antioxidant capacity. Stressed mice were exposed to chronic
Neurogenesis restraint stress (CRS), which consisted of 12 h immobilization daily and feeding in a small cage, for 8
Hippocampat weeks. Exercised mice were allowed free access to a running wheel during their exposure to CRS. At the

6th week, cognitive function was examined using the Morris water maze (MWM) test. Daily voluntary
exercise restored stress-induced impairment of cognitive function and the hippocampal cell proliferation
of newborn cells but not cell survival. Voluntary exercise increased insulin-like growth factor 1 (IGF-1)
protein and mRNA expression in the cerebral cortex and liver, respectively. In addition, CRS resulted
in a significant increase in the number of 4-hydrosynonenal (4-HNE)-positive cells in the hippocampal
dentate gyrus; whereas, voluntary exercise inhibited it and enhanced glutathione s-transferases (GST)
activity in the brain, These findings suggest that voluntary exercise attenuated the stress-induced impair-
ment of cognitive function accompanied by improvement of cell proliferation in the dentate gyrus. This
exercise-induced improvement was attributed to exercise-induced enhancement of IGF-1 protein and
GST activity in the brain.

© 2010 Published by Elsevier B.V.

1. Introduction

Aging impairs cognitive functions such as learning and mem-
ory. Age-dependent impairment of cognitive functionis accelerated
by chronic stress, especially psychological stress, in humans. To
elucidate the mechanism by which chronic stress impairs cog-
nitive function, many studies on animals using stress models
have been performed. In animal experiments, the most commonly
used method for exposing animals to chronic stress is to restrict
the physical activity of the animals by immobilization. Chronic
restraint stress (CRS) caused by immobilization impairs cogni-
tive function [1-3]. Furthermore, in Alzheimer’s disease model
mice over expressing human APP-CT100, CRS accelerates cogni-
tive impairment, as assessed by the passive avoidance test and the

« Corresponding author. Tel.: +81 44 733 3719; fax: +81 44 733 3719,
E-mail address: mikami@ams.ac jp {T. Mikami).

0166-4328/$ - see front matter © 2010 Published by Elsevier B.V.
doi: 10.1016/i.bbr 2010.03.028

social tranche of the food preference test [4]. We also showed that
CRS, which involves immobilization and feeding in a small cage,
leads to impairment of cognitive function {5},

One of the factors attributed to stress-induced impairment of
cognitive function is decreased neurogenesis, especially neuroge-
nesis in the hippocampal dentate gyrus. Restrained rats (4 h/day
for 7 days) show lower levels of hippocampal neurogenesis as esti-
mated by the number of bromodeoxyuridine (BrdU)-positive cells
compared with control mice {6]. Two weeks of CRS decreased hip-
pocampal cell proliferation and the expression of brain-derived
neurotrophic factor (BDNF) [7]. We also showed that CRS decreases
hippocampal neurogenesis [5.8].

The mechanism through which CRS suppresses hippocampal
neurogenesis has not been clearly elucidated; however, free radi-
cal formation induced by CRS is regarded as an important factor.
CRS increases lipid peroxide {5.9.10] and protein carbonyl con-
tent {9} and the number of 4-hydroxynoneral (4-HNE)-positive
cells [5.8]. Administration of hydrogen water [5], which acts as an

Please cite this article in press as: Nakajima S, et al. Regular voluntary exercise cures stress-induced impairment of cognitive function and cell
proliferation accompanied by increases in cerebral IGF-1 and GST activity in mice, Behav Brain Res (2010). doi:10.1016/j.bbr.2010.03.028
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efficient antioxidant, or GliSODin {8}, which enhances superoxide
dismutase (SOD) activity by oral administration, attenuates stress-
induced impairment of neurogenesis accompanied by a reduction
in lipid peroxidation. In addition, regular exercise enhances SOD,
the main antioxidant enzyme in vivo, activity in the liver {11] and
heart {12}, and exercise training increases glutathione s-transferase
(GST) activity in the liver [13]. GST plays an important role in the
exclusion of 4-HNE from cells [ 14,15]. These findings have led us to
suppose that regular exercise attenuates hippocampal neurogene-
sis by enhancing cerebral antioxidant enzyme activity in stressed
animals; however, this idea has not been confirmed yet.

On the other hand, there are many reports that positively
influenced by running wheel exercise as enhanced hippocampus
dependent learning [ 16-19]. Moreover, regular exercise improves
cognitive function in aged mice [20] and transgenic mice with
neuronal degeneration such as Alzheimer's disease [21,22] or
Parkinson'’s disease [23] accompanied by an improvement in hip-
pocampal neurogenesis.

