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Abstract
Integrin αvβ8 plays an important role in cerebral vascular development. It has been proven that
αvβ8 is a key factor for transforming growth factor-β1 (TGF-β1) activation in epithelial cells.
However, it is not clear whether αvβ8 can activate TGF-β1 and play a role in protection during
neonatal hypoxic-ischemic brain injury. In this study, we investigated the relationship between
αvβ8 and TGF-β1 activation, and thus the effects of TGF-β1 activation in the protection of neurons
after hypoxia-ischemia (HI). Astrocytes and neurons from rat brains were cultured and then subjected
to oxygen–glucose deprivation to generate HI model in vitro. β8 expression was determined using
immunocytochemistry, western blot, and reverse-transcriptase polymerase chain reaction. TGF-β1
activation was determined by TGF-β bioassay in a tested cell (astrocyte) and a reporter cell co-culture
system. The pro-apoptotic protein, cleaved caspase-3, and the anti-apoptotic protein, Bcl-2 and Bcl-
xL, were detected using western blot. Cellular apoptosis was detected with TUNEL. We found that
β8 expression was stronger in astrocytes than that in neurons under normoxia. HI resulted in a rapid
and persistent increase of β8 expression in astrocytes, but only in a slight and transient increase in
neurons. Astrocytes β8 could induce TGF-β1 leading to upregulation of Bcl-2 and Bcl-xL, and thus
attenuated neuronal apoptosis. The present findings suggest that β8 protecting the brain against
neonatal HI injury through TGF-β1 signaling pathway, which may have implications for the treatment
of HI brain injury.
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Introduction
The neonatal brain can initiate a series of responsive mechanisms that may help the recovery
of brain function after hypoxia-ischemia (HI). Astrocytes, the most numerous cells in CNS,
have functions in supporting neuronal integrity, cerebral vascular development, and
neuroprotection (Kirchhoff et al. 2001; Garcia et al. 2004; Gabryel and Trzeciak 2001).
Understanding how astrocyte regulates these functions is important for providing targets for
recovery following HI.
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Recent studies have shown that astrocytes are involved in cell–matrix and cell–cell interactions
(Milner et al. 2008; Wagner et al. 1997). In these interactive processes, integrins and cytokines
play important roles. Integrins are cell-surface receptors expressed as heterodimers consisting
of α and β subunits. At present, integrins are classified as three subfamilies: β1, β2, and αv.
Among these subfamilies, αv integrins are necessary for the interactions between cerebral blood
vessels and brain parenchymal cells. Deletion of αv gene results in a phenotype with severe
cerebral hemorrhage and neonatal death (Bader et al. 1998; McCarty et al. 2002). The αv
subfamily has five members: αvβ1, αvβ3, αvβ5, αvβ6, and αvβ8. All of the members are
extensively expressed in brain except αvβ6. Only deletion of β8 but not β1, β3, or β5 gene results
in the similar phenotype as αv deletion. β3 and β5 subunits are not likely to be associated with
cerebral vascular development, as no defective brain vessel formation is observed in β3 and
β5 mutants (Zhu et al. 2002a; Proctor et al. 2005; Reynolds et al. 2002). β8 integrin is mainly
expressed on glia, particularly astrocytes, with a slight expression in neurons but not in the
endothelium (Nishimura et al. 1998). As one of the main integrins expressed in astrocytes,
αvβ8 may be involved in the regulation of astrocyte functions.

αvβ8 is a key factor for the activation of transforming growth factor-β (TGF-β) (Mu et al.
2002; Cambier et al. 2005). TGF-β, a multi-functional cytokine, consists of three subfamilies,
TGF-β1, TGF-β2, and TGF-β3, playing important roles in cell growth, differentiation,
inflammation, and apoptosis in mammalian CNS (Dhandapani and Brann 2003; Brionne et al.
2003; Makwana et al. 2007). TGF-β1, the major form of the three subfamilies, is normally
secreted as an inactive (latent) precursor with non-covalent association with a latency-
associated peptide-β1 (LAP-β1). Therefore, latent TGF-β1 must be activated to promote
transcription of its target genes such as vascular endothelial growth factor (VEGF), and brain-
derived neurotrophic factor (BDNF), which are beneficial for angiogenesis and
neuroprotection.

TGF-β1 activation needs either a nonproteolytic or a proteolytic process, for which integrins
are required (Keski-Oja et al. 2004; Sheppard 2005). However, this activation process is not
completely understood. At least four of αv integrins, αvβ3, αvβ5, αvβ6, and αvβ8 are capable of
activating TGF-β1. Among the αv integrins, αvβ5 and αvβ6 are involved in the nonproteolytic
mechanism by conformational change of latent TGF-β1 (Asano et al. 2006; Munger et al.
1999), whereas αvβ3 and αvβ8 are involved in proteolytic activation of latent TGF-β1 (Asano
et al. 2005a; Mu et al. 2002). In CNS, αvβ5 and αvβ8, but not αvβ3 and αvβ6, are detectable in
primary cultured astrocytes derived from postnatal animals (Milner et al. 2001). Furthermore,
αvβ8 but not αvβ5 is proven to be capable of activating TGF-β1 in cultured astrocytes, which
is related to angiogenesis (Cambier et al. 2005).

