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Kinase/Signal Transducer and Activator of Transcription
Pathway
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The cellular and molecular mechanisms that govern the response of the perinatal brain to injury remain largely unexplored. We inves-
tigated the role of white matter astrocytes in a rodent model of diffuse white matter injury produced by exposing neonatal mice to chronic
hypoxia—a paradigm that mimics brain injury in premature infants. We demonstrate the absence of reactive gliosis in the immature
white matter following chronic hypoxia, as determined by astrocyte proliferation index and glial fibrillary acidic protein levels. Instead,
Nestin expression in astrocytes is transiently increased, and the glial-specific glutamate transporters glutamate–aspartate transporter
(GLAST) and glutamate transporter 1 (GLT-1) are reduced. Finally, we demonstrate that Janus kinase (JAK)/signal transducer and
activator of transcription (STAT) signaling—which is important in both astrocyte development and response to injury—is reduced in
the white matter following hypoxia, as well as in primary astrocytes exposed to hypoxia in vitro. Hypoxia and JAK/STAT inhibition reduce
glutamate transporter expression in astrocytes, but unlike hypoxia JAK/STAT inhibition downregulates GLAST expression without
affecting GLT-1, as demonstrated in vitro by treatment with JAK inhibitor I and in vivo by treatment with the JAK/STAT inhibitor AG490
[(E)-2-cyano-3-(3,4-dihydrophenyl)-N-(phenylmethyl)-2-propenamide]. Our findings (1) demonstrate specific changes in astrocyte
function after perinatal hypoxia, which might contribute to the particular pathogenesis of perinatal white matter injury, (2) provide
evidence that at least part of these changes result from a disturbance of the JAK/STAT pathway by hypoxia, and (3) identify JAK/STAT
signaling as a potential therapeutic target to restore normal GLAST expression and uptake of glutamate after perinatal brain injury.

Introduction
Trauma to the adult CNS often results in reactive astrogliosis and
glial scarring and the response of astrocytes to various injuries to
the adult brain has been well characterized, yet the cellular and
functional response of astrocytes to injury in the perinatal brain
remains largely unexplored (Maxwell and Kruger, 1965; Miyake
et al., 1988; Ridet et al., 1997; Sofroniew, 2005). There is substan-
tial evidence that hypoxia is an important contributing factor to
brain injury in premature infants (Claireaux, 1977; Inder et al.,
2003). In the past, brain injury in premature infants commonly
resulted in periventricular leukomalacia characterized by focal
necrosis; however, advances in neonatal care have diminished its
occurrence, and currently the most common injury observed is

characterized by diffuse white matter damage (Maalouf et al.,
1999; Back et al., 2001; Inder et al., 2003). One widely used rodent
model of brain injury in premature infants is that of hypoxia–
ischemia, which results in focal white matter and gray matter
damage (Segovia et al., 2008; Scafidi et al., 2009). Yet recent stud-
ies have highlighted the importance of injury to infants by hyp-
oxia alone, due to their immature lungs and respiratory system
(Claireaux, 1977; Inder et al., 2003). In the present study, we used
a well established model of diffuse white matter injury induced
by chronic hypoxia in the perinatal rodent [hypoxia—postna-
tal day 3 (P3) to P11; 10.5 � 0.5% O2], to study cellular and
functional changes occurring in white matter astrocytes (Ment
et al., 1998; Vaccarino and Ment, 2004; Bi et al., 2011). This
model reproduces many major anatomical hallmarks of white
matter injury observed in the brain of premature infants, in-
cluding decreased white matter and gray matter volume, as
well as enlargement of the lateral ventricles (Ment et al., 1998;
Maalouf et al., 1999).

Studies in vitro have shown that hypoxia affects the expression
of the two Na�-dependent glial-specific glutamate transporters:
glutamate–aspartate transporter (GLAST) (EAAT1) and gluta-
mate transporter 1 (GLT-1) (EAAT2) (Dallas et al., 2007).
GLAST and GLT-1 are primarily expressed in astrocytes and are
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affected in a number of CNS pathologies (Rothstein et al., 1995;
Sattler and Rothstein, 2006).

The Janus kinase (JAK)/signal transducer and activator of
transcription (STAT) pathway is active in astrocytes and is im-
portant in astrocyte differentiation. This pathway is thought to
regulate the transition from immature Nestin-expressing to ma-
ture GFAP-expressing astrocytes (Sriram et al., 2004; Gautron et
al., 2006). Furthermore, JAK/STAT signaling is also involved in
the process of astrogliosis and scar formation in different CNS
pathologies (Justicia et al., 2000; Herrmann et al., 2008).