One of the important which exercise improves cognitive func-
tion and hippocampal neurogenesis is to increase insulin-like
growth factor 1 (IGF-1) uptake in the brain [24]. Exercise-induced
improvement of hippocampal neurogenesis is cancelled out by
inhibition of IGF-1 action using neutralizing antibodies {25}, How-
ever, it has been not reported whether regular exercise cures
stress-induced impairment of cognitive function and hippocam-
pal neurogenesis accompanied by the upregulation of the IGF-1
signaling pathway.

The purpose of this study was to investigate whether exer-
cise cures stress-induced impairment of cognitive function and
hippocampal neurogenesis, and, if so, we proposed to elucidate
whether this beneficial effect of exercise is related to the IGF-1
signaling pathway or antioxidant capacity of the brain.

Our findings suggest that voluntary exercise attenuates stress-
induced impairment of cognitive function accompanied by
improvement of cell proliferation in the dentate gyrus. This
exercise-induced improvement was attributed to exercise-induced
enhancement of IGF-1 protein and GST activity in the brain.

2. Materials and methods
2.1. Animals and diet

All experimental procedures and animal treatments were performed in accor-
dance with the guidelines of the laboratory animal manual of Nippon Medical
School. Male C57/BL6 mice (Sankyo Lab Service, Tokyo, Japan), aged 7 weeks and
that weighed 22.1 £ 1.3 g, were used. The mice were randomly divided into three
groups: controi mice {C mice; n=12), restraint-stressed mice (RS mice; n=10), and
voluntary exercise mice (VE mice; n=9). The C mice were housed in a standard
mouse cage (width: 32 cm, length: 21.5 cm, height: 10.5 cm). In this case, four mice
were housed per cage. The RS mice were housed in a cage divided into six cells.
The divided cage was made by dividing a standard mice cage into six partitions with
plastic boards to make the living space of the mice narrow {81. In this cage, the living
space per mouse was 10cm wide, 10cm long, and 10.5cm tall. The VE mice were
housed in a clear polycarbonate cage (width: 22cm, length: 14cm, height: 22 cm)
with a free wheel (diameter: 17 cm) equipped with an electrical counter to measure
the daily revolutions of a running wheel. All mice were fed with ad libitum access
to food (standard animal diet) and tap water under a 12-h light/dark cycle (room
temperature: 24°C, 50% humidity).

2.2, Immobilization

After acclimation to the cage and diet for 5 days, the RS and VE mice were
exposed to 12h (2.m. 3:00-p.m. 9:00) of immobilization in an immobilization cage
(width: 3 em, length: 3 ¢m, height: 7.5 crn) 6 days a week for 5 weeks (Fig. 1). During
daily immobilization, the mice were freely able to drink tap water.

2.3. Spatial learning and memory

After 5 weeks of chronic immobilization, the spatial memory of the mice was
evaluated using the method of Morris water maze (MWM) test {26} modified by
Carroetal.[24].Briefly, the mice were trained for four trials a day for 5 days. A circular
pool with a diameter of 115 crm was filled with water 1.5 cm above the plastic plat-

anatomy
water maze ‘
(A b + + + -+ + fedi
1 2 3 4 5 6 H weeks
B . 12h imunobilization 12h
)
am 9:00 pm 21 00 am 9:00

Fig 1. Experimental protocol. (A) Total schedule. After 5 weeks of chronic immobi-
lization, spatial memory of all mice was evaluated with Morris water maze test. (B)
Daily schedule. RS and VE mice were exposed to 12h of immobitization in a small
cage at a frequency of 6 days per week and during 5 weeks. During the rest of day,
RS and VE mice were housed in six-divided cage or clear polycarbonate cage with a
free wheel, respectively.

form to hide it. The water was made opaque with white nontoxic paint, and the water
temperature was set at 24 °C. A mouse was released into the pool facing the pool
wall from four different starting points, which were varied randomly each day. The
time taken to reach the platform (escape latency) was recorded for every trial. Each
trial lasted either until the mouse had found the platform or for a maximum of 60's.
In each trial, the mice were aliowed to rest on the platform for 20's at the end of each
trail. To determine long-term retention (memory), the MWM test was performed
again on the 15th and 16th days after the first day of the MWM test (Fig. 1A),

2.4. 5-Bromodeoxyuridine (BrdU) injection

Inthe 5th week, BrdU dissolved in sterilized saline was intraperitoneally injected
into all mice at 50 mg/kg body weight for four consecutive days.

2.5. Sample collection

The day after completion of the MWM test, the mice were anesthetized with
pentobarbital and transcardially perfused with 60ml of saline into their left ven-
tricle. Their brains were carefully removed, and the hernispheres were separated.
The left hemisphere was fixed in 4% paraformaldehydein 0.1 M phosphate-buffered
saline (PBS; 137 mM NacCl, 8.10 mM Na;HPO4, 268 mM KCl, 1.47mM KH,PO,4, pH
7.4) overnight at room temperature. After being washed three times with PBS, the
brain was cut rostro-caudally with a Leica vibratome (VT 1000S, Leica Microsys-
tems, Germany) at 40 um. Serial sections were immersed in PBS. Ninety-six well
plates were used to maintain the correct order of the sections in PBS at 4°C. The
right hemisphere was divided inte the hippocampus, cerebral cortex, hypothala-
mus, and cerebellum. These samples were quickly frozen in liquid nitrogen and
stored at —80°C until analysis.

