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ABSTRACT
JAK-STAT is the major downstream signal pathway of cytokine families such as CNTF
and is mainly regulated by STAT3. The present study examined the extent and the
localization of unphosphorylated and phosphorylated (p-) STAT3 proteins in ischemiareperfusion model of rat retina using by immunochemical methods, for clarifying involving
mechanisms of STAT pathway in pathogenesis of ischemic neurodegeneration. Retina
ischemia was induced by transiently increasing the intraocular pressure. In the normal
retina, weak STAT3 immunoreactivity was visible in the proximal radial processes of Müller cells. However p-STAT3 immunoreactivity was not shown. Following ischemia-reperfusion,
strong STAT3 immunoreactivity appeared in proximal processes and even in somata of
Müller cell up to 3 days postlesion. p-STAT3 immunoreactivity appeared only in Müller
cell somata up to 1 day postlesion. Quantitative evaluation by immunoblotting confirmed
that STAT 3 and p-STAT3 expression levels continuously increased and showed a peak
value at 1 day (to 300% of control levels) and 3 days (to 250% of control levels)
postlesion, respectively and decreased again to 150% of controls at 4 weeks postlesion.
Double immunocytochemistry with STAT3 and p-STAT3 or glutamine synthethase and
CNTF antibodies revealed that most of all STAT3 and p-STAT3 labeled Müller cells
underwent survival. These findings suggest that STAT3 produced and released by Müller
cell may play an important role in the pathogenesis of ischemic injury in the rat retina.
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IN T R O D U C T IO N
Many cytokines and inflammatory mediators produced by ischemic pathophysiology (Dirnagl et al.,
1999). The family of cytokines signaling through a
common receptor subunit, gp130, is referred to as
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neurokines. This family includes IL-6, IL-11, leukemia inhibitory factor (LIF), oncostatin M (OSM),
ciliary neurotrophic factor (CNTF), and cardiotrophin-1 (Taga and Kishimoto, 1997; Heinrich et al.,
1998). CNTF is one of the important cytokines in
the central nervous system, and has been implicated
in cellular responses in retina ischemia. Survivalpromoting activity of CNTF for developing peripheral
neurons was reported, and its protective effects on
axotomized immature motoneurons and on CNS neu-
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rons injured by a variety of lesions have been demonstrated (Manthorpe et al., 1983; Sendtner et al.,
1997).
JAK-STAT (Janus kinase-signal transducer and
activator of transcription) is an important downstream signal pathway of these cytokines (Cattaneo
et al., 1999). Binding of neurokines to the membrane receptor leads to dimerization of its receptor,
followed by activation of JAK, which in turn phosphorylates cytoplasmic STAT. Phosphorylated STAT
forms homo- or heterodimers and is translocated
into the nucleus, stimulating gene transcription.
Therefore, the JAK-STAT pathway provides cells
with a vital mechanism for responding to various
extracellular stimuli including ischemic stress. STAT
3, one of the STAT proteins, was first identified as
a protein with a molecular weight of 92 kDa (Zhong
et al., 1994). STAT 3 can be activated by the cytokine family, which phosphorylates STAT 3 at Tyr 05
(Taga and Kishimoto, 1997; Heinrich et al., 1998).
Although STAT 3 protein was up-regulated in retina
injury (Peterson et al., 2000), the postischemic alteration of signal transduction via phosphorylated STAT
3 (p-STAT 3) remains unknown.
Ischemia-induced damage of the retina is a relatively frequent event occurring in the course of a
variety of pathological processes. This and the accessibility of the retina for manipulation of blood flow
have promoted the use of different experimental
models to investigate neuronal responses following
ischemia-reperfusion injury (Büchi et al., 1991; Osborne et al., 1991; Barnett and Osborne, 1995; Hayashi et al., 1997; Kim et al., 1998; Rosenbaum et
al., 1998; Chun et al., 2000). Since the retina is
organized in discrete cell layers, this model also
facilitates to study the effects of transient ischemia
on different types of neurons. As in other central
nervous system tissues, retinal ischemia results in
delayed neuronal cell death. Although the precise
mechanisms of ischemia-induced neuronal death
are unknown, excitotoxicity triggered by the overactivation of glutamate receptors is considered to
be a central component of postischemic necrosis
also in the retina (Szabo et al., 1991; LouzadaJunior et al., 1992; Lombardi et al., 1994; Choi,
1996). The preferential susceptibility of inner retinal
neurons to ischemic damage would be in line with
this concept, since the predominating neurotrans-

mitter is glutamate (Brandon and Lam, 1983; Barnstable, 1993), and expression of glutamate receptors is confined to retinal neurons of the inner retina (Brandstätter et al., 1998).