In the present study, we examined the response of astrocytes
to injury of the developing white matter using a model of chronic
hypoxia in the perinatal rodent. We investigated whether chronic
hypoxia affected astrocyte reactivity and function, and we ex-
amined whether JAK/STAT signaling was altered by hypoxia
in astrocytes. We investigated the effects of hypoxia on astro-
cytes both in vivo and in vitro, and we revealed significant

changes in astrocyte function in the absence of reactive gliosis.
We also demonstrate a role for JAK/STAT signaling in the
functional changes induced by hypoxia in astrocytes, indicat-
ing that this pathway plays a role in astrocyte pathology also in
the immature brain.

Materials and Methods
Materials. Anti-GFAP, GLT-1, and GLAST antibodies were purchased
from Abcam. Antibodies against STAT3, pSTAT3 (Tyr 705), pJAK1 (Tyr
1022), JAK2, pJAK2 (Tyr 1007/1008), and actin were purchased from
Santa Cruz Biotechnology. JAK1 antibody was purchased from BD Bio-
sciences. The BrdU antibody was purchased from Covance. Anti-Nestin
was purchased from Millipore. JAK inhibitor I was purchased from
EMD Chemicals. Dihydrokainic acid (DHK) and ( E)-2-cyano-3-(3,4-
dihydrophenyl)-N-(phenylmethyl)-2-propenamide (AG490) were pur-
chased from Sigma-Aldrich. RIPA lysis buffer was purchased from Santa
Cruz Biotechnology. Medium for cell culture was purchased from Invit-
rogen. D-[2,3- 3H]Aspartic acid was purchased from PerkinElmer.

Figure 1. Hypoxia does not affect white matter astrocyte cell number but decreases GFAP expression and increases Nestin expression. A–C, GFAP-GFP mice were subjected to hypoxia (10.5 �
0.5% O2) from P3 to P11 followed by an injection of BrdU 2 h before killing. Brain slices were stained with anti-GFAP (red) and anti-BrdU (blue) (A) or anti-GFAP (red) and anti-Nestin (blue) (B)
antibodies. C, Quantification of percentage or number of GFAP �GFP � cells immunostained with anti-BrdU or anti-Nestin. Scale bar, 50 �m. Cell counts are shown � SEM. D, E, Western blot
analysis of GFAP and Nestin expression in the white matter after hypoxia. Protein levels are expressed relative to actin loading control. Densitometric analysis is shown � SD (n � 4 – 6 animals;
*p � 0.05, unpaired Student’s t test). Ctx, Cortex; CC, corpus callosum; NX, normoxia; HX, hypoxia.
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Animals and hypoxia protocol. The genera-
tion of the GFAP-GFP mouse used in this study
has been described previously (Zhuo et al.,
1997), and CD1 mice were obtained from
Charles River Labs. All mouse colonies were
maintained in the animal facility of Children’s
National Medical Center, and all animal proce-
dures complied with the guidelines of the Na-
tional Institutes of Health, and with the
Children’s Research Institute Institutional An-
imal Care and Use Committee guidelines. Male
mice were placed in a chamber containing
10.5 � 0.5% O2 from P3 to P11 as previously
described (Ment et al., 1998; Fagel et al., 2006).
Strain-matched and age-matched animals
reared in normal oxygen levels were used as
controls (normoxia). For studies examining
proliferation, BrdU (Sigma-Aldrich; 50 �g per
gram body weight) was administered 2 h before
killing. Mice were killed at the given time point
after hypoxia and perfused transcardially with
PBS followed by 4% paraformaldehyde (PFA)
and postfixed overnight in PFA followed by
20% glycerol and stored at 4°C. Treatment of
mice with the JAK/STAT inhibitor AG490 has
been previously described (Xu et al., 2011;
Zhao et al., 2011). Briefly, CD1 mice were treated with AG490 (10 mg/kg,
i.p.) or DMSO (control) twice daily (injections were �8 –10 h apart)
from P6 to P11. At P11, the white matter was carefully dissected out and
lysed as described below, followed by Western blot analysis.

