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(Bacl(ground: Potential functions of cytoglobin (CYGB) in neonatal hypoxia-ischemia (HI) brain injury have not been

Results: Up-regulation of CYGB reduces HI injury and improves long term cognitive impairment after neonatal HI.
Conclusion: CYGB exhibits neuroprotective effects, possibly through antioxidant and antiapoptotic functions as well as by

Significance: These results provide a novel target for developing a clinically relevant strategy for future studies.

J

This study was designed to investigate the expression profile
of CYGB, its potential neuroprotective function, and underlying
molecular mechanisms using a model of neonatal hypoxia-isch-
emia (HI) brain injury. Cygb mRNA and protein expression were
evaluated within the first 36 h after the HI model was induced
using RT-PCR and Western blotting. Cygb mRNA expression
was increased at 18 h in a time-dependent manner, and its level
of protein expression increased progressively in 24 h. To verify
the neuroprotective effect of CYGB, a gene transfection tech-
nique was employed. Cygb cDNA and shRNA delivery adenovi-
rus systems were established (Cyghb-cDNA-ADV and Cygb-
shRNA-ADV, respectively) and injected into the brains of
3-day-old rats 4 days before they were induced with HI treat-
ment. Rats from different groups were euthanized 24 h post-HI,
and brain samples were harvested. 2,3,5-Triphenyltetrazolium
chloride, TUNEL, and Nissl staining indicated that an up-regu-
lation of CYGB resulted in reduced acute brain injury. The
superoxide dismutase level was found to be dependent on
expression of CYGB. The Morris water maze test in 28-day-old
rats demonstrated that CYGB expression was associated with
improvement of long term cognitive impairment. Studies also
demonstrated that CYGB can up-regulate mRNA and protein
levels of VEGF and increase both the density and diameter of the
microvessels but inhibits activation of caspase-2 and -3. Thus,
this is the first in vivo study focusing on the neuroprotective role
of CYGB. The reduction of neonatal HI injury by CYGB may be
due in part to antioxidant and antiapoptotic mechanisms and by
promoting angiogenesis.
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Perinatal hypoxia-ischemia (HI)? brain injury is a common
cause of lifelong morbidities (1, 2). Approximately half of HI
events result in death, and 25% of the survivors suffer from
neurological disabilities, including cerebral palsy, cognitive
and/or sensory deficits, mental retardation, learning disabili-
ties, and epilepsy (3, 4). These impairments significantly impact
life experience and social welfare. To date, there are no effective
therapies for the treatment of these neurological disorders.
Thus, this limitation has provided an incentive to search for
new, more effective therapeutic interventions that may lead to
better outcomes.

The globins have striking functions, which initially attracted
our research interest. Cytoglobin (CYGB), the fourth member
of the vertebrate globin family of hemoproteins, is detectable in
various organs (5). Hemoglobin and myoglobin are abundant
hemoproteins that have been extensively studied. Neuroglobin,
the third heme protein (6), can be induced by neuronal hypoxia
and cerebral ischemia and can protect neurons from the effects
of hypoxia in vitro (7, 8) and in vivo (8 —11). The most recently
discovered heme protein, androglobin, the fifth member of glo-
bin family, is preferentially expressed in the testis and is insen-
sitive to experimental hypoxia (12). The physiological function
of CYGB remains unknown, but it is believed to have various
roles due to its family homology, such as storing O,, facilitating
0, diffusion, detoxifying reactive oxygen species, acting as an
O, sensor, and functioning as an NO dioxygenase (5, 13-16).
Thus, CYGB may play a cytoprotective role under hypoxic
and/or ischemic conditions. Increasing evidence suggests that
CYGB may be up-regulated in the liver, heart, brain, muscle,
and kidney (16 —19) under hypoxic and/or ischemic conditions,
suggesting that CYGB might be a protective factor in these
organs. Previous studies have also indicated that CYGB acts as
a stress-responsive hemoprotein expressed both in the devel-

2 The abbreviations used are: HI, hypoxia-ischemia; MWM, Morris water maze;
TTC, 2,3,5-triphenyltetrazolium chloride; MDA, malondialdehyde; SOD,
superoxide dismutase; ADV, adenovirus; EL, escape latency; Pn, postnatal
day n.
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oping and adult brain (20) and is protective under oxidative
stress in cell lines (21, 22). More recently, Cygb was found to act
as a tumor suppressor gene (23, 24), and protect kidney fibro-
blasts under ischemic conditions (25), which are related to oxi-
dative stress (25-27).

Our hypothesis was that CYGB might protect neonatal rats
from the damage associated with HI brain injury. The aims of
the present study were to investigate the potential role of CYGB
in neonatal HI and clarify the underlying mechanisms as well as
to provide a new therapeutic target for the treatment of neona-
tal HI brain injury. For the first time, we identified the expres-
sion profiles of Cyghb mRNA and protein induced by HI using a
widely applied animal model. We also provided the first evi-
dence that HI outcomes could be significantly affected under
the condition of overexpression and knockdown of Cygb using
adenovirus transfection systems in vivo. MDA and SOD assays
were also carried out in order to demonstrate the antioxidant
ability of CYGB in vivo. In addition, we identified the molecular
mechanisms associated with CYGB under HI injury. These
findings suggest that CYGB plays an important role in protect-
ing the developing brain against HI injury.

EXPERIMENTAL PROCEDURES

Animals and Experimental Schedule—Sexually mature
Sprague-Dawley rats (n = 28, male; n = 56, female) were pur-
chased from the experimental Animal Center of Shantou Uni-
versity Medical College (Shantou, China). Care of the animals
used in this investigation conformed to United States National
Institutes of Health guidelines (79) and followed the rules of the
National Animal Protection of China. The study was approved
by the Institutional Animal Care and Use Committee of Shan-
tou University Medical College. Pregnant females were housed
individually, and the presence of pups was checked for daily.
The day of birth was considered day 0 (P0), and 1 day later, the
litters were culled to 8 rat pups/dam. Animals were maintained
in the same temperature- and humidity-controlled holding
facility (22-24 °C) under a 12-h/12-h light/dark cycle (light
onset at 8:00 a.m.), with free access to food and water. Efforts
were made to minimize animal suffering and to reduce the
number of animals used. A schedule of the treatment, surgical
procedure, and tests of the animals is shown in Fig. 1. 535 neo-
natal Sprague-Dawley rats were used in this study, and the sur-
vival rate of each group (animals used for studying the endoge-
nous expression profiles of Cygb and confirming the efficiency
of ADV transfection reagents were considered as sham) in the
first 36 h after treatment is listed in Fig. 1C. Log rank tests were
used to compare survival curves among groups at 28 days, when
they were ready for the Morris water maze (MWM) test.