2.6. 4-HNE immunchistochemistry

To investigate lipid peroxidation in the hippocampus, 4-HNE immunohisto-
chemistry was performed using an M.O.M. immunodetection kit (Vector laboratory,
USA) according to the manufacturer’s instructions. Briefly, free-floating sections
were washed with PBS and reacted with 3% hydrogen peroxide in methanol for
30min to block endogenous peroxidase activity. After being washed with PBS, the
sections were exposed to heat (100-C) in 100mM citric acid buffer (pH 6.0) for
5 min using a microwave for antigen retrieval. After being washed again with PBS,
the sections were incubated with M.O.M. mouse IgG blocking solution for 1 h at
room temnperature. After being washed with PBS, the sections were incubated with
10 pg/ml of monocional anti-4-HNE antibody (Japan Institute for the Control of
Aging, Japan) in M.O.M diluent (0.1 M PBS: pH 7.4, 0.5% Triton X-100, 8% protein
concentrate stock solution) for two nights at 4°C with gentle shaking. After being
washed with PBS, the sections were incubated with biotinylated anti-mouse igG in
M.O.M diluent (1:250) for 2 h at room temperature. After being washed with PBS,
the sections were incubated with avidin-biotin-horseradish peroxidase complex
for 2h at room temperature. Finally, the sections were washed with PBS and devel-
oped using 0.67 mg/ml 3'3 diaminobenzidine (DAB) for 5min. The sections were
mounted, dehydrated, and cover slipped using permount mounting medium. The
number of 4-HNE positive cells in the granule cell layer (GCL) was determined using
a light microscope (ECLIPSE E400 Nikon; Nikon, Japan).

2.7. BrdU and Ki67 immunohistochemistry

BrdU- or Ki67-positive cells were identified immunohistochemically. The sec-
tions were incubated with 3% hydrogen peroxide in methanol to block endogenous
peroxidase activity. BrdU sections were incubated with 2M HCl for 30 min at 37°C
and M.0.M mouse IgG blocking solution for 1 h.Ki67 sections were subjected to the
antigen retrieval reaction and blocked via non-specific staining with normal goat
serum. After being washed with PBS, the sections were incubated for twe nights
with the primary antibody, a monoclonal anti-BrdU antibody (BD Pharmingen,
1:200) or rabbit polyclonal anti-Ki67 antibody (Abcam, 1:500), respectively. After
being washed, the BrdU or Ki67 stained sections were incubated with anti-mouse
biotinylated IgG secondary antibody (Vector Laboratories, 1:250) or goat anti-rabbit
biotinylated 1gG (Vector Laboratories, 1:100) for 2 h at room temperature, respec-
tively. Both the BrdU and Ki67 sections were incubated with VECTASTAIN ABC
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reagent {Vector Laboratocies) for 90 min and developed using DAB. The number
of BrdU- or Ki67-positive cells in the subgranular zone (SGZ) was determined using
a light microscope.

2.8, Isolation of total RNA and real-time quantitative RT-PCR

Total RNA was isolated using the RNeasy Mini Kit (QJAGEN, Germany) according
to the manufacturer's instructions. RNA quantification was carried out by measuring
absorption at 260 nm. cDNA was generated from total RNA by reverse transcription
(RT) using oligo (dT)121s primers (Invitrogen, USA) and Superscript reverse tran-
scriptase (Invitrogen, USA) in PCR terminal cycler DICS (Takara, Japan). The RT step
consisted of 37 *C for 10 min and 50C for 60 min. The level of IGF-1 mRNA in the liver
was measured by real-time quantitative PCR. Glyeeraldhyde-3-phosphate dehydro-
genase (GAPDH) served as an endogenous control. Quantification of the TagMan®
real-time PCR resuits was performed by plotting fluorescent signal intensity against
the number of PCR cycles on a semi-logarithmic scale. The fluorescent probes and
the forward and reverse primers were designed and synthesized by Hokkaido Sys-
tem Science (Hokkaido System Science Co., Ltd., Japan). The primer and probe
sequences were as follows: Probe: GGCTTTTAC TTCAACAAGCCCAC-AGGCTATG,
forward primer: TGGATGCTCTTCAGT-TCGTGTG, reverse primer: GCCTGTCTGAG-
GTGCCCTC. The reaction protocol for real-time PCR consisted of 50°C for 5min
followed by 95-C for 5min. Forty cycles of a two-step PCR reaction consisting of
205 at 95°C and 1 min at 60°C were performed. The real-time PCR values for IGF-1
were corrected relative to the values for glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH).