Primary astrocyte cultures. Purified astrocyte cultures were obtained
from 2- to 3-d-old CD1 mice. Animals were killed and cortices were
dissected and mechanically dissociated with a fire-polished Pasteur pi-
pette. Cells were then plated on poly-L-lysine-treated 75 cm 2 flasks in
DMEM containing 2 mM glutamine and 10% fetal bovine serum. Ap-
proximately 16 h after plating, the media was replaced. Once 80 –90%
confluent, cells were passaged two to three times and were cultured for
no more than 21 d with media changes every 48 h. Cultures contained
�95% GFAP � cells. To expose the primary astrocytes to hypoxia, we
cultured them in at 37°C in an incubator whose O2 levels were main-
tained at 5 � 0.5%.

Immunohistochemistry in tissue sections and cell counting. Floating
brain sections from GFAP-GFP mouse were immunostained with anti-
bodies against BrdU (1:200), GFAP (1:500), and Nestin (1:100). Sections
were incubated in primary antibodies diluted in PBS containing 0.1%
Triton X-100 (v/v) and 5% normal goat serum overnight at 4°C. Sections
were incubated with secondary antibody for 1 h at room temperature.
Sections were treated with DAPI (4�,6-diamidino-2-phenylindole)
(Sigma-Aldrich) to determine total cell number. Cells were visualized by
confocal microscopy. All sections of subcortical white matter analyzed
contained the corpus callosum, cingulum, and external capsule, and were
rostral of the hippocampus.

Western blot analysis. For Western blot analysis of white matter lysates,
the subcortical white matter was dissected from 400-�m-thick sections
prepared from CD1 mice that had been reared in hypoxia or normoxia.
Briefly, brains were sliced coronally and only slices rostral of the hip-
pocampus were used. Using Roboz—a fine-straight and fine-angled mi-
crodissecting forceps under a dissecting microscope—the cortex was
dissected away leaving the underlying subcortical white matter attached
to the striatum. The white matter was then easily pushed away from the
striatum, leaving a thin ribbon of primarily white matter tissue. The
dissected white matter was rinsed with ice-cold PBS, and then lysed on ice
in 200 –300 �l of RIPA lysis buffer (50 mM Tris-HCl, pH 7.5, 140 mM

NaCl, 1% NP-40, 0.25% sodium deoxycholate, 1 mM sodium orthovana-
date, 1 mM NaF, 1 mM PMSF, 2 �g/ml aprotinin, 2 �g/ml pepstatin, 2
�g/ml leupeptin, and 1 �M microcystin-LR). For in vitro experiments,
cells were cultured in six-well plates to �80 –90% confluency and 1 �M

JAK inhibitor I was added to the cultures for 24 h or they were cultured in
hypoxic conditions for the indicated time period. The cells were washed
twice with ice-cold PBS, and then lysed with 250 �l of RIPA lysis buffer
for 30 min on ice. Protein concentrations were determined by using the
Bradford protein assay kit (Bio-Rad). Western blot analysis was per-
formed on 10 – 40 �g of total cell lysates. Proteins were resolved on
4 –20% Tris glycine gels (Nusep) and transferred to Immobilon PVDF
membranes by tank blotting in transfer buffer [25 mM Tris, 192 mM

glycine, 20% (v/v) methanol, pH 8.3] for 16 h at 4°C. The membranes
were then washed in Tris-buffered saline with 0.1% Tween 20 (TBST) (25
mM Tris-HCl, 140 mM NaCl, 0.1% Tween 20, pH 7.5), incubated for 1 h
in TBST containing 5% bovine serum albumin (BSA), and then incu-
bated for 16 h at 4°C with primary antibodies diluted in TBST-BSA. The
membranes were then washed in TBST three times for 10 min at room

Figure 2. Hypoxia decreases GLAST and GLT-1 expression in the white matter. A, Western blot analysis of GLAST and GLT-1
expression in the white matter after hypoxia. B, Protein levels are expressed relative to actin loading control. Densitometric
analysis is shown � SD (n � 4 – 6 animals; *p � 0.05, unpaired Student’s t test).