Reagents—In situ cell death detection kits were purchased
from Roche Applied Science. The PCR primers (as listed in
Table 1), cDNA, and shRNA for Cygb were synthesized by San-
gon Biological Engineering Technology and Services Co., Ltd.
(Shanghai, China). The RT-PCR kits were purchased from
Takara Biotechnology Co., Ltd. (Dalian, China). Rabbit poly-
clonal antibody for CYGB (FL-190) and goat polyclonal anti-
body for CD31 were purchased from Santa Cruz Biotechnol-
ogy, Inc. (Santa Cruz, CA). Primary monoclonal antibody for
B-actin, cleaved caspase-2 and -3, and horseradish peroxidase-
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conjugated secondary antibody were from Cell Signaling Tech-
nology, Co., Ltd. The SuperSignal Western blotting detection
kits were obtained from Pierce. Cy3-conjugated anti-rabbit sec-
ondary antibody and 4’,6-diamidino-2-phenylindole (DAPI)
for immunofluorescence were from Sigma-Aldrich. Rabbit
anti-VEGF and relative streptavidin peroxidase immunohisto-
chemical staining kits were purchased from Biosynthesis Bio-
technology Co., Ltd. (Beijing, China). All surgical materials
used were acquired from Yuehua Medical Products Ltd. (Shan-
tou, China). Other chemicals and reagents were of molecular
biology grade and were purchased from local commercial
stores.

Establishment of Animal Model—HI brain injury was
induced in P7 Sprague-Dawley rats based on the classical
“Levine method” (28) with modifications by snipping the left
common carotid artery between double ligations and prolong-
ing hypoxia duration from 90 min to 120 min. Briefly, each rat
was deeply anesthetized by inhalation of isoflurane. The com-
mon carotid artery was exposed through a midline cervical inci-
sion, permanently double-ligated with 5-0 silk sutures, and sev-
ered. The total time for surgery in each animal was ~3 min.
After surgery, animals were given 1-2 h to recover from anes-
thesia. Following recovery, animals were placed in an airtight
container partially submerged in a 37 °C water bath to maintain
a constant thermal environment. A 120-min continuous
hypoxia (8% O,, 92% N,) was used to induce systemic hypoxia.
Sham animals received anesthesia and exposure of the left com-
mon carotid artery but did not receive HI treatment. After
another 30-min recovery, all surviving rats were returned to
their cages and kept in a standard environment as described
under “Animals and Experimental Schedule.”

Construction of Adenovirus-mediated Transfection Systems—
shRNA and cDNA of Cygb sequences were designed based on a
protocol used in a previous study (23). We obtained plas-
mids PDC316-mCMV-Zsgreen-cDNA-Cygb and PDC316-Zs-
Green-shRNA-Cygb, with null vectors transfected as negative
controls (29 -32). The plasmids were cloned to adenovirus vec-
tors, and the viral null vectors were propagated in human
embryonic kidney 293 (HEK 293) cells. Viral titer was deter-
mined by using standard plaque assays on HEK293 cells. The
resulting titers for Cygh-shRNA-ADV and Cygh-cDNA-ADV
were 3 X 10% and 2 X 10° pfu/ml, respectively.

Intracerebroventricular Injection of Adenovirus—Adenoviral
vectors delivery were conducted on P3 Sprague-Dawley rats
based on protocols described previously (29, 33). Briefly, the
rats were anesthetized with isoflurane and mounted onto an
SR-6N stereotactic frame (Narishige Scientific Instrument Lab-
oratory, Tokyo, Japan). 4 ul of adenoviral vectors or saline
(NaCl solution) were injected into the lateral ventricle (0.8 mm
posterior and 1.0 mm lateral in relation to A and at a depth of 3
mm from the skin surface of the brain) (33) using a Hamilton
syringe with a 10-gauge needle. The vector or saline was
injected over a period of 2 min, and the needle was left in place
for another 2 min and then removed slowly over 2 min. In order
to avoid the potential effect of tissue damage caused by the
injection procedure on the assessment of HI injury, all injec-
tions were made into the cerebral ventricle contralateral to the
injury hemisphere.
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TABLE 1
Primer sequences for PCR amplification

Gene name (ID)

Sequences

Product size

Cygh (NM_130744.2)

bp

Forward 5'-CCTGGTGAGGTTCTTTGTGAAC-3' 262
Reverse 5'-CAGAATGACCCCAGAGAGAATC-3’

Hif-1a (NM_024359.1)
Forward 5'-TCCATTACCTGCCTCTGAAACT-3’ 294
Reverse 5"-GGATTCTTCGCTTCTGTGTCTT-3'

Caspase-2 (NM_022522.2)
Forward 5'-GAGCAATGTGCACTTCACTGG-3' 224
Reverse 5'-CCACACCATGTGAGAGGAGTG-3’

Caspase-3 (NM_012922.2)
Forward 5'-GGAGCAGTTTTGTGTGTGTGAT-3' 200
Reverse 5'-TCCACTGTCTGTCTCAATACCG-3’

Vegf (NM_031836.2)
Forward 5'-CGGACAGACAGACAGACACC-3’ 175
Reverse 5'-CCCAGAAGTTGGACGAAAAG-3’

B-Actin (NM_031144.2)
Forward 5'-ACCCTGAAGTACCCCATTG-3' 247

Reverse 5'-TACGACCAGAGGCATACAG-3’

To confirm adenovirus-mediated expression in vivo, ADV
vectors were tagged with green fluorescence protein (GFP), and
expression was detected using a Zeiss Axio Imager Z1 inverted
microscope 4 days postinjection. To evaluate temporal change
of the expression of CYGB protein after transfection, rats were
euthanized at 1, 3, 5, and 7 days after injection of the vectors
(n = 3), and the cortex and hippocampus were harvested for
Western blot analysis.

Immunofluorescence—Neonatal rats were sacrificed 4 days
after saline or ADV vector injection. Three rats were used for
each group, and three sham rats were used as control. Targeted
brain tissues (3—4 mm) were obtained as indicated in Fig. 1B
and then fixed for 18 h in 4% paraformaldehyde in PBS at 4 °C,
followed by incubation in 30% sucrose in PBS overnight at 4 °C.
Then the fresh brain tissues were embedded in O.C.T and cut
into 25-um-thick sections using a cryostat, and the sections
were mounted onto glass slides and stored at —80 °C. The brain
sections were fixed with precooled acetone for 15 min at 4 °C
and rinsed with PBS for 5 min. The sections were then incu-
bated in PBS buffer containing 0.1% Triton X-100 for 15 min
and then blocked with 5% BSA in PBS. Blocked sections were
then treated overnight with primary antibody at 4 °C. The pri-
mary antibody used was rabbit anti-CYGB diluted (1:100) in
PBS containing 1% BSA. The sections were rinsed with washing
buffer and then incubated in secondary antibody for 1 h at room
temperature in the dark. The secondary antibody used was
Cy3-conjugated goat anti-rabbit IgG (1:1000). Samples were
washed and stained by DAPI for 10 min at room temperature in
the dark and then washed again, mounted with glycerol/PBS,
and observed using a Zeiss Axio Imager Z1 inverted
microscope.