2.9. ELISA for IGF-1

The level of IGF-1 in the cerebral cortex was assayed using an enzyme-linked
immunosorbent assay (ELISA) for murine IGF-1 with anti-mouse [GF-1 antibodies
(MAP791 and BAF791, R&D, USA) and mouse [GF-1 (IBT, Germany) as a standard (the
sensitivity of the assay was 0.5 ng/mi) according to the manufacturer's instructions
with IGF-1 antibodies.

2.10. Analysis of SOD and GST activity

SOD activity was measured using an SOD Assay Kit-WST (Dojindo Molecular
Technologies Co, Tokyo). In brief, 20 mg of hippocampus were homogenized in a
dilution buffer included in the SOD assay kit and centrifuged at 18,000 x gfor 10 min.
The protein concentration of the supernatant was measured using the Coomassie
Plus Protein Assay Reagent Kit (Pierce CO. LTD, USA). The supernatant (20-50pg
protein) was used for measurement of SOD activity in accordance with the man-
ufacturer's instructions. GST activity in the cerebral cortex was measured by the
method of Habig et al. [27]. SOD and GST activity were expressed as units per gram
of protein (units/g protein).

2.11. HPIC for a-tocopheral

The tevel of (-tocopherol in the hypothalamus was determined by high per-
formance liquid chromatography (HPLC) according to the method of Milne et al.
with some modifications [28]. We used the hypothalamus for a-tocopherol analy-
sis because the hippocampus and cerebral cortex had already been used for other
analyses.

3. Statistical analysis

All values are shown as the meand standard error of mea-
surement (SEM). Differences between groups were analyzed using
one- or two-way ANOVA. When statistical differences were found,
Fisher's PLSD post hoc test was performance. Statistical significance
was accepted as p <0.05. All the experiments were examined in a
blinded fashion.

4, Results

4.1. Changes in the running distance of the VE mice

The running distance of each VE mouse was calculated by mul-
tiplying the wheel diameter (17cm) by the VER The running
distance of the VE mice gradually decreased in the latter half of
the experiment. The mean running distance of the VE mice was
5.8 + 2.0km/day (Fig. 2).

4.2. Learning and memory

To examine whether CRS influences cognitive function, we
tested both learning and memory using the MWM test (Fig. 3).
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Fig. 2. Change of running distance in VE mice. Running distances performed by the
VE mice housed in a cage equipped with a free wheel gradually decreased in the
latter period of the experiment.

For learning, the C mice showed a gradual curtailment of the time
taken to find the hidden platform, referred to as the latency from
hereon in, during the 5 day training period; whereas, the RS and
VE mice showed a smaller reduction of latency and a significantly
longer latency than the C mice on Day 4(p <0.05). Furthermore, the
RS mice showed a significantly longer latency on Day 5 (p<0.05).
These findings confirmed that the experimental conditions used in
the present study were sufficiently stressful to impair the learn-
ing of mice. To test memory, the mice were re-subjected to the
MWM test on Days 15 and 16 (Fig. 3). The C mice remembered the
position of the platform well and shortened the escape latency for
2 days; whereas, the RS mice did not show an improved latency
and had a significantly longer latency than the C mice (p <0.05). On
the other hand, the VE mice showed a shortened latency, which
resulted in a significant difference between the RS and VE mice on
Day 16 (p<0.05). These findings suggest that voluntary exercise
cures stress-induced impairment of cognitive function.

4.3. Neurogenesis in the SGZ of the dentate gyrus

To examine whether voluntary exercise restores hippocampal
neurogenesis, we examined the number of Ki67- and BrdU-positive
cells in the SGZ of the hippocampal dentate gyrus. In this study, we
used Ki67-positive cells as a marker of the proliferation of new
cells. On the other hand, since BrdU was injected 2 weeks before
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Fig. 3. Effects of voluntary exercise on escape latency as measured by Morris water
maze test, RS mice showed significantly impaired escape latency of water maze test
compared with C mice. The escape latency of VE mice was significantly shorter than
RS mice. Significant difference of the escape latency between RS and VE mice was
also abserved on Days 15 and 16 of water maze test. The data is presented as the
mean + SE. *p <0.05 vs. C mice. ®p <0.05 vs. RS mice.
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Fig. 4. Effects of voluntary exercise on the number of Ki67-positive cells in SGZ. (A) Representative photographs of Ki67-positive cells in SGZ are shown in Fig. 4A-D. (B) C
mice, (C) RS mice. (D) VE mice. (E) The number of Ki67-positive cells in SGZ of dentate gyrus was significantly lower in RS mice than C and VE mice. There was no significant
difference between C and VE mice. The data is shown as the mean + SE. *p <0.05 vs. RS mice.

dissection, we used BrdU-positive cells as a marker for the survival
of new cells. The number of Ki67-positive cells in the SGZ of the
dentate gyrus was significantly lower in the RS mice than in C or VE
mice (p <0.05)(Fig. 4). There was no significant difference between
the C and VE mice. On the contrary, the number of BrdU-positive
cells was significantly lower in the RS and VE mice compared with
the C mice (p<0.05) (Fig. 5). There was no significant difference
between the RS and FE mice. These findings suggest that voluntary
exercise attenuates stress-induced impairment of proliferation but
does not improve the survival of new cells in the dentate gyrus.