Figure 3. Hypoxia decreases D-[ 3H]aspartate uptake in the white matter. A, Na �-
dependent uptake velocity of D-[ 3H]aspartate (50 nM) in white matter gliosome/synaptosome
membrane fraction. Dihydrokainate (100 �M) was added 10 min before assay to inhibit GLT-1-
specific uptake. B, D-[ 3H]aspartate uptake measured under the same conditions as in A, but in
the absence of Na �. Uptake velocities are shown � SEM (n � 4 – 6 animals; *p � 0.05,
unpaired Student’s t test).
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temperature followed by the addition of either horseradish peroxidase-
conjugated goat polyclonal anti-rabbit IgG (Santa Cruz) for polyclonal
primary antibodies, or horseradish peroxidase-conjugated goat anti-
mouse (Santa Cruz) for mouse monoclonal primary antibodies diluted
in TBST-BSA. The chemiluminescent signals were detected using
Pierce ECL Western blotting substrate. X-ray films were scanned us-
ing an Agfa T1200 scanner and densitometric measurements were
obtained using ImageJ software.

Gliosome/synaptosome D-[3H]aspartate uptake assay and D-[3H]aspartate
uptake assay in primary astrocytes. The gliosome/synaptosome uptake
assays were performed using a modified method of Weller et al. (2008).
Brains were removed at the given time point after hypoxic or normoxic
rearing and the white matter was carefully dissected out. The tissue was
then homogenized on ice using a mechanical homogenizer in tissue buf-
fer (50 mM Tris, 0.3 M sucrose, pH 7.3) and centrifuged at 14,000 � g for
10 min. The pellet was resuspended in 250 �l of sodium containing
Krebs’ buffer (1200 mM NaCl, 47 mM KCl, 12 mM KH2PO4, 12
mM MgSO4, 100 mM HEPES) or sodium-free Krebs’ buffer (1200 mM

choline chloride instead of 1200 mM NaCl). When using primary
astrocytes, 25,000 cells/cm 2 were cultured on poly-L-lysine-coated
24-well plates. Cells were treated with 1 �M JAK inhibitor I or DMSO
for 24 h, and then washed twice with warm Krebs’ buffer followed by
addition of 250 �l of Krebs’ buffer. For both the gliosome/synapto-
some and primary astrocyte uptake experiments, the GLT-1 inhibitor
dihydrokainic acid (100 �M) was added where indicated and incu-
bated for 10 min at 37°C before the addition of D-[ 3H]aspartate.
D-[ 3H]aspartate (50 nM) was added and incubated for 10 min at 37°C,

followed by three rinses with ice-cold
sodium-free Krebs’ buffer to halt uptake.
The preparations were treated with 400 �l of
1N NaOH, and the radioactivity of 200 �l of
lysate was determined by scintillation count-
ing. Determination of protein concentration
in each sample was performed using the
Bradford protein assay. Data are presented as
uptake velocity (picomoles per microgram of
protein per minute).

Results
Perinatal hypoxia does not affect cell
number or proliferation of GFAP- or
Nestin-expressing cells in the white
matter, but modifies GFAP and Nestin
expression
To examine the cellular effects of hypoxic
injury in the white matter of the immature
brain, we used the GFAP-GFP transgenic
mouse in which GFP expression is limited
to GFAP-expressing cells. It is well estab-
lished that, in response to adult brain in-
jury, astrocytes become activated and
convert to a reactive phenotype, which is
characterized by increased GFAP expres-
sion, and changes in cell morphology and
proliferation rate (Miyake et al., 1988;
Pekny and Nilsson, 2005). To determine
the effect of hypoxia on astrocyte cell
number, we quantified the number of
GFP�GFAP� and GFP�GFAP�Nestin�

cells in the white matter. At P11 (immedi-
ately after hypoxia), there was no change
in the number of GFP�GFAP� or
GFP�GFAP�Nestin� cells (Fig. 1A–C).
To assess the effect of hypoxia on astrocyte
proliferation, we injected BrdU 2 h before
killing and then quantified the number of
GFP�GFAP� and GFP�GFAP�BrdU�

cells in the white matter after hypoxia (Fig. 1A). At P11, there was
no change in the number of GFP�GFAP�BrdU� cells or in the
percentage of GFP�GFAP� cells that were BrdU� (Fig. 1C). The
percentage of GFP�GFAP� over the total number of cells in the
white matter was not significantly modified (data not shown).
We also performed analysis at P5 (2 d in hypoxia; acute hypoxia),
P18 (1 week after hypoxia), and P45 (5 weeks after hypoxia), and
there was no difference in the number of GFP�GFAP�Nestin�,
GFP� GFAP�, GFP�GFAP�BrdU� cells (Fig. 1A–C). We also
noted no difference in astrocyte morphology or GFAP or Nestin
distribution, as determined by GFAP and Nestin immunostain-
ing, although GFAP intensity was decreased in the hypoxic white
matter and Nestin intensity increased at P11 (Fig. 1A,B). West-
ern blot analysis in the white matter of P11 mice revealed a sig-
nificant decrease in GFAP protein expression and an increase in
the expression of Nestin, a marker of immature astrocytes, in
hypoxic animals compared with age-matched normoxic con-
trols (Fig. 1 D, E). Analysis of Nestin and GFAP protein expres-
sion at P5, P18, and P45 showed no changes compared with
normoxic controls (Fig. 1 D, E). Together, these results dem-
onstrate that hypoxia does not cause reactive gliosis in the
immature early postnatal brain yet is suggestive of a delay in
astrocyte maturation.

Figure 4. Hypoxia alters JAK/STAT signaling in the white matter. A, Western blot analysis of components of the JAK/STAT
signaling pathway in the white matter of hypoxic and normoxic mice at P5, P11, P18, and P45. B, Protein levels are expressed
relative to actin loading control. Densitometric analysis is shown � SD (n � 4 – 6 animals; *p � 0.05, unpaired Student’s t test).
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Hypoxia reduces expression of GLAST and GLT-1, and
decreases D-[ 3H]aspartate transport in the white matter
Previous in vitro studies demonstrated that exposing primary
astrocyte cultures to hypoxia decreases GLAST and GLT-1 pro-
tein levels (Dallas et al., 2007). To test whether chronic hypoxia in
the perinatal rodent decreased GLAST and GLT-1 expression in
the subcortical white matter in vivo, we performed Western blot
analysis on white matter lysates. At P11, GLAST and GLT-1 levels
were significantly decreased, compared with normoxic controls,
but at P5, P18, and P45 no difference was detected (Fig. 2A,B). To
test whether hypoxia alters glutamate transport activity in the
white matter, we measured uptake of D-[ 3H]aspartate in white
matter membrane gliosome/synaptosome fractions. At P11, total
D-[ 3H]aspartate uptake was significantly decreased after hypoxia
(Fig. 3A). To determine the contribution of GLT-1 to total up-
take, we pretreated the gliosome/synaptosome preparation with
the GLT-1 inhibitor DHK. Hypoxia decreased both GLT-1-
specific and nonspecific (DHK-treated) uptake at P11 but, con-
sistent with Western blot results, had no effect at P18 (Fig. 3A).

To confirm that this uptake was Na�-dependent, we performed
uptake assays in the absence of Na�, which resulted in uptake
that was �1% of the total uptake measured in the presence of
Na� (Fig. 3B). Together, these data demonstrate that hypoxia
transiently reduces glutamate transporter function in astrocytes
by decreasing GLAST and GLT-1 protein expression.

Hypoxia reduces JAK/STAT signaling in the white matter
It has been previously shown that the JAK/STAT pathway is im-
portant both in astrocyte maturation—as onset of GFAP expres-
sion is dependent on a STAT3 mechanism—and in astrocyte
response to pathological insults (Sriram et al., 2004; Gautron et
al., 2006; Herrmann et al., 2008). Since we observed an immature
astrocyte phenotype in the white matter after perinatal hypoxia,
we wanted to determine whether changes in the JAK/STAT sig-
naling pathway also occurred. At P11, Western blot analysis re-
vealed a decrease in pSTAT3, pJAK1, and pJAK2 in the hypoxic
white matter, compared with normoxic controls (Fig. 4A,B).
Levels of total STAT3, JAK1, and JAK2 were similar in the hy-