RT-PCR—Total RNA was prepared from samples of injured
tissues (Fig. 1B) using TRIzol reagent (Invitrogen), following
the manufacturer’s instructions. After establishing HI for the 0,
6, 12, 18, 24, and 36 h time points, rats from different groups
were euthanized. RT-PCR experiments and analysis of results
were performed as described previously (34) to evaluate the
mRNA expression pattern of Cygb under HI conditions. Then
we conducted HI treatment within specific time windows (the
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time for reaching the peak of endogenous Cygb mRNA up-reg-
ulation) to rats that had been given saline, ADV only, shRNA, or
c¢DNA treatment to reveal expression of the potential candi-
dates, including Hif-Ia (hypoxia-inducible factor 1a) Vegf,
caspase-2, and caspase-3. The sham group served as control.
The PCR primers used are shown in Table 1. B-Actin was used
in each assay to normalize the amount of mRNA.

Western Blotting—To evaluate changes of endogenous
expression of CYGB after HI injury, rats were euthanized at 0, 6,
12, 18, 24, and 36 h, and the injured hemisphere of the brain
(~100 mg; indicated in Fig. 1B) was collected. In addition, as
mentioned previously, rats were euthanized at 1, 3, 5, and 7 days
after receiving an injection of the Cygh-shRNA or Cygh-cDNA
vectors. P7 rats (4 days after injection) injected with the ADV
vector only or with saline served as the ADV vector only group
and control group. Brain tissues were homogenized in cold
radioimmune precipitation assay lysis buffer (Beyotime,
Jiangsu, China), and the protein concentrations were deter-
mined by BCA assay kits (Beyotime). Equal amounts of protein
(40 pg) were separated on 12% SDS-PAGE and transferred onto
a polyvinylidene fluoride (PVDF) membrane (pore size, 0.22
pm; Millipore). The membrane was blocked by a 1-h incuba-
tion at room temperature in a Tris-buffered saline solution
(TBS-T; 20 mm Tris, pH 7.6, 135 mm NaCl, and 0.05% Tween)
containing 5% nonfat dry milk and then incubated with differ-
ent primary antibodies, including anti-CYGB (1:400 dilution;
Santa Cruz Biotechnology, Inc.), anti-B-actin (1:1000 dilution;
CST) overnight at 4 °C. After washing the membrane three
times with TBS-T, the secondary antibody HRP-labeled goat
anti-rabbit IgG was then added to the membrane according to
the vendor’s recommendation (1:8000 dilution; CST) and incu-
bated for 1 h at room temperature and then washed again as
described previously. The bound antibodies were detected by
using SuperSignal Western blotting kits. Quantity One soft-
ware (version 4.5.2; Bio-Rad) was used to perform densitomet-
ric analysis of Western blots. The expression of B-actin was
used as a control for equal protein loading.

To reveal the association between caspase activation and
CYGB expression, we conducted HI treatment at specific time
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windows (the time for reaching the peak of endogenous CYGB
protein up-regulation) to rats that had been given saline, ADV
only, shRNA, or cDNA treatment. The sham group served as a
control. Samples were harvested at the time point that demon-
strated the highest transfection efficiency, which was 24 h
post-HI in this study. The activation levels of both cleaved
caspase-2 and cleaved caspase-3 were studied following the
steps described above. The conditions of primary antibodies
used were as follows: anti-cleaved caspase-2 (1:1000) and anti-
cleaved caspase-3 (1:1000).

2,3,5-Triphenyltetrazolium Chloride (TTC) Staining—As
described previously (35), 24 h after HI induction, TTC staining
was performed (1 = 8) to measure the infarct volume. The
animals were perfused transcardially with cold saline under
deep anesthesia, and brains were quickly removed and subse-
quently embedded in brain matrix and frozen for 3 min at
—80 °C. Each brain was sliced coronally at 2-mm intervals with
the matrix. Four sliced sections were then subsequently stained
with 1% TTC (w/v) at 37 °C for 12 min and then fixed in 4%
(w/v) formaldehyde in PBS for 24 h at 4 °C. Finally, the brain
slice images were captured using a digital camera (SONY DSC-
W150), and the areas of unstained tissue (the infarct areas) were
delineated manually using Image Pro Plus, version 6.0, software
by a person blinded to the treatment groups. The corrected
infarct area was calculated as the total area of the infarct area
minus the edema area (calculated as the ischemic hemisphere
area minus the contralateral hemisphere area). The corrected
infarct volume was then calculated by the sum of the corrected
infarct area on each section multiplied by slice thickness. Total
corrected infarct volume was expressed as a percentage of the
contralateral hemisphere area. Because this kind of data is usu-
ally binomially distributed, an arcsine transformation that can
be calculated by using the formula, x = arcsine \/p, should be
done in the statistical software first before further analysis.

Nissl Staining—The targeted brain specimens (Fig. 1B)
obtained 24 h after HI were fixed in 4% (w/v) formaldehyde in
PBS, paraffin-embedded, and sliced in sections of 3-um thick-
ness. For Nissl staining (n = 8), after dewaxing in xylene and
rehydration through graded ethanol, the sections were
hydrated in 1% (w/v) toluidine blue at 37 °C for 20 min. After
rinsing with double-distilled water, they were dehydrated and
mounted with Permount. Eight slices per brain were used for
cell counting. Six fields of each slice in the injured side both of
the cerebral cortex and hippocampus (CA1) were chosen ran-
domly at X400 magnification to count staining cells. Imaging-
Pro-Plus software, version 6.0, was used to perform quantita-
tive analysis of cell number counts. The mean number of intact
neurons in the six views was used for cell counts in each section.
The final average number of the eight sections from each sam-
ple was used for analysis.

TUNEL Staining—TUNEL staining (n = 8) was performed
on paraffin-embedded sections by using the in situ cell death
detection kit, according to the manufacturer’s instructions.
Briefly, sections were deparaffinized in xylene, rehydrated
through graded ethanol, rinsed in 3% hydrogen peroxide, and
treated with proteinase K (20 mg/ml) for 25 min at room tem-
perature. Subsequently, the sections were incubated with the
TUNEL reaction mixture for 1 h at 37 °C. After washing with
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PBS, the sections were incubated with Converter-POD for 30
min and then visualized with 3,3’-diaminobenzidine. Sections
were then counterstained with hematoxylin for 3 min and
rinsed under running water. After dehydration in graded etha-
nol series and being rendered transparent in xylene, the brain
sections were mounted onto gelatin-coated slides. Apoptotic
cell counting was performed in the hippocampus (CA1l) and
cerebral cortex in the hemisphere that was ipsilateral to the
injured hemisphere. Cells with yellow-brown granules in the
nucleus were considered to be apoptotic cells. In evaluating
numeric density, total TUNEL-positive stained neurons were
calculated in six views under the light microscope with X400
magnifications. The mean number of apoptotic neurons was
used for cell counts in each section. The final average number of
apoptotic neurons of eight sections from each sample was used
for analysis, and the severity of brain damage was evaluated by
the apoptotic index, defined as the average number of TUNEL-
positive neurons.