Although integrin αvβ8 is critical for angiogenesis during embryonic development (Zhu et al.
2002a; Proctor et al. 2005), it is unclear whether αvβ8 can mediate TGF-β1 activation and thus
plays a neuroprotective role in neonatal brain following HI. We therefore hypothesized that
integrin αvβ8 could activate TGF-β1 in CNS after HI, and thus regulates the downstream effects
of TGF-β1 pathway, which may be beneficial for neuroprotection. To test this hypothesis, we
detected β8 expression and its roles in TGF-β1 activation and neuronal apoptosis using in vitro
HI models.

Materials and Methods
Cell Culture

Sprague-Dawley (SD) rats were ordered from Medical Animal Center of Sichuan Province.
All animal research was approved by the Sichuan University Committee on Animal Research.
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Astrocytes and neurons were prepared from primary cell cultures of cortical tissues from
postnatal day 3 (P3) and embryonic day 16 (E16) pups, respectively, as described previously
(Wang et al. 2008; Schmuck et al. 2002). Briefly, brains were cleaned of meninges and blood
vessels. Cortical tissues were dissected and then incubated with 0.25% trypsin at 37°C for 10
min. After addition of fetal bovine serum (FBS), the dissociated cells were forced through 70
μm mesh. Cell pellets were collected and plated in poly-L-lysine (PLL) coated flasks in DMEM
with 10% FBS (Hyclone) for astrocytes, in Neurobasal (Gibco) with 2% B27 (Gibco) for
neurons, with the final cell densities adjusted to 1 × 106/ml. The purity of astrocytes and neurons
were assessed separately by staining with GFAP (1:200, Santa Cruz Biotechnology) and NeuN
(1:200, Chemicon) using immunocytochemistry.

Construction of β8 siRNA Expression Vectors
The expression vector pSicoR (gift from Jacks lab, MIT) was used for expression of β8 siRNA.
The gene-specific inserts specifying a 19-nucleotide sequence corresponding to nucleotides
1172–1190 (GCATCAATGCACAATAATA) of the β8 cDNA of rat was ordered from
Integrated DNA Technologies (IDT) and ligated into pSicoR vector (pSicoR–β8). A control
vector (pSicoR–control) was constructed using a 19-nucleotide sequence
(GTTCTATTTCTGCTCGGCG) with no homology to any mammalian gene sequence.
pSicoR–β8 and pSicoR–control were sequenced. The correct insert sequences were used for
transfection. Since β8 is uniquely paired with αv, it was detected to represent αvβ8 in this study.

Lentivirus Packaging and Infection with Astrocytes
Lentivirus was packaged and astrocytes were infected as described previously (Janas et al.
2006). Briefly, viral particles were produced by transfection of pSicoR–β8 or pSicoR–control
along with packaging constructs in human embryonic kidney (HEK) 293T cells, using
FuGENE HD Transfection Reagent according to manufacturer’s instructions (Roche). Medium
containing viral particles was collected 2 days after transfection and then centrifuged at 2,000
× g to remove cell debris. Medium containing β8 siRNA or control siRNA virus was filtered
through a 0.45 μm filtration unit. β8 siRNA or control siRNA virus were used to infect 80%
confluent astrocytes at MOI of 10. Astrocytes were collected at 1, 2, 3, 5, and 7 days after the
infection to evaluate β8 mRNA and protein expression. Astrocytes infected with β8 siRNA

virus were named  astrocytes, while those infected with control siRNA virus were named

 astrocytes.

Hypoxia-Ischemia and Reoxygenation
We performed oxygen–glucose deprivation (OGD) to simulate HI conditions in vitro as
previously described (Hamrick et al. 2005). Astrocytes and neurons were cultured separately
at day in vitro (DIV) 15 and 7, the medium was replaced with no glucose DMEM (Sigma), and
then placed in an incubator attached to a hypoxia chamber with 5% CO2, 95% N2 at 37°C for
6 h as described previously (Fu et al. 2007). After 6 h of OGD treatment, the medium was
replaced with original medium and then cultured in an incubator with normal condition to form
reoxygenation.

Inmmunocytochemical Analysis
Immunocytochemistry was used to detect the distribution of β8 protein in cultured astrocytes
and neurons. Cell monolayers grown on sterile coverslips were washed with 0.01 M PBS (pH
7.4). Four percent paraformaldehyde was used to fix antigens. Endogenous peroxidase was
blocked with 0.3% H2O2. Goat serum (1:10) served as blocking agent before incubation with
rabbit anti-β8 antibody (1:100, Santa Cruz Biotechnology). After incubated overnight at 4°C,
biotin labeled goat anti-rabbit IgG was loaded, followed by freshly prepared avidin biotinylated
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enzyme complex (ABC, VECTOR Laboratories) and finally 3, 3′-diaminobenzidine (DAB,
KPL) was used as chromogen.