4.4. 4-HNE positive cells in the GCL of the dentate gyrus

As shown in Fig. 6, the RS and VE mice had significantly more 4-
HNE-positive cells in the GCL of the dentate gyrus than the C mice
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(p<0.05). However, the VE mice had significantly fewer 4-HNE-
positive cells compared with the RS mice (p <0.05). These findings
suggest that CRS increased lipid peroxidation in the dentate gyrus
and that voluntary wheel running suppressed the accumulation of
lipid peroxidation in stressed mice.

4.5. IGF-1 protein and mRNA

In this study, we focused on cerebral IGF-1 content because
Carro et al. [ 24] reported that voluntary exercise enhances cell pro-
liferation by increasing uptake of circulating IGF-1 into the brain.
The VE mice showed a significant increase in the IGF-1 protein level
in the cerebral cortex (p <0.05). In addition, the VE mice showed a
significantly higher level of IGF-1 mRNA in the liver than the C or
RS mice (p <0.05) (Fig. 7).

C RS VE

Fig. 5. Effects of voluntary exercise on the number of BrdU-positive cells in SGZ. (A} Representative photos of BrdU-positive-cells in SGZ are shown in Fig. 5A-D. (8) C mice,
(C) RS mice, (D) VE mice. (E) Number of BrdU-positive cells in SGZ significantly lower in RS and VE mice than C mice. The data is shown as the mean 4 SE. *p < 0.05 vs. C mice.
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HNE-positive cells in GCL. (A) Representative photos of 4-HNE-positive cells in GCL are shown in Fig. 6A-C.{(A) C

mice, (B) RS mice, (C) VE mice. (D) RS and VE mice had significantly more 4-HNE-positive celis in GCL of dentate gyrus than C mice. However, VE mice had significantly fewer
4-HNE-pasitive cells compared with RS mice. The data is shown as the mean +SE. 3p <0.05 vs. C mice, °p <0.05 vs. RS mice.

4.6. Antioxidant enzyme activity and a-tocopherol content

To examine the level of oxidative stress in the brains of the
stressed mice, the a-tocopherol content of cerebral cortex was
measured. The a-tocopherol content was significantly lower in the
RS and VE mice than in the C mice (p <0.05) (Fig. 8C).

To examine the antioxidant capacity of the stressed mice, SOD
and GST activity in the brain were measured. There were no signif-
icant differences in hippocampal SOD activity between any groups
of mice (Fig. 8A). However, GST activity was significantly higher in
the VE mice than in the C or RS mice (p <0.05) (Fig. 8B).

5. Discussion

To investigate whether voluntary exercise cures stress-induced
impairment of cognitive function, the spatial memory of mice
exposed to CRS with or without daily voluntary exercise was deter-
mined using the MWM test. Daily voluntary exercise attenuated the
stress-induced impairment of cognitive function accompanied by
improvement of the proliferation of new cells in the hippocampal
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Fig. 7. Effects of voluntary exercise on IGF-1 in the cortex and IGF-
C and RS mice. The data is shown as the mean  SE. {B) VE mice showed significan

mean + SE. "p<0.05 vs. C and RS mice.

dentate gyrus and increases in the IGF-1 proteinlevel in the cerebral
cortex. In addition, daily voluntary exercise resulted inadecrease in
the number of 4-HNE-positive cells in the GCL and increases in GST
activity in the cerebral cortex. These findings suggest that habitual
voluntary exercise prevents stress-induced impairment of cogni-
tive function by retention of neurogenesis and inhibition of lipid
peroxidation.

in this study, CRS, which involved daily immeobilization for 12h
and feeding in a narrow cage, impaired cognitive function as eval-
uated by the MWM test (Fig. 3). This finding corresponds to the
results of a previous study [5.8]. In addition, the present findings
showed that voluntary exercise cures stress-induced impairment of
cognitive function. Thisis the first report that has shown that volun-
tary exercise attenuate the stress-induced impairment of cognitive
function.