Histology and Immunohistochemistry—Four paraffin sec-
tions from each sample (7 = 8) from the sham, HI, shRNA, and
c¢DNA groups were processed for hematoxylin and eosin (HE)
for the examination of brain tissue under light microscopy. For
VEGF and CD31 staining, briefly, after deparaffinization and
redehydration, nonspecific endogenous peroxidase activity was
blocked by treating sections with 3% hydrogen peroxide in
methanol for 25 min. The antigen was recovered by boiling the
sections for 15 min in 10 mwm citrate buffer (pH 6.0). Nonspe-
cific binding was blocked with 1% non-immune serum in PBS
for 30 min. The sections were then incubated with anti-VEGF
(1:300) or anti-CD31 (to stain endothelial cells) (1:60) overnight
at 4 °C. They were then washed with PBS, incubated with a
biotinylated goat anti-rabbit IgG (1:300) for 1 h at 37°C,
washed, and incubated with an avidin peroxidase conjugate
solution (1:100) for 1 h. Finally, the sections were developed
with diaminobenzidine for 5 min. Negative controls were sim-
ilarly processed without the primary antibody. Five slides from
each brain, with each slide containing six fields, were digitized
under X100 magnifications by two independent observers who
were blinded to the experimental conditions. The density and
size of the vasculature were analyzed in a blinded manner in
digital images using the Imaging-Pro-Plus software, version 6.0.

MDA and SOD Assays—Brain samples were taken from the
injured hemispheres of rats at 24 h after hypoxia-ischemia
induction (n = 8). The MDA level and SOD activity were mea-
sured according to the manufacturer’s specifications (Beyo-
time). Briefly, the tissues were homogenized and centrifuged at
2000 X g for 10 min at 4 °C. The supernatant was collected to
measure the MDA level and SOD activity. The protein content
of the supernatant was measured as described under “Western
Blotting.” The MDA level and SOD activity were measured
using the thiobarbituric acid and xanthine oxidase methods.
The absorbance levels of the MDA and SOD test samples were
measured using a spectrophotometer (Thermo) at 532 and 550
nm. The MDA levels and SOD activities were expressed as
nmol/mg protein and units/mg protein.

Morris Water Maze Test—Spatial learning and memory abil-
ities were evaluated using the MWM test with P28 —P33 rats
(n = 8) (36). A circular pool (160-cm diameter X 50-cm high)
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FIGURE 1. A, schedule for the treatment, surgical procedure, and experimental tests. Neonatal rats at day 3 were randomly divided into saline, ADV only,
Cygb-cDNA-ADV, and Cygb-shRNA-ADV groups before injections. After evaluating temporal change of the expression of CYGB protein preliminarily at 1, 3, 5,
and 7 days after vector injection, we identified day 5 as the best time point for assessing the outcomes affected by the expression of CYGB. Then we induced
the HI model in the 7-day-old neonatal rats. 24 h later, brain tissue was harvested. Western blotting, RT-PCR, TTC, TUNEL, Nissl, MDA, and SOD assays were
carried out. Long term spatial learning and memory abilities were assessed from day 28 to day 33. B, corresponding experiments were conducted in the
indicated regions of neonatal brain. The green round point indicates the location of the injection. RT-PCR and Western blotting (WB) quantitative analysis was
conducted using coronal sections of left brain tissues between 3 mm before and 3 mm behind the injection point in order to measure Cygb mRNA and protein
expression (the same area was used for MDA and SOD assays). Brain tissue (including both of cortex and hippocampus areas, ~3-4 mm) was used for Nissl,
TUNEL staining, and immunofluorescence examination. Whole brain was used for TTC staining to detect the infarct. C, survival rates of neonatal rats from
different groups 36 h after operation (sham or Hl treatment). In addition, the survival curves are displayed for rats that were assessed in the MWM test at 28 days
D).

divided into four quadrants was filled with water (22 = 1 °C),
and a 12 X 12-cm platform was positioned 1 cm below the
water surface in the center of one of the quadrants. Four points
on the perimeter of the pool were designated, and room lights
illuminated the pool. The swimming path of the rats was
recorded using a video camera mounted above the center of the
pool and analyzed using a video tracking and analysis system
(Institute of Materia Medica, Chinese Academy of Medical Sci-
ences). On each training day (P28 —P32), the rats received eight
consecutive training trials, during which the hidden platform
was kept in a constant location. A different start location was
used on each trial, which consisted of a search followed by a
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20-s platform sit. The time to reach the platform was recorded.
If a rat could not find the platform within 90 s, it was led to the
platform by the experimenter for a 20-s rest. On the fifth day
(P33), memory retention was evaluated during a 90-s probe trial
carried out 24 h after the last training session in the absence of
the escape platform. The test parameters included time to
reach the platform, swimming track, swimming distance of the
platform space, and traversing times of the platform.
Statistical Analysis—Each experiment was performed at
least three times. Statistical analysis was performed using
GraphPad Prism software, version 5.01 (San Diego, CA). Con-
tinuous data were expressed as mean * S.D. One-way analysis
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FIGURE 2. Both mRNA and protein expression profiles of Cygb within 36 h after neonatal rats suffered from HI. Cygb mRNA increased in a time-depen-
dentmannerin 18 h (A and B). C, representative electrophoretic image of the study on CYGB protein induced by HI. The results show that CYGB protein levels
increased in 6 h, peaking at 24 h post-HI (D). Results are presented as mean = S.D. (error bars) in triplicate independent experiments (n = 3). g, no significant
difference as compared with the control group at 0 h. b, p < 0.05; ¢, p < 0.01 as compared with control group at the same time. d, p < 0.05 as compared with

the Hl group at 18 h. e, p < 0.05 as compared with the HI group at 24 h.

of variance followed by Student-Newman-Keuls test was used
to compare the differences among multiple groups. Log rank
tests were done to compare the survival curves among groups.
Data from Morris Water Maze tests were analyzed using the
general linear models with repeated measures analysis of vari-
ance. A probability (p) value less than 0.05 was regarded as
statistically significant.

RESULTS

Survival—In this study, 535 neonatal rats were used, and the
total survival rate of animals was 87.4%. The survival rate of
pups appeared unaffected by pretreatment before HI, indicat-
ing that vehicle injection did not significantly affect their sur-
vival. The survival rates among HI, saline-HI, and ADV-HI
groups were not significantly different (Fig. 1C) 36 h after HI
induction. However, the survival rate of the Cygh-shRNA-
ADV-HI group was 70.4%, whereas the Cygh-cDNA-ADV-HI
group was 89.8%. This indicated that overexpression of Cygb
increased the survival rate of animals, whereas inhibition of
Cygb expression decreased survival. In addition, the 28-day sur-
vival curves also showed a consistent result (Fig. 1D). Overex-
pression of Cygb improved the survival of rats suffering from
HI.