Western Blot Analysis
To detect β8 protein expression, we developed a β8 polyclonal antibody with KLH ligated
antigen sequence “EE-IKMDISKLNA” immunized in rabbits as previously described
(Nishimura et al. 1998). Western blot was performed to quantify β8 protein expression in

neurons, non-infected astrocytes, as well as  and  astrocytes. Total cell protein was
isolated with RIPA and quantitated with bicinchoninic acid Kit (BCA, Bioteke). An equal
amount of protein was separated by 8% sodium dodecyl-sulfate (SDS)-polyacrymide gel and
then transferred to a PVDF membrane (Roche). Membranes were blocked with 5% milk for 1
h and then incubated with rabbit anti-β8 polycolonal antibody (1:100) or mouse anti-β-actin
antibody (1:1,500, Santa Cruz Biotechnology) overnight at 4°C. The membranes were washed
and then incubated with horseradish peroxidase (HRP) conjugated goat anti-rabbit IgG or rabbit
anti-mouse IgG (1:1,500, Santa Cruz Bio-technology). Antigens were identified by enhanced
chemical luminescence (ECL, Keygen). Signal intensities of β8 and β-actin bands were scanned
and measured using a densitometer and a computer-assisted Gel-Pro image analyzer (Omega).

Reverse-Transcriptase PCR, Real-Time PCR
Reverse-transcriptase polymerase chain reaction (RT-PCR) was performed to semi-quantify
β8 gene expression in non-infected astrocytes and neurons. Real-time PCR was used to detect

the efficiency of RNA interference (RNAi) between  and  astrocytes. Total RNA was
isolated using RNA extraction Kit (Watson). cDNAs were generated from 2 μg of total RNA
using Revert Aid First Strand cDNA Synthesis Kit (Fermentas). PCR was performed according
to the instruction of the manufacturers (Fermentas).

The oligonucleotide primers were as follows—β8: 5′-CTGGGTATTTTCACTTGTTCT-3′
(forward), 5′-CAGTATCACAACGTTCACTT-3′ (reverse); β-actin (for RT-PCR): 5′-
ACACTGTGCCCATCTAGGAGG-3′ (forward), 5′-AGGGGCCGGACTCGTCATACT-3′
(reverse); β-actin (for Real-Time PCR): 5′-GCCAACACAGTGCTGTCT-3′ (forward); 5′-
AGGAGCAATGATCTTGATCTT-3′ (reverse); TaqMan probe for β8: 5′-FAM-
CCTCTTGAACACACCATCCAC-TAMRA-3′; TaqMan probe for β-actin: 5′-FAM-
ATCTCCTTCTGCATCCTGTC-TAMRA-3′.

The reaction initially started with a 94°C denaturation for 4 min, followed by 38 cycles of 94°
C/45 s, 55°C/45 s, 72°C/45 s. Levels of β8 mRNA expression were shown as relative copy
ratios of β8/β-actin.

TGF-β Bioassay
TGF-β bioassay was performed as described previously (Mu et al. 2002). Briefly, TMLC, a
mink lung epithelia reporter cell, was stably transfected with a portion of the plasminogen
activator inhibitor 1 (PAI-1) promoter that can be activated by active TGF-β1. Therefore, while
TGF-β1 was activated and released, PAI-1 promoter could be activated and then promoted its

downstream gene, luciferase expression. In this system, TMLC were co-cultured with  or

 astrocytes in the presence or absence of anti-TGF-β blocking antibody 1d11 (10 μg/ml,
R&D systems). Meanwhile, since GM6001 was proven to be an effective general matrix
metalloproteases (MMPs) inhibitor (Mu et al. 2002; Cambier et al. 2005), GM6001 (10 μmol/
l, Millipore) was used to inhibit MMPs in the co-culture system. TGF-β1 activity was detected
after co-cultured cells were lysed using a Luciferase Assay System (Pro-mega) with
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luminometer. Relative luciferase units (RLU) were defined as luciferase units (LU) minus the
background activity of the TMLC reporter cells.

Establishment of Astrocyte/Neuron Co-culture System
We developed an astrocyte/neuron co-culture system using 0.4 μm PET transwell inserts
(Millipore) in six-well plates. Primary cultured neurons were plated on six-well plates or sterile
coverslips with 5 μg/ml of Ara-c to inhibit astrocytes for 1 day and then changed the media

back to normal culture without Ara-c for another 4 days. Transwells containing  or 
astrocytes were inserted into the six-well plates when cultured neurons reached to maturity.
Neurons were co-cultured with astrocytes in the presence or absence of 1d11 (10 μg/ml) to
detect whether blocking TGF-β1 activity can influence neuronal apoptosis in the system.
Medium for co-culture was DMEM with 20% FBS and 10% horse serum (Hyclone). After co-
culture for 1 day, cells underwent OGD and reoxygenation treatment as described above.