Hippocampal neurogenesis is related to cognitive function. Nils-
son et al. [29] reported that spatial memory is negatively correlated
with hippocampal neurogenesis. We examined neurogenesis by
dividing it into two phases, the proliferation and survival of newly
born cells. Voluntary exercise restored the number of Ki67-positive
cells but not BrdU-positive cells (Figs. 4 and 5), which suggested
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1 mRNA in the liver. (A) VE mice showed significantly increased levet of iGF-1 protein in the cortex than
tly increased level of IGF-1 mRNA in the liver than C and RS mice. The data is shown as the
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Fig. 8. Effects of voluntary exercise on SOD and GST activity and a-tocopherol con-
tent. (A). There was no significant difference in hippocampal SOD activity among
three groups of the mice. (B) VE mice showed significantly increased levels of GST
activity in the cortex than C and RS mice. (C) RS and VE mice had significantly
decreased levels of a-tocophero! content in the cortex. The data is shown as the
mean  RS. ?p <0.05 vs. C mice. *p<0.05 vs. RS mice.

that voluntary exercise was able to improve the proliferation of new
cells in stressed mice but not survival. In normal mice, voluntary
exercise enhances both the proliferation and survival of neuronal
progenitor cells [30]. This contradiction may be attributed to dif-
ferences in the experimental conditions or the normal or stressed
mice. Chronic stress increases apoptotic cell death in hippocam-
pal neurons [31,32}. Therefore, the reason why VE mice could not
improve the cell survival of new cells might be because stress-
induced increases in apoptotic cell death canceled out the effects
of exercise on cell survival. However, we did not examine apopto-
sis cell in this study, so a further study is necessary to verify our
speculation.

One of the factors that enhance cell proliferation in VE mice is
an increase of IGF-1 in brain. Carro et al. {24] reported that phys-
ical exercise enhances the uptake of circulating IGF-1 compared

the sedentary. Moreover, reported that IGF-1 produced in the liver
is released into the cultural medium. Both IGF-1 mRNA and IGF-
1 protein expression were significantly increased in the liver and
cerebral cortex by voluntary exercise, respectively (Fig. 7A and B).
These findings led us to expect that hepatic IGF-1 production was
increased by voluntary exercise and that the IGF-1 produced in liver
might be transported to the brain via the circulating blood, which
ledtoanincrease inIGF-1 protein in the cerebral cortex, IGF-1 injec-
tion leads to an increase of cell proliferation in the dentate gyrus
of the hippocampus [33] Administration of anti-IGF-1 antibodies
cancels out exercise-induced increases in cell proliferation in the
dentate gyrus [25]. Combining the previous and present findings
together supports the idea that voluntary exercise restores the pro-
liferation of new cells by enhancing IGF-1 production in the liver
and cerebral uptake of circulating IGF-1 derived from the liver.

Another interesting finding was the fact that voluntary exercise
reduced the number of 4-HNE-positive cells in the SGZ(Fig. 6) with-
out increasing SOD activity (Fig. 8A). SOD plays an important role in
scavenging free radicals and preventing lipid peroxidation. There-
fore, it was unexpected that the number of 4-HNE-positive cells
would be reduced in VE mice without an increase in SOD activity.
4-HNE is a representative marker of lipid peroxidation [34}]. The RS
mice showed asignificantincrease in the number of 4-HNE-positive
cells in the SGZ (Fig. 6), which supports the findings of our previous
study [8]. In addition, the present findings showed decreases in a-
tocopherol content in stressed mice (Fig. 8C), which supported the
assertion that CRS leads to oxidative stress. The majority of cellu-
lar 4-HNE is metabolized via its conjugation to glutathione (GSH)
through reactions catalyzed by GST [14,15]. The majority of GSH-
HNE conjugate is transported into the extracellular environment
through an ATP-dependent process catalyzed by Ral-interacting
protein 76 (RLIP76) [35]. Ejchel-Cohen et al. {36} showed that 3
weeks of CRS downregulates GST mRNA expression in the hip-
pocampus. In this study, the RS mice showed significant decreases
in GST activity in the cerebral cortex compared with the C mice.
In addition, the VE mice showed significant increases in GST activ-
ity compared with the C mice (Fig. 8B), which was in agreement
with the previous finding that daily swimming exercise resultsin a
significant increase in hepatic GST activity [13]. Therefore, the fact
that voluntary exercise enhanced GST activity in the brain might
have contributed to the significant reduction in the number of 4-
HNE-positive cells in the SGZ. To clarify this, further investigation
of the effects of GST expression on the level of protein and mRNA
are necessary.

In conclusion, the present findings showed that voluntary exer-
cise attenuated stress-induced impairment of cognitive function
accompanied by improvement of cell proliferation in the den-
tate gyrus. This exercise-induced improvement is attributed to
exercise-induced enhancement of IGF-1 protein and GST activity
in the brain.
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Oxidative stress is one of the major causes of age-dependent memory loss and cognitive decline. Cytotoxic
aldehydes are derived from lipid peroxides and their accumulation may be responsible for age-dependent
neurodegeneration, including Alzheimer's disease. Since aldehyde dehydrogenases detoxify such alde-
hydes, we constructed transgenic mice with mitochondrial aldehyde dehydrogenase 2 (ALDH2) activity
deficiency (DAL101 mice) as an age-dependent dementia model. This model animal is age-dependently