Cygb Is Induced by HI in Vivo—We evaluated the changes of
endogenous Cygb expression in the brain after HI in the P7 rat
pups (Fig. 2). Cygb mRNA levels were measured by RT-PCR at
the 0, 6, 12, 18, 24, and 36 h time points after HI. As shown, the
transcriptional level of Cygb increased in a time-dependent
manner 18 h after HI (Fig. 2, A and B). The protein level of
CYGB was detected by Western blotting at 0, 6, 12, 18, 24, and
36 h after HI. Endogenous CYGB expression in the ipsilateral
hemisphere significantly increased from the 6 h time point
post-HI and gradually peaked at 24 h after HI (Fig. 2, C and D).
CYGB was elevated nearly 3-fold as compared with sham group
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at the 24 h time point. Therefore, CYGB may be involved in the
pathogenesis process of HI.

Adenovirus-mediated Transfection Alters Expression of
CYGB in Vivo—ADV vectors were tagged with GFP, and ex-
pression was measured in the periventricular area (Fig. 3E).
CYGB protein level was detected on days 1, 3, 5, and 7 after
injection in P3 rats (Fig. 3, A-D). Expression of CYGB peaked at
5 days postinjection (Fig. 3, B and D). In order to further assess
whether the transfection systems were down-regulated or up-
regulated, CYGB expression was examined in the region of
interest, using immunofluorescence co-localization analysis 4
days after saline or ADV vector injection (Fig. 3F). Although the
subcellular distribution of CYGB was not thoroughly assessed,
we found that CYGB was localized in both the cytoplasm and
nuclei of hippocampus neurons (Fig. 3F), a finding that is con-
sistent with the distribution pattern reported previously (15).
The results showed that Cygh-shRNA-ADV and Cygb-
¢DNA-ADV exhibited significant effects in regulating CYGB
expression of the brain, which is consistent with the Western
blotting data (Fig. 3, A—D). Results from the saline or ADV only
group indicated that there was no effect on CYGB expression.
Together with these results and the expression profiles of Cygb
mRNA and protein shown above, the animal HI model was
induced at day 4 postinjection for subsequent assays in this
study.

Adenovirus-mediated Transfection Alters the Expression of
Cygb in the Developing Brain 24 h Post-HI—To confirm how
different levels of Cygb expression affect the outcomes of neo-
natal HI brain damage, we assessed the Cygb mRNA and pro-
tein levels in developing brain tissues from different groups 18
or 24 h post-HI. Western blotting revealed that CYGB protein
expression was significantly lower in the Cygh-shRNA-ADV
group as compared with the sham, ADV only, and saline
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under normal conditions (n = 3). Corresponding merged images are also shown. The results are consistent with the Western blotting data described above.
Original magnification was X400.

groups, and expression levels were higher in the Cygb-

by exogenous Cygh-cDNA-ADV and Cygh-shRNA-ADV
c¢DNA-ADYV group as compared with sham group (Fig. 4, B and

despite endogenous up-regulation in the neonatal HI model.

D). In addition, RT-PCR analysis also exhibited that Cygh-
shRNA-ADV inhibited Cygb mRNA expression, whereas
Cygb-cDNA-ADV enhanced its expression as compared with
ADV only or saline groups 18 h post-HI (Fig. 4, A and C). As
compared with the sham group, expression levels of CYGB in
HI-ADV and HI-saline groups were significantly higher, indi-
cating that HI could induce Cygb expression (Fig. 4, A-D).
Together, these data show that Cygh expression was mediated
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CYGB Reduces Injury in the Neonatal HI Model—Rats from
different groups were sacrificed 24 h post-HI, and morpholog-
ical injury was assessed by TTC, Nissl, and TUNEL staining.
Fig. 5 shows images of neonatal rat brain.

Quantitative assessment of TTC-stained sections was used
to assess brain infarct volume in different groups (Fig. 54). Our
findings showed that injection with Cygh-shRNA-ADV dra-
matically increased the infarct volume at 24 h after HI injury
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FIGURE 4. The expression of Cygb in HI animals injected with shRNA or
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with the sham group; b, no significant difference as compared with the saline
group; ¢, p < 0.01 as compared with the saline group.

(p < 0.01) (Fig. 5B). Injection with Cygb-cDNA-ADYV resulted
in a significant decrease in brain infarct volume as compared
with the ADV only group or the saline group (p < 0.01). There
was no difference between saline, ADV only pretreatments, and
untreated HI group, yet all HI groups with or without preinjec-
tion of different reagents were significantly different as com-
pared with the sham control group (p < 0.05).

Neuronal cell loss in both the ipsilateral cortex and hip-
pocampus was identified by Nissl staining 24 h post-HI injury
(Fig. 5C). As expected, HI significantly reduced the number of
cells and resulted in smaller and irregularly arranged neurons in
the brain 24 h after HI as compared with the contralateral part
or the sham control group (Fig. 5E). Furthermore, inhibition of
Cygb significantly reduced the number of neuronal cells under
HI as compared with the saline- or ADV only-pretreated group
(p < 0.01). However, more Nissl-stained cells were observed in
the Cygb overexpression group than in the other HI group (p <
0.01).

TUNEL staining of tissue sections was carried out to deter-
mine if CYGB could prevent apoptosis at an acute stage of neo-
natal HI injury. Significantly more apoptotic cells were
observed in the Cygh-shRNA-ADYV group compared with con-
trol HI groups 24 h post-HI (p < 0.01; Fig. 5, D and F); however,
the number of cells was significantly lower in the
Cygb-cDNA-ADV treatment group (p < 0.01). There was no
significant difference in the number of TUNEL-positive cells in
the cortex and hippocampus across three control HI groups,
whereas HI induced a greater number of apoptotic neurons as
compared with the sham group (p < 0.05).

CYGB Exhibits Antioxidant Action in the HI Model—To eval-
uate the antioxidant activity of CYGB, we measured the MDA
level and SOD activity 24 h after HI insult (z = 8). These find-
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ings indicate that inhibition of Cygb significantly increased
MDA levels and decreased SOD activity, whereas Cygb overex-
pression significantly decreased MDA levels and increased
SOD activity as compared with the HI group (p < 0.01; Fig. 6A).
There was no difference between HI, HI-saline, and HI-ADV
groups, although all three groups demonstrated increased
MDA levels and decreased SOD activity as compared with the
sham group (p < 0.01).

CYGB Plays a Critical Role in Antiapoptosis and Promotes
Angiogenesis— Transcriptional levels of caspase-2, caspase-3,
Hif-1a, and Vegfin HI brain tissue (n = 3) were measured by
RT-PCR 18 h after HI in three different groups (HI, HI-Cygb-
shRNA-ADV, and HI-Cygh-cDNA-ADV; Fig. 6, B and C). Cygb
was inhibited by Cygb-shRNA-ADV but enhanced by
Cygb-cDNA-ADV (Fig. 6B). Hif-1a and Vegfare protective fac-
tors in HI, whereas caspase-2 and -3 play an important role in
apoptotic pathways. In the present study, we found that
Cygb-cDNA-ADV could induce Vegf mRNA expression but
inhibit caspase-2 and -3 mRNA levels as compared with the HI
groups (p < 0.01; Fig. 6C). These results are consistent with
previous studies (37-39) and suggest that these three factors
are critical for understanding the mechanism underlying the
neuroprotective effect of CYGB in neonatal HI.