Neuronal Apoptosis Assay
After reoxygenation for 1 day, neuronal apoptosis was detected using In Situ Cell Death
Detection Kit (Roche) for TUNEL detection in astrocyte/neuron co-culture system as
previously described (Li et al. 2009). Briefly, neuron monolayers grown on sterile coverslips
were washed in PBS and fixed in 4% paraformaldehyde. Then, incubated at 37°C for 1 h with
biotinylated nucleotide and the terminal deoxynucleotidyl transferase, recombinant (rTdT)
enzyme. After washes, cells were incubated with Streptavidin HRP solution and detected with
0.05% DAB. As negative controls, alternate coverslips were processed in parallel without rTdT
enzyme. The apoptotic index (AI) was calculated as follows: AI = (number of apoptotic cells/
total number counted) × 100%.

In this co-culture system, primary cultured neurons in six-well plates were collected to detect
the expression of cleaved caspase-3 (CC3), a specific apoptotic protein, as well as the
expression of Bcl-2 and Bcl-xL, anti-apoptotic proteins by western blot. Protein levels were
normalized to β-actin as a loading control. Antibodies were used as follows: rabbit anti-CC3
(1:500, Cell Signaling Technology), rabbit anti-Bcl-2(1:200, Santa Cruz Biotechnology),
rabbit anti-Bcl-xL(1:1,000, Cell Signaling Technology), mouse anti-β-actin antibody (1:1,500,
Santa Cruz Biotechnology), goat anti-rabbit IgG, and rabbit anti-mouse IgG (1:1,500, Santa
Cruz Biotechnology).

Statistical Analysis
Data were represented as mean ± standard deviation (SD). Statistical differences between
controls and each group were compared using ANOVA with Bonferroni/Dunn post hoc tests.
Statistical differences between two groups were compared using t tests. A value of P < 0.05
was considered statistically significant.

Results
Distribution and Expression of β8 in Astrocytes and Neurons

To determine the distribution and expression of β8 in normoxic cultured astrocytes and neurons,
we performed immunocytochemistry using astrocyte and neuron monolayers grown on
coverslips under normoxia. We found that β8 was strongly expressed in astrocytes (Fig. 1b)
but weakly expressed in neurons (Fig. 1d). The positive immunoreactivity was mainly located
in the membrane, cytoplasm, and neurites of the cells (Fig. 1b, d). There was no positive
immunoreactivity in negative controls (Fig. 1a, c).
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Expression of β8 in Astrocytes and Neurons After OGD
To investigate the effects of HI on β8 expression, we collected the samples at 6, 12 h, and 1,
2, 3, 5, and 7 days after OGD following reoxygenation and detected β8 mRNA and protein
expression using RT-PCR and western blot analyses. We found that β8 mRNA expression was
increased at 6 h, peaked at 1 day and then slowly decreased but still maintained at a high level
at 7 days in astrocytes after reoxygenation (Fig. 2a). Meanwhile, we found that β8 mRNA
expression was transiently increased at 6 h, declined at 1 day, and returned to the baseline at
2 days in neurons after reoxygenation (Fig. 2b). To quantify β8 expression, we performed
western blot analysis and found that β8 protein expression was increased at 6 h, peaked at 1
day, and started to decline at 2 days but still maintained at a high level at 7 days after
reoxygenation (Fig. 2c). After normalized with β-actin, we found an approximately 1.3- and
2.2-fold increase of β8 protein at 6 h and 1 day in astrocytes (F = 76.75, P < 0.05, Fig. 2e) after
reoxygenation. The β8 protein expression was increased at 6 h in neurons but quickly returned
to control level within 1 day after reoxygenation (Fig. 2d). After normalized with β-actin, there
was approximately 1.3-fold increase of β8 protein in neurons at 6 h (t = 6.82, P < 0.05, Fig. 2f)
after reoxygenation compared with that in normoxic controls.

The Effects of siRNA on β8 Expression in Astrocytes
To determine the effects of β8 RNAi on β8 expression in astrocytes, β8 mRNA, and protein

expression in β8 siRNA virus infected ( ) and control siRNA virus infected ( )
astrocytes were detected by real-time PCR and western blot at 1, 2, 3, 5, and 7 days after
infection. The levels of β8 mRNA and protein were normalized to non-infected astrocytes
(Non). We found that β8 mRNA expression was significantly inhibited at 1 day and reached
the lowest at 2 days after infection. After quantification, we found that the highest inhibition

rate of  astrocytes was around 80% at 2 days (P < 0.05, Fig. 3a). Similarly, we found that

β8 protein expression was also significantly inhibited in  astrocytes with a maximal
inhibition rate around 84% at 2 days after infection (P < 0.05, Fig. 3b, c). There was no

inhibition of β8 expression in  astrocytes (CTRL) (data not shown). Since the maximal
inhibition was at 2 days after infection, 2 day of β8 RNAi was used for the following
experiments for astrocytes.