Figure 5. Hypoxia decreases JAK/STAT signaling and expression of GFAP, GLAST, and GLT-1 in primary astrocytes. A, Western blot analysis of glial-specific glutamate transporter GLT-1 and GLAST,
and GFAP in primary astrocytes after hypoxia (5% O2). B, Western blot data are expressed � SD (n � 3 individual experiments; *p � 0.05, **p � 0.01, unpaired Student’s t test). Treatment with
JAK inhibitor I decreases GLAST and GFAP expression in primary astrocytes. C, Primary astrocytes were treated with JAK inhibitor I (1 �M) for 24 h, and then assessed for protein expression by Western
blot analysis. D, Western blot data are expressed � SD (n � 3 individual experiments; *p � 0.05, **p � 0.01, ***p � 0.001, unpaired Student’s t test). E, Treatment with JAK Inhibitor decreases
total and non-GLT-1-specific uptake of D-[ 3H]aspartate (50 nM) in primary astrocyte cultures. Dihydrokainic acid (100 �M) was added to inhibit GLT-1-specific uptake. Uptake data are expressed �
SEM (n � 3 individual experiments; **p � 0.01, unpaired Student’s t test).
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poxic and normoxic groups (Fig. 4A,B). At P5, P18, and P45,
levels of pSTAT3, pJAK1 and pJAK2 were not modified (Fig.
4A,B). These results demonstrate that hypoxia transiently re-
duces JAK/STAT signaling in white matter with a time course
similar to the reduction in glutamate transporter expression and
function.

Hypoxia reduces expression of GFAP, GLAST, GLT-1,
and pSTAT3, increases Nestin expression, and decreases
D-[ 3H]aspartate transport in primary astrocytes
We exposed primary astrocyte cultures to hypoxia (5% O2) for
24, 48, and 72 h. Consistent with our findings in vivo (Figs. 1, 4),
we observed a decrease in GFAP protein expression, as well as in
pSTAT3, pJAK1, and pJAK2 levels at 48 h after hypoxia, and an
increase in Nestin expression suggestive of an immature pheno-
type (Fig. 5A,B). Furthermore, as previously shown by Dallas et
al. (2007), a decrease in both GLAST and GLT-1 expression was
also observed (Fig. 5A,B). Therefore, exposure of astrocytes to
hypoxia in culture reproduces the effects of hypoxia on astrocytes
in vivo.

Disruption of JAK/STAT signaling in primary astrocyte
cultures reduces GFAP and GLAST expression, increases
Nestin expression, and decreases D-[ 3H]aspartate transport
To determine whether JAK/STAT signaling could be responsible
for the decreases in GLAST and GLT-1 expression observed after
hypoxia, we treated primary astrocyte cultures with the JAK/
STAT inhibitor JAK inhibitor I (1 �M). As expected, after 24 h of
treatment with JAK inhibitor I, pJAK1, pJAK2, and pSTAT3 lev-
els were decreased (Fig. 5C, D). We also analyzed expression of
GFAP, Nestin, GLAST, and GLT-1. Treatment with JAK inhibi-
tor I decreased levels of GFAP and GLAST, and increased levels of
Nestin, yet GLT-1 levels were similar to untreated cultures (Fig.
5C, D). To determine whether glutamate uptake was also affected
by JAK inhibitor I treatment, we performed a D-[ 3H]aspartate
uptake assay on JAK inhibitor I-treated astrocytes. JAK inhibitor
I decreased total uptake as well as non-GLT-1 (DHK-treated)
uptake, but GLT-1-specific uptake was unaffected (Fig. 5E).
These experiments were also performed in the absence of Na� to
determine the contribution of non-Na�-dependent uptake to
the total uptake measured and this accounted for �1% of the
total uptake (data not shown). Our results indicate that disrup-
tion of JAK/STAT signaling in primary astrocytes is causally
linked to a decrease in glutamate transporter function in these
cells.

Pharmacological inhibition of JAK/STAT signaling in vivo
decreases GLAST expression in the white matter
To determine whether inhibition of JAK/STAT signaling in vivo
also decreases GLAST expression, we treated perinatal mice that
have not been exposed to hypoxia with the JAK/STAT inhibitor
AG490 from P6 to P11. It has been previously demonstrated that
administration of AG490 affects JAK/STAT signaling in the brain
(Xu et al., 2011; Zhao et al., 2011). After AG490 administration,
levels of pJAK1, pJAK2, pSTAT3 were significantly decreased in
P11 white matter lysates— compared with untreated animals—
confirming that the pharmacological treatment inhibited JAK/
STAT signaling in vivo (Fig. 6A,B). Both GFAP and GLAST
expression were also proportionally reduced (Fig. 6A,B). Con-
versely, levels of JAK1, JAK2, STAT3, and GLT-1 were not af-
fected (Fig. 6A,B). We also noted that Nestin levels were not
modified (Fig. 6A,B), as observed both in white matter of mice
exposed to hypoxia (Fig. 1) and in primary astrocyte cultures

treated with JAK inhibitor I (Fig. 5). These in vivo results support
our observation that GLAST expression is decreased in primary
astrocyte cultures exposed to JAK inhibitor I, and while regula-
tion of GLAST and GLT-1 is complex, our data indicate that
JAK/STAT signaling plays a role in GLAST expression.