Furthermore, to confirm whether the effect of Cygb overex-
pression/knockdown on Vegf, caspase-2, and caspase-3 is spe-
cific to HI conditions, we conducted a RT-PCR assay. RNA was
extracted from samples harvested 5 days after Cygb-shRNA-
ADV and Cygb-cDNA-ADV injection (Fig. 6D). The results
indicated that Cygb expression did not significantly affect the
expression of these three genes under basal conditions (Fig. 6E).

HE staining revealed that cell morphology and microvessels
were disrupted (Fig. 6F), and immunostaining indicated that
higher levels of VEGF protein were expressed in the Cygb over-
expression group (Fig. 6, G and H). Immunohistochemical
staining of CD31 revealed that a smaller number of microves-
sels were distributed in the shRNA group, whereas more
microvessels were distributed in the cDNA group compared
with the HI group (Fig. 6, I and J), similar to the number of
microvessels with a diameter larger than 15 um/section (Fig. 6,
I and K).

Western blotting showed that both HI-induced cleaved
caspase-2 and cleaved caspase-3 were decreased by Cygb over-
expression, whereas they were increased in the Cygb knock-
down (Fig. 7, A-C). There was no significant difference
between the Cygh-shRNA-ADV and Cygb-cDNA-ADV groups
in Hif-1a mRNA expression levels (Fig. 6C). Thus, we propose
that Hif-la may be the upstream factor promoting Cygh
expression, similar to neuroglobin (40), and Vegf, caspase-2,
and caspase-3 are downstream target genes of Cygb.

CYGB Improves Long Term Learning and Memory in the HI
Model—The Morris water maze test (n = 8) was performed at 3
weeks post-HI (P28 rats) to evaluate long term spatial learning
and memory abilities dependent upon the function of the hip-
pocampus and cortex (41). The escape latency (EL) in training
days (P28 -P32) is shown in Fig. 8A4. The results showed longer
EL in the HI group as compared with the sham group (p < 0.01).
EL in the Cygb-shRNA-ADV group was significantly longer
compared with HI group (p < 0.01), whereas Cygh-cDNA-ADV

JOURNAL OF BIOLOGICAL CHEMISTRY 15995



Neuroprotective Effect of CYGB in a Neonatal Rat HI Model

A 24 h B

Sham | 50 .
454 Hypoxia-ischemia
404
HI T

s | S D G @
v E o

shRNA

Infarction volume (%)

Hypoxia-ischemia

HI

Sham
ADV
cDNA

shRNA

ADV shRNA cDNA

D Hypoxia-ischemia

Cortex

¥

E F

250 150 T Cortex
Bl Cortex @l Hippocampus

= Hippocampus - Hypoxia-ischemia

200
150I c
C
: & & ]
100 & & i
a

TUNEL positive cell number

Nissl staining for live neurons

HI
ADV

< <
= =
o aQ
= o

@
.
©
»

Hypoxia-ischemia

3
<

2]

shRNA
cDNA
Sham

15996 JOURNAL OF BIOLOGICAL CHEMISTRY YASEMBN  VOLUME 288-NUMBER 22-MAY 31, 2013



Neuroprotective Effect of CYGB in a Neonatal Rat HI Model

groups had significantly shorter EL (p < 0.01). There was no
significant difference in EL between the HI, saline, and ADV
only groups. The space probe trial was conducted after spatial
maze training. Platform crossing times and the time spent in
the target quadrant were also recorded (Fig. 8, B and C). Ani-
mals in the sham group had a crossing frequency of ~10 times,
whereas the HI, saline, and ADV groups had about a crossing
frequency of 3 times, and there was no significant difference
among these three groups (Fig. 8B). The crossing frequency was
reduced to twice in the Cygh-shRNA-ADV group. In contrast,
Cygb-cDNA-ADV significantly increased the crossing fre-
quency. HI rats spent less time in the target quadrant compared
with sham rats (p < 0.01), and Cygb inhibition significantly
reduced time spent in the target quadrant compared with HI
rats (p < 0.01; Fig. 8C). Cygb-cDNA-ADV significantly
increased the percentage of time spent in the quadrant as com-
pared with the HI group (p < 0.01; Fig. 8C). These results dem-
onstrated a long term neuroprotective effect of CYGB on HI
brain injury.

DISCUSSION

Perinatal HI brain injury is a major cause of morbidity and
mortality in infants and children (1, 2), and an increasing num-
ber of studies are being conducted to investigate the pathogen-
esis of the disease. In the present study, we show for the first
time that CYGB is neuroprotective in neonatal rats exposed to
HI through possible antioxidative and antiapoptotic mecha-
nisms and by promoting angiogenesis (Fig. 9). First, we identi-
fied the endogenous up-regulation patterns of Cygb mRNA and
protein in the developing brain under the condition of HI brain
injury. Moreover, we found that changes in Cygb expression
result in corresponding changes in the severity of histological
and functional deficits after HI, in a manner consistent with an
endogenous neuroprotective action of CYGB. In summary, this
study suggests that CYGB plays an important role in the signal-
ing pathway underlying oxidative stress, angiogenesis, and neu-
ronal apoptosis in the neonatal HI rat model.

Although several previous studies have demonstrated that
Cygb is affected by hypoxia in vitro (16, 21, 42) and in vivo (17,
18, 20, 42, 43), the detailed expression patterns of Cygh mRNA
and protein in neonatal rats brain suffering from HI have not
been reported until now. The present study is the first to under-
take a comprehensive analysis of CYGB expression in response
to neonatal rat brain HI injury at the acute stage. Our study
demonstrates that CYGB is significantly up-regulated at both
transcriptional and translational levels in a time-dependent
manner. However, it must be noted that two previous studies
reported that the expression of CYGB was not significantly up-
regulated in the ischemic model of adult rats (44, 45). A possible

explanation for the paradoxical findings is that there were some
limitations in these two studies, such that no detailed data were
presented to illustrate the changes in CYGB expression during
the first 36 h after ischemia, and different animal models that
only suffered ischemic treatment were used. Moreover, it is
possible that the age of the rats also contributed to the differ-
ences in results. Because we found that the expression of CYGB
protein peaks at 24 h post-HI (Fig. 2), it appears that CYGB is
up-regulated during the acute stage of HI. Based on previous
data for CYGB expression change under hypoxic conditions in
vivo and in vitro (18, 19, 42, 43), another possible explanation
for the discrepancy is that hypoxia may play a more important
role than ischemia in up-regulating Cygb expression. Because
there were significantly higher Cygb mRNA and protein levels
in neonatal HI injury rats compared with sham rats, which
points to an important role of Cygb in hypoxia-ischemia adap-
tation, RNA-interfering technology was used, and a Cygb
knockdown model was successfully established using the Cygb-
shRNA-ADYV system 4 days before HI induction (Fig. 3). Signif-
icantly aggravated brain injuries were observed at 24 h after HI
(Fig. 5). Cognitive functions were also impaired severely under
conditions of HI in the Cygh-shRNA-ADYV group, as demon-
strated by the performance of the MWM test (Fig. 8). These
data indicated that CYGB is a novel endogenous neuroprotec-
tive factor in the neonatal HI model.