§e¥w°'d5: progressed by persistent oxidative stress, and thus enables us to investigate foods that prevent dementia.
Algcllgﬁ de Since Chlorella, a kind of alga, exhibits various anti-oxidative effects, we investigated whether Chlorella
ALDH; has the potential to prevent age-dependent cognitive impairment. We fed Chlorella to DAL101 mice

Alzheimer's disease
Oxidative stress
Parachlorella beyerinckii

and investigated its effects on oxidative stress and the progression of cognitive decline using the Morris
water-maze and object recognition tests. The diet with Chlorella tended to reduce oxidative stress and sig-
nificantly prevented the decline of cognitive ability, as shown by both methods. Moreover, consumption
of Chlorella decreased the number of activated astrocytes in the DAL101 brain. These findings suggest
that the prolonged consumption of Chlorella has the potential to prevent the progression of cognitive

impairment.

© 2009 Elsevier freland Ltd. All rights reserved.

The decline of cognitive ability in Alzheimer's disease (AD) is
associated with aging, and may be caused by persistent oxida-
tive stress in the brain [13]. Highly reactive aldehydes, such as
4-hydroxy-2-nonenal (4-HNE), are spontaneously generated from
lipid peroxides {24}, In particular, 4-HNE rapidly reacts with most
biomolecules and injures living cells [ 29]. In fact, increased levels of
4-HNE-modified proteins in the brain of AD and Parkinson disease
(PD) patients have been observed [ 11,33]. These findings imply that
antioxidants that can reduce oxidative stress play important roles
in the prevention of cognitive impairment and neurodegeneration;
however, most clinical trials supplying a single dietary antioxi-
dant have not resulted in great success in preventing dementia
{12,19.23}.

Dominant-negative-type aldehyde dehydrogenase 2 (ALDH2) is
present in Mongoloids. Japanese, Korean and Chinese groups have
independently reported that the genetic polymorphism (ALDH2*2)
is arisk for AD [4,5,30]. Cells expressing ALDH2*2 are vulnerable to
4-HNE, and cell death is induced by treatment with 4-HNE 15,18},

* Corresponding author. Tel.: +81 44 733 9267; fax: +81 44 733 9268.
E-mail address: ohta@nms.acp (S. Ohta).

0304-3940/$ - see front matter © 2009 Elsevier freland Ltd. All rights reserved.
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To investigate the role of such toxic aldehydes, we con-
structed transgenic mice expressing a dominant-negative form of
ALDH2 (ALDH2"2) in the brain (DAL101 mice) {16]. The mice had
decreased ability to detoxify 4-HNE in their cortical neurons and
accelerated accumulation of 4-HNE in the brain. Consequently,
their lifespan was shortened and age-dependent neurodegen-
eration and hyperphosphorylation of tau were observed. The
onset of cognitive impairment correlated with neurodegener-
ation, which was further accelerated by APOE knockout. No
obvious pathological features, including cognitive function, were
observed in young DAL101 mice, indicating that no physiolog-
ical and neurological changes would occur during their aging.
After maturation, oxidative stress accumulated in the brain
and cognitive deficits developed in aged DAL101 (16,17} The
importance of this model mouse is the age-dependent onset
of neurodegenerative disorders. Thus, this model animal will
be helpful to explore foods that can prevent age-dependent
dementia.

Chlorella is a kind of alga. It and its extract with hot water
have long been used as health foods. It was reported that Chlorella
exhibits various immunopharmacological effects { 1,6,.28} and func-
tions as an antioxidant in vitro and in vivo [10,22,26), probably
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Fig. 1. Effects of Chiorella consumption on oxidative stress. (A) Total blood MDA + HNA was measured after 16-month Chlorella administration. (B and C) HNE-positive cells
were counted in the whole hippocampus (B) and the datate gyrus region (C). DAL101: DAL101 normal diet (n = 10), +Chlorella: DAL101 with Chlorella diet (n=6), and wild

type: C57BL{6 with normal diet (n=8). °p <0.05: significant DAL101 vs. wild type.

because it is rich in chlorophyll and carotenoids, including B-
carotene and lutein.

In this study, we fed Chlorella to age-dependent dementia model
mice for a prolonged period, and suggest that Chlorella has potential
for preventing age-dependent dementia.

We constructed transgenic mice, expressing a dominant-
negative form of ALDH2 (ALDH2*2) in the brain (DAL101 mice) as
previously reported [ 16]. DAL101 mice were fed the basic diet CE-2
(Clea Japan, Tokyo)(control group) or a 5% Chlorella-supplemented
diet(Chlorella treatment group) for 16 months from 8 weeks of age.

The wild-type mice, C57BL/6 (Kyudo, Fukuoka, Japan), were also
fed the basic diet CE-2 as a normal group. The animals were given
free access to water and food. The body weight was measured
weekly.