The Association Between β8 and TGF-β1 Activation
Mink lung epithelia cells (TMLC) were stably transfected with a TGF-β1 responsive fragment
of the PAI-1 promoters that can drive its downstream gene, luciferase expression. To test
whether astrocytes can activate TGF-β1, we co-cultured astrocytes and TMLC and measured
the activation of luciferase using RLU or LU as a readout. RLU was defined as LU minus the
background activity of the TMLC reporter cells. The RLU or LU would increase while active
TGF-β1 interacts with PAI-1. Therefore, RLU or LU were used to represent TGF-β1 activation
in this assay. We found that TGF-β1 activation was increased significantly after co-cultured

with  astrocytes under normoxic condition (t = 22.35, P < 0.05, Fig. 4a). This upregulation
of TGF-β1 was specific because anti-TGF-β antibody could inhibit the upregulation (t = 19.92,
P < 0.05, Fig. 4a).

Next, we investigated whether  astrocytes with HI could promote TGF-β1 activation.

TMLC and  astrocytes were co-cultured and then submitted to OGD treatment. We found
that TGF-β1 activation increased approximately 1.3-, 1.8-, and 1.5-fold at 12 h, 1 day, and 3
days (F = 74.92, P < 0.05, Fig. 4b) separately after HI following reoxygenation compared with
that in the normoxic controls. This TGF-β1 activation induced by HI was also TGF-β1 specific
since anti-TGF-β antibody could counteract this upregulation (P < 0.05, Fig. 4b).
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To investigate whether TGF-β1 activation was related to β8 expression on astrocytes, TMLC,

and β8 knockdown ( ) astrocytes were used for co-culture studies. We found that TGF-β1

activation was significantly increased in  astrocytes after co-culture and reoxygenation.

However, TGF-β1 activation was not induced significantly in  astrocytes. The TGF-β1

activation is significantly lower in  astrocytes than that in  astrocytes (P < 0.05, Fig.
4c).

To further clarify whether TGF-β1 activation after reoxygenation was induced by increased
β8 expression in astrocytes, RLU values at 12 h, 1 day, and 3 days after reoxygenation were
normalized by subtraction of the RLU in normoxic controls to obtain the absolute increased
RLU value induced by increased β8 after reoxygenation. We noticed that TGF-β1 activation

was significantly increased in  astrocytes with a peak at 1 day compared with that in
normoxic controls (F = 90.73, P < 0.05, Fig. 4d). This TGF-β1 activation was consistent with
the above finding that β8 expression peaked at 1 day after HI following reoxygenation in
astrocytes (Fig. 2c, e). However, TGF-β1 activation did not show significant difference in

 astrocytes at different time points after reoxygenation (F = 2.66, P > 0.05, Fig. 4d). These
results suggested that increased TGF-β1 activation after reoxygenation was induced by
increased β8 expression in astrocytes.

Metalloproteases were proven to be an important factor in the activation of TGF-β1 by β8 in
epithelial cells (Mu et al. 2002). To test whether metalloproteases were involved in the
activation of TGF-β1 in CNS, GM6001, a metalloproteases inhibitor, was employed in this
study. We found that the increased TGF-β1 activation was significantly inhibited in both

 astrocytes and  astrocytes with GM6001 application. After statistical analysis, we

found that TGF-β1 activation was inhibited approximately by 45% in  astrocytes (t = 9.72,

P < 0.05, Fig. 4e) and by 27% in  astrocytes (t = 3.67, P < 0.05, Fig. 4e) at 1 day after
reoxygenation, respectively. TGF-β1 activation was significantly inhibited by approximately

77% in  astrocytes (t = 10.46, P < 0.05, Fig. 4e) compared with that in GM6001 treated

 astrocytes (by 45%).

The Effects of TGF-β1 Activation on Neuronal Apoptosis After HI
A previous study has shown that TGF-β1 was upregulated in response to CNS injuries (Yu and
Fahnestock 2002), which suggests a possible role of TGF-β1 in neuroprotection. We have
shown that TGF-β1 was activated by β8 after HI. Therefore, we determined whether β8/TGF-
β1 pathway was involved in the protection of neuronal death after HI. Since TUNEL is a method
that can provide accurate and rapid detection of apoptotic cells, we measured neuronal
apoptosis in co-culture system with TUNEL. We found most of the neurons cultured alone
were TUNEL positive with an AI about 60% at 1 day after HI following reoxygenation (Fig.
5Ac, R1d ) compared with the negative and normoxia controls with an AI less than 3% (Fig.

5Aa, Ab). However, when neurons were co-cultured with  astrocytes, TUNEL positive
cells were significantly decreased with an AI about 40% (Fig. 5Ad, Non) compared with that
seen in neurons cultured alone (Fig. 5Ac, R1d). After blocking TGF-β1 with TGF-β antibody

or blocking β8 with  astrocytes in the co-culture system, we found that TUNEL positive

cells with AI about 50% (Fig. 5Ae, Af) was increased than that in non-treated  astrocytes
(Fig. 5Ad, Non).
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Besides TUNEL staining, caspase-3 expression is a typical method for apoptosis detection
(Kothakota et al. 1997). Therefore, cleaved caspase-3 (CC3) protein, an active form of
caspase-3, was used to quantify neuronal apoptosis in this study. Similarly, we found that CC3
expression was significantly increased at 1 day after reoxygenation in neurons cultured alone
(Fig. 5b, R1d) compared with that in normoxic controls (Fig. 5b). However, CC3 expression