Many investigators have explored the development of thera-
peutic methods for neonatal HI disease. Although hypother-
mia, the most widely applied clinical intervention in asphyxi-
ated babies, improves outcome, the efficiency is limited because
it is only mildly effective for children born at term (46, 47). Our
study focused on the effect of Cygb overexpression in HI injury
and was initially stimulated by the application of gene therapy
to various brain diseases. The results showed that Cygb overex-
pression attenuated cerebral infarction and neuron cell apopto-
sis caused by HI in the neonatal brain (Fig. 5). The protective
effect improved long term neurological function 3 weeks after
HI insult (Fig. 8); thus, we propose that CYGB functions as an
endogenous neuroprotective protein, providing a new thera-
peutic target for neonatal HI disease.

Previous findings have shown that CYGB is expressed in dis-
tinct regions of the mouse brain as compared with neuroglobin,
and these regions (hippocampus, thalamus, and hypothalamus)
play an important role in protecting from oxidative stress (20).
As compared with the adult brain, the immature brain is highly
susceptible to oxidative stress because of its high concentration
of unsaturated fatty acids, rate of oxygen consumption, and
availability of redox-active iron but poorly developed scaveng-
ing systems (48). Therefore, oxidative stress is thought to be

FIGURE 5. A, assessment of infarct volume in neonatal brain induced by HI using TTC staining. Data from both TTC staining and Nissl staining showed that
overexpression of CYGB reduced brain tissue loss (B and E). C, representative photomicrographs of Nissl staining for observing the morphology of neurons in
the cortex and hippocampus (CA1) of neonatal rat brains from different groups shown at two different magnifications (scale bars, 20 um (main panel) and 200
um (inset)). In the sham group of Nissl staining, the neuronal cell outline was clear, and the structure was compact with abundant cytoplasm and cell body;
however, evident neuronal loss and neuronal degeneration were observed in the HI group, saline, ADV vector, and shRNA groups with cells arranged sparsely
with vague cell outlines. The number of cells with eumorphism was significantly reduced. Injection of Cygb-cDNA-ADV substantially increased the proportion
of neurons that survived. TUNEL staining showed apoptosis in the cortex and hippocampus (CA1) of neonatal rat brains from different groups (D). Scale bar, 200
m. The number of positive cells (dark brown, arrows indicate TUNEL-positive cells) was much lower in Cygb-cDNA-ADV brains than in HI brains (F). Diagonal
arrows, TUNEL-positive cells. E and F, cell counts/visual field (X 400) found in the slides with Nissl staining and TUNEL staining. The data are expressed as
mean * S.D. (error bars) (n = 8).a, p < 0.01 as compared with the sham group; b, no significant difference; ¢, p < 0.01 as compared with the HI group.
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one of the major factors that induce neuronal cell death in the
immature brain (49). In this study, MDA and SOD activity were
measured to confirm the antioxidant role of CYGB in vivo. The
results indicated that CYGB could increase neonatal tolerance
to HI partly due to its antioxidative effect at the early stage of HI
injury. The antioxidant effects of CYGB have recently been
investigated, and emerging evidence has demonstrated a pro-
tective role of CYGB against oxidative stress, especially in mod-
els of fibrosis that involve hypoxic reperfusion and subsequent
oxidative injury (19, 25, 50 -53). It was also reported that CYGB
expression protected neuronal cells from oxidative damage in
vitro (21, 22, 54, 55); however, it is unclear whether this is a
direct antioxidative effect of CYGB under HI conditions.
Downstream signaling in the CYGB pathway may result in
these antioxidative effects. Due to its NO dioxygenase activity
(56 —58), CYGB might reduce intracellular NO concentration,
which in turn may prevent accumulation of peroxynitrite, a
strong oxidant formed from the reaction between superoxide
and NO. It has been speculated that CYGB, like other hexaco-
ordinated globins, may eliminate reactive oxygen species utiliz-

ing heme and thiol residues (59, 60), and it has been found that
CYGB may reduce the induction of intracellular reactive oxy-
gen species formation (55, 61). The processes of lipid-induced
transformation of CYGB from hexacoordinate to pentacoordi-
nate may allow the cell to up-regulate antioxidant defenses
before extensive oxidative damage occurs (62). Nevertheless,
additional studies are required to confirm the pathways and
mechanisms of the protein in protecting brain HI damage from
oxidative stress.

In our study, we show that CYGB mediates a neuroprotective
effect through reducing cerebral infractions and apoptosis
caused by oxidative stress in vivo. Furthermore, the molecular
mechanisms and signal pathways that are responsible for the
neuroprotective property of CYGB are also of great interest.
Fordel et al. reported that the up-regulation of Cygb, as well as
the Vegf gene, was abrogated in brain tissue of Hif-1 knock-out
mice upon hypoxia (42, 63) and found that the mechanism of
Cygb induction is Hif-1a-dependent (63). Guo et al. (64) pro-
posed that Hif-1 could regulate CYGB expression by binding to
hypoxia-responsive elements of the protein, which was con-
firmed in 2009 by Singh et al. (19). Our results show that Hif-1«
was not affected by Cygh, supporting the assumption that
Hif-1a might be the upstream gene of Cygb in vivo under HI
conditions. In present study, we found that ischemic infarction
could be affected by different expression levels of CYGB (Fig. 5,
A and B), and both the Vegf mRNA and protein expression
levels were regulated by CYGB (Fig. 6), which is consistent with
previous findings that CYGB may induce the induction and
synthesis of Vegfin vitro (16). We also show that Cygb overex-
pression increased both the density and diameter of microves-
sels in brain tissue under HI conditions, due at least in part to
the Vegf up-regulation. Vegf was found to increase phosphory-
lation of protein kinase B (Akt) and extracellular-signal regu-
lated kinase 1/2 (ERK1/2) in the cortex in the neonatal rat HI
model (65). Jones and Bergeron (66) have found that activation
of ERK1/2 contributes to HI tolerance in the neonatal brain in
part by preserving vascular and white matter integrity. A role
for ERK1/2 in neurons has been demonstrated in neuronal gene
expression regulation (CREB, Elk-1, and c-Myc) and long term
potentiation and memory formation (67). Dash and co-workers
(68, 69) demonstrated ERK activation in the hippocampus and
cortex during MWM training, which is consistent with our
results that CYGB can promote long term spatial learning and
memory abilities. These findings are strengthened by data sug-
gesting that Vegf can reduce infarct size, improve neurological
performance, markedly enhance angiogenesis in the ischemic
brain, and reduce neurological deficits during stroke recovery
(39, 70). Thus, we believe that the “Hif-10-Cygb-Vegf” signaling