Chlorella used for the diet preparation was the Parachlorella bey-
erinckii CK-5 strain, cultured, dried, and powdered by Chlorella
Industry Co., Ltd. Animals were maintained following the Animal
Experiment Guideline of Chlorella Industry Co., Ltd., established
in accordance with the 'Standards Concerning Maintenance and
Storage of Experimental Animals’ (Notice No. 6 from the Prime
Minister’s Office on March 27, 1980, partially revised on May 28,
2002).

Mice were trained on the Morris water-maze |14,16}. The
water-maze was a circular pool filled with opaque water at room
temperature (diameter, 1.1m). A transparent platform (diameter,
10cm) was hidden 1 cm below the surface. If a mouse failed to find
the platform within 60, it was guided carefully to the platform and
allowed to remain there for 20s. Mice were given four trials a day
for 5 days. The examiner determined the time of swimming until
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the mouse reached the platform (latency). Retention of the spatial
training was assessed 24 h after the last training trial. A single probe
trial consisted of a 60's free swim in the pool without the platform.

The visual object recognition test (vORT) was used to test recog-
nition memory {16,31}. Mice were first habituated in a cage for24h
before training. During 10 min of training, two plastic blocks with
different shapes and colors were presented. Object recognition was
scored by the number of approaches to and/or sniffs of the object
and shown as percentage preference (recognition index). One day
after training, one of the conditioned blocks was replaced with a
novel object to test for memory retention, and recognition index
was scored during 5 min of testing.

For immunohistochemistry, the brain was fixed for 24h by
using 4% paraformaldehyde in PBS and embedded in paraffin, Tis-
sues were sectioned and immunostained with an oxidative stress
marker, anti-HNE antibody (Kikken Seil Co., Fukuroi, Japan), a
gliosis marker anti-lba-1 antibody (COVANCE) and an astrocyte
marker anti-glial fibrillary acidic protein (GFAP) antibody (clone
GAS; Millipore). As an alternative oxidative stress marker, blood
malondialdehyde (MDA) and hydroxyalkenale (HNA) levels were
determined using a Bioxytech MDA-586 Assay Kit (OxisResearch,
Oregon, USA) according to the instruction manual.

For statistical analysis, all values were shown as the mean 4 the
standard deviation (SD). One-way ANOVA (Fisher’s PLSD test) fol-
lowed by contrast testing was used to compare the data from
multiple groups. Statistical significance was accepted as p<0.05.
We performed quantification experiments in a blinded fashion.

To investigate the effects of 16-month Chlorella consumption
in DAL101 mice, we measured total amounts of MDA and HNA in
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Fig. 2. Effects of Chlorella consumption on spatial memory and learning ability. The Morris water-maze test was performed after 10-month (A) and 16-month (B) Chlorelia
consumption. Four trials per day were repeated for 5 days, and the time required to reach the platform (latency time) was measured. When the animat could not reach the
platform within 605, the latency time was regarded as 60s. Closed triangle: DAL101 normal diet (n=5), closed circle: DAL101 with Chlorella diet (n =5), and closed square:
C57BL/6 with normal diet (n = 5). (C) Probe trials after 10- and 16-month Chlorella consumption. The platform was removed the day after completing the 5-day training trial,
and a 60-second probe trial was performed. The time spent in the quadrant in which the platform was previously present was shown as % to wild type. DAL101: DAL101
normal diet (n=5), +Chlorella: DAL101 with Chiorella diet (n = 5), and wild type: C57BL/6 with normal diet (n=5). *p <0.05: significant vs. DAL101 (normal diet).

blood as well as HNE-positive cells in the brain as oxidative stress
markers. MDA and HNA level in blood and HNE-positive cells in
the hippocampus were significantly higher in DAL101 than in wild-
type C57BL/6 mice, whereas the Chlorella diet did not significantly
improve the oxidative stress level (Fig. 1A and B). However, the
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number of HNE-positive cells was reduced by the Chilorella diet in
the dentate gyrus region of hippocampus (Fig. 1C), suggesting that
the Chlorella diet seems to improve oxidative stress.

The body weight of DAL101 mice (male and female) tended to
be lighter than wild-type C57BL/6 mice, suggesting that ALDH2
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Fig. 3. Effects of Chlorella consumption on recognition and learning ability. (A) Training for the object recognition test was performed after 16-month Chioretla consumption.
The frequencies of exploratory behavior towards 2 objects were measured, and the percent ratios of the frequencies were calculated (recognition index). () The frequencies
of exploratory behavior towards the 2 objects were measured on the day following the training trial, and the percent ratio of the frequency of exploratory behavior toward
the novel object was calculated, DAL101: DAL101 normal diet (n = 8), +Chiorella: DAL101 with Chiorella diet {n = 5), and wild type: C57BL/6 with normal diet(n=6). “p <0.05:

significant vs. DAL101 (normal diet). *p <0.05, **p <0.01: significant vs, training trial.
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