Discussion
The cellular responses to hypoxia-induced diffuse white matter
injury are still largely unknown. Animal models of this pathology
will help elucidate fundamental cellular mechanisms of injury
and define physiological changes triggered by hypoxia in distinct
cell populations. In the present study, we used a well established
model of chronic hypoxia in the perinatal rodent, which displays
many of the same histopathological hallmarks seen in infants
born premature (Ment et al., 1998; Maalouf et al., 1999). Our
study demonstrates that, in the immature white matter, astrocyte
response to diffuse injury is developmentally regulated, being
evident after 1 week of hypoxia, but not at later time points. This
astrocytic response is different from what is observed in hypoxia–
ischemia [i.e., in another well established model of brain injury in
premature infants (Sizonenko et al., 2008)], although a recent
study by Schmitz et al. (2011) reported similar observations in a

Figure 6. Treatment of early postnatal mice with the JAK/STAT inhibitor AG490 decreases
expression of GFAP and GLAST in the white matter. Mice were treated with AG490 (10 mg/kg,
i.p.) from P6 to P11. Western blot analysis was performed on P11 lysates from AG490-treated
and control mice. A, Treatment with AG490 decreases GFAP and GLAST expression in the white
matter. B, Protein levels are expressed relative to actin loading control. Data are shown � SD
(n � 4 – 6 animals; *p � 0.05, **p � 0.01 unpaired Student’s t test).
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model of hyperoxia-induced brain injury, which also results in
diffuse white matter injury. Hypoxia–ischemia causes focal ne-
crotic lesioning and astrocyte activation, which leads to long-
term changes in their cellular properties (Miyake et al., 1988;
Pekny and Nilsson, 2005; Sofroniew, 2005; Segovia et al., 2008;
Scafidi et al., 2009). Conversely, our study demonstrates that
chronic hypoxia causes a decrease in GFAP and an increase in
Nestin expression, as well as attenuation of JAK/STAT signaling,
which is suggestive of an immature astrocytic phenotype. The
decrease in GFAP expression is similar to what is observed in
hyperoxia-induced perinatal white matter injury (Schmitz et al.,
2011).

Our results show transient changes in the expression of the
glial-specific glutamate transporters GLAST and GLT-1 after
hypoxia. Changes in expression and function of glial-specific glu-
tamate transporters have been demonstrated in a variety of brain
insults and CNS pathologies (Cimarosti et al., 2005; Chao et al.,
2010). In rodent models of injury that result in reactive gliosis
and scar formation, including focal cerebral ischemia and demy-
elination, reactive astrocytes found in and around the glial scar
area in the subcortical white matter display increased expression
of the glial-specific glutamate transporters GLAST and GLT-1
(Arranz et al., 2010; Chao et al., 2010). The effect of injury on
glutamate transporter expression is most likely region specific,
because a different study demonstrated that, after hypoxic–isch-
emic injury, GLT-1 levels are increased in cortex, but decreased in
striatum (Cimarosti et al., 2005). In some brain pathologies, as
seen in patients with schizophrenia, levels of GLAST and GLT-1
mRNA, and levels of GLT-1 mRNA were increased in the thala-
mus and prefrontal cortex, respectively (Smith et al., 2001; Mat-
ute et al., 2005). Similar to what we observed in rodent white
matter after hypoxia, other brain pathologies also result in de-
creased glutamate transporter expression and function (Roth-
stein et al., 1995; Boycott et al., 2008). For example, decreased
GLT-1 and decreased glutamate uptake were demonstrated in
CNS tissue obtained from ALS patients (Rothstein et al., 1995).
Hyperoxia-induced white matter injury in the perinatal rodent
results in a similar transient decrease in expression of GLAST and
GLT-1 (Schmitz et al., 2011). Although the molecular pathways
that regulate GLAST expression after hypoxic injury in vivo are
still undefined, it is well established that differential mechanisms
regulate hypoxia-induced changes in GLAST and GLT-1 tran-
scription in vitro, and that reduction of GLT-1 expression is se-
lectively mediated by NF-�B and its associated pathway (Boycott
et al., 2008).