FIGURE 6. Cygb exerts its neuroprotective activity via antioxidant and antiapoptotic mechanisms but also promotes angiogenesis. A, the comparison
of MDA level and SOD activity among different groups (n = 8). SOD activity was higher in the cDNA treatment group but lower in the shRNA group as compared
with the Hl group. B, representative image of Cygb-related genes. RT-PCR showed that overexpression of Cygb leads to up-regulation of the transcriptional level
of Vegf, which plays a crucial role in promoting angiogenesis but down-regulates apoptosis-related genes, caspase-2 and -3 (C). -Actin was used as an internal
control. The expression of Vegf, caspase-2, and caspase-3 was not affected by Cygb transfection under normal conditions (D and E). The data are expressed as
mean = S.D. (error bars) in triplicate independent experiments (n = 3). Disrupted microvessels and cell morphology in both HE and anti-CD31 staining images
of theischemic border areas from sham, HI, shRNA + HI, and cDNA + Hl groups are shown. Arrowhead, microvessels; scale bar, 200 um (F and /). Representative
images of VEGF immunostaining from the corresponding groups show that the expression of VEGF protein is CYGB-dependent under HI conditions. |,
VEGF-positive cells (G). A quantification of VEGF-positive cells/field is also shown (H). J and K, immunohistochemical staining of CD31 and the number and
diameter of microvessels in different groups are expressed as mean = S.D. in triplicate independent experiments (n = 3).a, p < 0.01 as compared with the sham
group. b and ns, no significant difference; ¢, p < 0.01 as compared with the HI group.
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FIGURE 8. Results from the Morris water maze tests (n = 8). Repeated mea-
sures analysis of variance revealed statistically significant differences (p < 0.01)
(day/group interaction) between the HI, shRNA, and cDNA groups but did not
reveal differences between the saline or ADV-null vector injection groups (A). ¥,
Cygb-shRNA-ADV injection + HI group; @, HI group; [], saline injection + HI
group; M, ADV vectors only + Hl group; A, Cygb-cDNA-ADV injection + HI group;
O, sham group. On the first day, the EL values of these groups were narrow in
range. On the fourth day, the EL values of the shRNA group were higher as com-
pared with the HI group; however, EL values in the Cygb-cDNA injection group
were much lower than those in the HI group (p < 0.01). On the fifth day, the sham
group had a short swim path to the former platform location, whereas the rats of
the other groups had longer swim paths. The platform crossing (swimming into
the area where the former platform was located within 90 s after removing the
platform) was lower in the HlI, saline, and ADV only groups compared with the
sham group (p < 0.01). B, the number of platform crossings in the shRNA injec-
tion group was lower compared with the HI model group (p < 0.05) and also
significantly less compared with the cDNA injection group (p < 0.01). C, compar-
ison of the percentage of time spent in the target quadrant among different
groups.a, p < 0.01 as compared with the sham group. b, significant difference; c,
p < 0.01 as compared with the HI group. Error bars, S.D.

pathway might be an important part in the CYGB antioxidant
mechanism to protect neurons against HI injury in neonatal
brain and reduce infarct. An in vitro model confirming this
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FIGURE 9. Schematic of possible mechanisms by which Cygb reduces
brain tissue loss and improves long term learning and memory abilities
under conditions of neonatal Hl. Hif-1a was induced by hypoxia-ischemia,
and Cygb expression was enhanced by Hif-1a. Expression of Vegf, which could
promote angiogenesis, may be up-regulated by Cygb overexpression. Cygb
may exert its antiapoptotic function via negative regulation of caspase-2 and
-3 expression, potentially leading to reversal of impairments in neonatal rats
that suffered from HI.

“Hif-1a-Cygb-Vegf” signaling pathway is needed for future
study. In addition, it remains to be tested whether other signal
molecules may also act as upstream mediators of CYGB in vivo,
such as erythropoietin, which has been confirmed to have anti-
oxidative effects by regulating several downstream genes,
including Cygb (64).

Because previous studies of CYGB mainly focused on nitric-
oxide dioxygenase and lipid peroxidase activities, the role of
CYGB in the process of cell apoptosis remains unknown. Apo-
ptosis is one of many key factors contributing to the injury of
developmental brain induced by HI or other insults. Caspase
inhibitors have been reported to provide neuroprotection in
neonatal rat models (71). Caspase-2 is a developmentally regu-
lated initiator caspase, and recent data have demonstrated that
caspase-2 mediates HI brain injury (38). In our study, results
from a TUNEL apoptosis assay indicated that the number of
apoptotic cells decreased in both the cortex and hippocampus
after the neonatal Cygb overexpression rats were subjected to
HI. Our findings demonstrate that Cygh overexpression sup-
presses the activation of caspase-2 and -3. These findings indi-
cate that the caspase family members are downstream targets in
the antiapoptotic effects of CYGB. In the present study, we
show that the antiapoptotic function of CYGB in the neonatal
brain was achieved in part through the negative regulation of
expression of caspase-2 and -3. Previous studies have reported
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that genetic inhibition of caspase-2 could reduce neonatal HI
brain injury and that caspase-3 activity was also attenuated by
inhibition of caspase-2, indicating that caspase-3 is the down-
stream gene of caspase-2 (38). Caspase-3 has also been demon-
strated to own a role in regulating ischemic neuronal injury
(72), mediated by Vegf, in the regulation of neuronal death
under hypoxia (73). Several studies have also suggested that
caspase-2 induced mitochondrial outer membrane permeabili-
zation, which led to the release of proapoptotic molecules from
mitochondria, such as the release of cytochrome ¢ (74-76) by
direct processing of full-length Bid to activated truncated tBid
(77). Interestingly, ERK was reported to protect hypoxic corti-
cal neurons via phosphorylation of Bid (78). Thus, it is possible
that CYGB plays a neuroprotective role against HI injury par-
tially due to reduction of oxidative stress-mediated caspase-de-
pendent apoptosis.

In conclusion, CYGB is up-regulated by HI in the neonatal
brain. Using a gene transfection technique, we demonstrated
for the first time that CYGB displayed significant functions of
neuronal protection and repair in the HI-injured neonatal
brain. Also, for the first time, it is proposed that CYGB might
exert its protective activity by molecular mechanisms of anti-
oxidant and antiapoptosis and that the effects of reducing
infarct might occur through regulating VEGF and CD31
expression, thus affecting angiogenesis. Nevertheless, further
investigation is required to explain the mechanism by which
CYGB contributes to the molecular pathogenesis of neonatal
brain HI disease and to pursue the utilization of CYGB in the
clinical management of such disorders.
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