was significantly decreased in neurons while co-cultured with  astrocytes (Fig. 5b, Non)
than that in neurons cultured alone (Fig. 5b, R1d). The decreased CC3 expression was rescued
while blocking TGF-β1 using TGF-β antibody or blocking β8 using β8 siRNA treatment (Fig.
5b) in the co-culture system. After normalized with β-actin, we found that CC3 expression was
increased approximately 2.2-fold (t = 12.20, P < 0.05, Fig. 5c, R1d) in neurons cultured alone
at 1 day after reoxygenation compared with that in normoxic controls (Fig. 5c). However, the
increased CC3 was significantly decreased by 45% (t = 6.97, P < 0.05, Fig. 5c, Non) while co-

cultured with  astrocytes (Fig. 5c). Furthermore, this decreased CC3 expression was
significantly rescued by 25% (t = 8.46, P < 0.05, Fig. 5c) or 12% (t = 4.77, P < 0.05, Fig. 5c),
respectively, while treated with TGF-β antibody or β8 siRNA in the co-culture system

compared with non-treated  astrocytes (Fig. 5c, Non).

TGF-β1 Activation and Cell Death Pathways After HI
TGF-β1 activation by β8 could inhibit CC3 expression and cellular apoptosis. We then
investigate the mechanisms of TGF-β1 activation in the protection of neurons from apoptosis.
Since Bcl-2 and Bcl-xL have been proven to be typically anti-apoptotic proteins of the Bcl-2
family members (Burlacu 2003), we detected Bcl-2 and Bcl-xL expression in astrocyte/neuron
co-culture system. We found that Bcl-2 protein expression was decreased in neurons cultured
alone at 1 day after HI following reoxygenation (Fig. 6a, R1d) compared with the normoxic

controls (Fig. 6a). However, Bcl-2 was significantly increased while co-cultured with 
astrocytes (Fig. 6A, Non) compared with that in neurons cultured alone (Fig. 6A, R1d). This
increased Bcl-2 could be partially inhibited by application of either TGF-β antibody or β8
siRNA in co-culture system (Fig. 6a). Even though, Bcl-2 expression still maintained at a higher
level than that in neurons cultured alone at 1 day after reoxygenation (Fig. 6a, R1d). After
normalized with β-actin, we found an approximately 2.8-fold (t = 67.99, P < 0.05, Fig. 6c,

Non) increase of Bcl-2 expression in neurons while co-cultured with  astrocytes than that
in neurons cultured alone (Fig. 6c, R1d). Meanwhile, we found the increased Bcl-2 protein
expression (Fig. 6c, Non) was significantly inhibited by approximately 50% (t = 46.39, P <
0.05, Fig. 6c) or 35% (t = 11.31, P < 0.05, Fig. 6c) after application of TGF-β antibody or β8

siRNA compared with non-treated  astrocytes in co-culture system (Fig. 6c, Non). In
contrast to Bcl-2, there was no significant change of Bcl-xL protein expression in neurons
cultured alone at 1 day after reoxygenation (Fig. 6b, R1d) compared with normoxic controls
(Fig. 6b). However, Bcl-xL was significantly increased in neurons while co-cultured with

 astrocytes (Fig. 6b, Non). This increased Bcl-xL could be reduced after application of
TGF-β antibody or β8 siRNA in the co-culture system (Fig. 6b). After normalizing with β-
actin, we found an approximately 1.6-fold (t = 8.17, P < 0.05, Fig. 6d, Non) increase of Bcl-

xL in neurons co-cultured with  astrocytes than that in neurons cultured alone (Fig. 6d,
R1d). Meanwhile, the increased Bcl-xL protein expression was inhibited by approximately
30% (t = 4.67, P < 0.05, Fig. 6d) or 15% (t = 3.72, P < 0.05, Fig. 6d) after application of TGF-

β antibody or β8 siRNA compared with non-treated  astrocytes in co-culture (Fig. 6d, Non).
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Discussion
In this study, we show for the first time that integrin β8 expressed in astrocytes could be
upregulated and activate TGF-β1, and thus play an important role in the protection of neurons
after HI. This result is consistent with previous findings that TGF-β1 plays neuroprotective
roles in CNS after injury (Boche et al. 2003; Zhu et al. 2002b).

Integrin αvβ8 is a cell-surface receptor, which is widely distributed in various tissues including
brain. β8 subunit is expressed at a high level in CNS (Nishimura et al. 1998), indicating a
specific function of β8 in the brain. However, it is unclear whether β8 can be induced by HI in
CNS. In this study, we found that β8 was strongly expressed in astrocytes, and was highly
upregulated and maintained at a high level at 7 days after HI following reoxygenation. These
findings suggest that the astrocyte is the major source of β8 that might be involved in the
signaling downstream effects elicited by growth factors and cytokines in CNS after HI.