The JAK/STAT pathway is important in astrocyte maturation
and in their cellular response to injury. Previous studies demon-
strated that GFAP transcription is regulated by a STAT3-
dependent mechanism and cellular characterization of astrocytes
in the developing rodent cortex during the first 2 postnatal weeks
demonstrated that both immature Nestin-expressing astrocytes
from P0 to P3 and GFAP-expressing astrocytes around P10 ex-
press STAT3 and pSTAT3 (Sriram et al., 2004; Gautron et al.,
2006). Since we induced hypoxic injury during this same devel-
opmental time window, our findings that JAK/STAT signaling
and expression of Nestin and GFAP are affected by hypoxia in
white matter strongly suggest that this insult inhibits astrocyte
maturation through the STAT3 pathway. This hypothesis is con-
firmed by the finding that astrocyte proliferation was not af-
fected. Furthermore, Sarafian et al. (2010) recently reported that
disruption of STAT3 signaling in primary astrocyte cultures in-
creases oxidative stress, indicating a strong link between oxida-
tive injury and JAK/STAT signaling in astrocytes.

Astrocytes contribute to the cellular and molecular mecha-
nisms associated with white matter injury observed after chronic
hypoxia; however, several of cell types—including oligodendro-
cytes and their progenitors—are also involved (Back et al., 2006;
Bi et al., 2011). We are currently analyzing hypoxia-induced
damage to the oligodendrocyte lineage in our animal model of
chronic perinatal hypoxia. Our preliminary results demonstrate
that oligodendrocyte death occurs after the first week of hypoxia
(B. Jablonska and V. Gallo, unpublished observations). Our stud-
ies also show that more mature (CC1�) stages of the oligoden-
drocyte lineage are particularly vulnerable to hypoxia-induced
toxicity (B. Jablonska and V. Gallo, unpublished observa-
tions). In other models of perinatal brain injury, including
hypoxia–ischemia and hyperoxia-induced injury, it has been
demonstrated that late oligodendrocyte progenitors (O4 �

cells) are most vulnerable to injury (Back et al., 2002; Schmitz
et al., 2011). Therefore, it appears that different types of insults
to the developing white matter affect distinct stages of the
oligodendrocyte lineage. Future experimental analysis will de-
fine the different cellular and molecular mechanisms that un-
derlie white matter injury in chronic hypoxia-, hypoxia–
ischemia-, and hyperoxia-induced injury to the developing
brain.

Our finding that expression of GLAST and GLT-1 is reduced
after hypoxia is suggestive that changes in the concentration of ex-
tracellular glutamate likely occur in the white matter environment.
What are the physiological consequences of hypoxia-induced reduc-
tion in astrocytic glutamate uptake? In the presence of excess gluta-
mate, oligodendrocytes and their progenitors are damaged as a
consequence of overactivation of AMPA receptors and subsequent
Ca2� influx, which ultimately causes excitotoxicity (Yoshioka et al.,
1996; Matute et al., 2007). It is well established that glutamate vesicles
are released from unmyelinated axons in the white matter and this is
a potential source of excess glutamate in the hypoxic animal (Ziskin
et al., 2007). We demonstrate that in vivo at P11 (7 d after hypoxia)
both GLAST and GLT-1 expression are significantly reduced in the
white matter, and that D-[3H]aspartate uptake in white matter glio-
somes is significantly decreased after hypoxia. These findings
strongly suggest that astrocyte impaired ability to clear glutamate
after hypoxia would lead to excess glutamate in the extracellular
space, which in turn causes excitotoxic damage to immature oligo-
dendrocytes and/or prevents their maturation to myelinating oligo-
dendrocytes (Steinhauser and Gallo, 1996; Yoshioka et al., 1996). In
conclusion, dysregulation of glutamate homeostasis in white matter
astrocytes after hypoxia is most likely one of the contributing factors
underlying oligodendrocyte pathology after hypoxic injury.

In the present study, we demonstrate that the cellular response
of astrocytes to hypoxic injury in vivo involves not only a reduc-
tion in glutamate transporter expression in the developing white
matter, which in turn likely affects glutamate homeostasis, but
also attenuation of JAK/STAT signaling, resulting in an imma-
ture phenotype, and these two responses are likely to be causally
related. Defining how the JAK/STAT pathway regulates GLAST
expression will be important to develop molecular therapeutic
targets to promote neuroprotection or prevention of damage to
the premature brain.
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