TGF-β1, one of the cytokines, is secreted in an inactive form, which is associated with a LAP-
β1. Studies have shown that TGF-β1 is activated while dissociated from LAP-β1 through
proteolysis or non-proteolysis processes. Many factors such as integrins and MMPs are
involved in the activation of TGF-β1 in the proteolysis process (Sheppard 2005; Jenkins
2008). In this study, we found that TGF-β1 activation was upregulated after co-culture with
astrocytes, especially after OGD. This TGF-β1 upregulation was associated with astrocytes
β8 since β8 knockdown could significantly inhibit TGF-β1 activation. Furthermore, the
increased TGF-β1 activation caused by HI was also associated with the increased astrocytes
β8 expression since β8 knockdown could eradicate the persistent TGF-β1 activation following
reoxygenation. Our findings suggest that astrocytes β8 is a key factor for the persistent TGF-
β1 activation in CNS under HI conditions, which is consistent with our previous findings that
integrin β8 plays an important role in TGF-β1 activation in epithelial cells (Mu et al. 2002).

Besides the integrins, MMPs are reported to be involved in the activation of TGF-β1 (Jenkins
2008). We employed GM6001, an inhibitor of MMPs, to inhibit the activities of MMPs and
found that GM6001 could inhibit TGF-β1 activation in this astrocytes co-culture system after
OGD, which agrees with previous reports in epithelial cells and human astrocytes in normoxic
cultures (Mu et al. 2002; Cambier et al. 2005). However, the inhibition of TGF-β1 activation
by GM6001 was lower (45%) compared to β8 knockdown (77%) in this study. This difference
may due to the limited inhibitory efficiency of GM6001, which is just an inhibitor for
metalloproteases. There may be other enzymes besides metalloproteases that might be involved
in the activation of TGF-β1 by β8 in CNS after HI.

In this study, β8 knockdown could not completely eradicate TGF-β1 activation. The maximal
inhibition rate by β8 is not more than 80% compared with the inhibition rate by TGF-β antibody
(up to 95%). This difference may due to the TGF-β1 activation generated from other integrins
such as αvβ5. Integrin αvβ5 has been proven to be involved in TGF-β1 activation in epithelia
cell lines (Asano et al. 2005b; Asano et al. 2006). Furthermore, in primary cultures of postnatal
astrocytes, both αvβ5 and αvβ8 were found to be highly expressed (Milner et al. 2001). Although
there are no evidence for αvβ5 induced TGF-β1 activation in CNS yet, we could not exclude
the possibility that integrin αvβ5 or other integrins may play a role in the activation of TGF-
β1 in CNS after HI.

TGF-β1 has been shown to protect neurons from excitotoxic injury (Boche et al. 2003), but
the mechanisms of TGF-β1 in the protection of neurons are not clear. We, therefore, studied
whether TGF-β1 can protect cultured neurons from HI injury and the cell death signaling. We

found that neuronal apoptosis was significantly reduced after co-cultured with  astrocytes.
Blocking of either β8 or TGF-β1 in co-culture system could increase neuronal apoptosis. These
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findings suggest that β8/TGF-β1 signaling pathway plays an important role in protecting
neurons from apoptosis after HI injury.

Whether β8/TGF-β1 signaling pathway is involved in the regulation of anti-apoptotic proteins
is of interest. Bcl-2 and Bcl-xL, both typical anti-apoptotic proteins (Burlacu 2003), were
chosen to further probe the possible mechanisms of TGF-β1 activation in neuroprotection after
HI following reoxygenation. We found that neuronal Bcl-2 protein was significantly decreased
at 1 day after reoxygenation compared with normoxic controls, which was consistent with our
previous findings that neuronal apoptosis was obvious at 1 day. These findings suggest that
decreased Bcl-2 contributed to neuronal apoptosis. In contrast to the decreased expression of
Bcl-2, Bcl-xL protein expression was not significantly decreased at 1 day after reoxygenation.
Although anti-apoptotic Bcl-xL did not decrease, its isoform, Bcl-xS, a pro-apoptotic protein
might increase and contribute to the neuronal apoptosis in this model as shown by other reports
in cancer cell lines and germ cells (Zhang et al. 2008; Mishra et al. 2005).

Interestingly, we found that Bcl-2 and Bcl-xL expression were significantly increased in

neurons after co-cultured with  astrocytes, which could be inhibited by both TGF-β
antibody and β8 knockdown. These findings suggest that β8/TGF-β1 signaling pathway is
involved in protecting neurons from apoptosis by upregulating anti-apoptotic proteins Bcl-2
and Bcl-xL expression.

In conclusion, we found that integrin β8 was mainly expressed in astrocytes and could activate
TGF-β1 after HI. Activated TGF-β1 mediated Bcl-2 and Bcl-xL upregulation leads to neuron
survival. These findings suggest that upregulation of integrin β8 may protect neurons against
HI, which may be beneficial for the treatment of hypoxic-ischemic brain injury.
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Fig. 1.
Immunoreactivity of β8 in normoxic cultured astrocytes and neurons (N = 5). β8 was strongly
expressed in astrocytes (b) but with a weak expression in neurons (d). The positive
immunoreactivity was mainly located in the membrane, cytoplasm, and neurites of the cells
(b, d). There was no positive immunoreactivity in negative controls (a, c). Arrows show the
positive staining cells. × 400
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Fig. 2.
The effects of HI on β8 expression in cultured astrocytes and neurons. β8 mRNA expression
was increased at 6 h after reoxygenation, peaked at 1 day, then slowly decreased but still
maintained at high level at 7 days in astrocytes compared with controls (a). HI also resulted in
an increase of β8 mRNA expression in neurons at 6 h, but declined at 12 h and returned to
baseline within 2 days after reoxygenation (b). Analysis showed that the β8 protein was
increased at 6 h, and maintained for at least 7 days after reoxygenation in astrocytes (c), but
slightly and transiently increased in neurons at 6 h after reoxygenation and quickly returned to
baseline within 1 day (d). Quantification of β8 expression in astrocytes and neurons,
respectively, in HI groups and normoxic controls (e, f). Results were normalized to controls
and represented as mean ± SD. For each column, N = 4, * P < 0.05, ** P < 0.01 versus control
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Fig. 3.
Effects of RNAi on β8 expression in astrocyte cultures. Real-time RT-PCR and western blot
analysis were used to detect the expression of β8 in cultured astrocytes after infection. The
relative amounts of β8 mRNA in astrocytes treated with β8 siRNA (β8 RNAi) or control siRNA
(CTRL) virus were determined by using the standard-curve method. The highest inhibition rate
was around 80% at 2 days (a). Western blot analysis showed β8 protein expression was
significantly inhibited in β8 knockdown astrocytes with a maximal inhibition rate around 84%
at 2 days (b, c). Results were normalized to the non-infected astrocytes (Non) and represented
as mean ± SD. For each column, N = 3, ** P < 0.01 versus Non & CTRL
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Fig. 4.
Astrocytes β8 mediates activation of TGF-β1 after HI following reoxygenation. TGF- β 1

activation was increased significantly after co-cultured with  astrocytes under normoxic
condition (a). TGF- β 1 activation was increased after reoxygenation compared with the

normoxic controls (b). TGF- β 1 activation was significantly lower in  astrocytes than that

in  astrocytes (c). TGF- β 1 activation was significantly increased in  astrocytes but

not in  astrocytes after reoxygenation (d). TGF- β 1 activation was inhibited while treated

with GM6001, especially by β 8 knockdown ( ) (e). For each column, N = 5, ** P < 0.01
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versus anti-TGF β & TMLC alone (a); ** P < 0.01 versus , P < 0.05, ##P < 0.01 versus

control (b); ** P < 0.01 versus  (c); **P < 0.01 versus control (d); ** P < 0.01 versus

GM6001, *P < 0.05 versus GM6001 ##P < 0.01versus  (e)

Li et al. Page 17

Neurotox Res. Author manuscript; available in PMC 2010 May 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 5.
Integrin β 8/TGF- β 1 signaling pathway protected neurons from apoptosis after OGD. TUNEL
positive cells expressed stronger in neurons at 1 day after reoxygenation (Ac, R1d) compared
with the neurons in normoxic controls (Ab, con) and in negative controls (Aa). The expression

of TUNEL positive cells were significantly decreased while co-cultured with  astrocytes
(Ad, Non). However, after blocking TGF-β 1 or blocking β 8, the number of TUNEL positive
cells was increased (Ae, Af). Western blot analysis showed that CC3 expression was
significantly increased at 1 day after reoxygenation in neurons cultured alone (B, R1d)
compared with the normoxic controls. CC3 expression was significantly decreased while co-

cultured with  astrocytes (B, Non), but was rescued while blocking TGF-β (B, anti-TGF
β) or β 8 (B, β8 siRNA). Quantification of CC3 expression in neurons cultured alone and neurons
co-cultured with astrocytes (C). Results were normalized to normoxic controls and represented
as mean ± SD. For each column, N = 4, **P < 0.01 versus con & Non, ## P < 0.01 versus Non
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Fig. 6.
The integrin β8/TGF-β1 signaling pathway protected neurons from apoptosis by upregulating
anti-apoptotic protein expression after HI. Western blot analysis showed that Bcl-2 expression
was decreased in neurons cultured alone at 1 day after reoxygenation (a, R1d) compared with

controls (a, con). However, Bcl-2 was significantly increased while co-cultured with 
astrocytes (a, Non) but could be partially inhibited by either TGF-β antibody (a, anti-TGF β)
or β8 knockdown (a, β8 siRNA). Bcl-xL did not show significant changes in neurons cultured
alone at 1 day after reoxygenation (b, R1d) compared with controls (b, con). Bcl-xL was

significantly increased while co-cultured with  astrocytes (b, Non) but could be reduced
by TGF-β antibody (b, anti-TGF β) or β8 knockdown (b, β8 siRNA). Quantification of Bcl-2
and Bcl-xL expression (c, d). Data were normalized to controls and represented as mean ± SD.
For each column, N = 5, ** P < 0.01, ## P < 0.01 versus Non (c); **P < 0.01, * P < 0.05 versus
Non (d)
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