Recent studies have reported that expression of
CNTF protein in Müller cells is significantly upregulated in retina tissue after ischemia (Unoki and LaVail, 1994; Ju et al., 1999; Sarthy, 2000), and the
expression of CNTF receptor alpha mRNA increased in the cells in the inner nuclear layer and the
ganglion cell layer of ischemic retina (Ju et al., 1999,
2000). However, cellular localization of CNTF-mediated
activation of the Jak-STAT pathway in ischemic
retina has not been documented. The present study
has been investigated activation of the ischemiaediated Jak-STAT signaling by immunochemical methods using STAT3 and its phosphorylated form
p-STAT3 antibodies, and thereby the involvement in
neuroprotection via CNTF and its downstream signaling pathway, especially focusing on Müller cells.

M A T E R IA L S A N D M E T H O D S
Ind uction of tran sient retinal ischem ia
Twenty adult male albino Sprague-Dawley rats
weighing 200 ∼250 g were used for this study. Animals were anesthetized with 4% chloral hydrate (1
ml/100 g body weight). The pupils were dilated with
1% tropicamide drops, and a 30-gauge needle connected to a hydrostatic pressure device was inserted into the anterior chamber. The intraocular
pressure (IOP) was raised to 90 ∼120 mmHg and
the elevated IOP was maintained for 60 min. The
applied pressure of 90 ∼120 mmHg is in the range
or slightly above systemic systolic pressure in the
rat (Büchi et al., 1991). Following removal of the
cannula recirculation started immediately and the
IOP decreased to normal values within 5 min.
Animals were sacrificed by an overdose of chloral
hydrate at different time points after reperfusion: 12
and 24 hours, 3, 7, 14 and 28 days. The eyeballs
were cut along the ora serrata and the posterior
segments of the eyeballs were taken. For Western
blot analysis, retinal tissues were quickly dissected
on an ice-cold plate, frozen on dry ice, and stored
o
at -70 C. For immunocytochemistry the eyecups
were fixed by immersion in fixative (4% paraformaldehyde/0.2% picric acid in 0.1 M phosphate buffer
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(PB, pH 7.4)), for 2 ∼3 h. Following fixation, the
retinae were carefully dissected and transferred to
30% sucrose in PB, for 24 h at 4 oC. They were
then frozen in liquid nitrogen, thawed, and rinsed in
0.01 M phosphate buffered saline (PBS, pH 7.4).
The central region near the optic disc was excised,
dehydrated in a series of graded alcohol, and
embedded in wax.
W estern blo t analysis
Western blot analysis was performed on the
retinal extracts which were homogenized in 10 vol.
of 20 mM Tris-HCl (pH 7.4), 150 mM NaCl, 1 mM
EDTA, 1% Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS, 0.02% sodium azide, 1 mM PMSF,
and 5μg/ml leupeptin. Protein concentration in each
sample was assayed by the Lowry method (Lowry
et al., 1951) in duplicate and the result averaged.
Duplicate sets of protein standards containing 0, 1,
3, 5, 10, 20, 40 or 60μg bovine serum albumin
were assayed by the same method and results
averaged and graphed to give a linear equation
that was used to estimate the protein contents in
retinal extracts. Optical density of each sample was
measured at 660 nm using a spectrometer (Spectronic 20; Bausch and Lomb, Rochester, NY). Aliquots of tissue samples corresponding to 25μg of
o
total protein were heated at 100 C for 10 min with
an equivalent volume of 2×sample buffer (containing 4% SDS and 10% mercaptoethanol) and
loaded onto 10% polyacrylamide gels. The proteins
were electrotransferred to a nitrocellulose membrane in Tris-glycine-methanol buffer. The membrane was blocked for 1 h at room temperature in a
blocking solution containing 5% nonfat dry milk,
0.05% Tween-20, and PBS. The membrane was
o
then incubated for 15 h at 4 C with a rabbit polyclonal antibody directed against STAT 3 and pTAT 3 (diluted at 1 ：100 Cell signaling, Beverly,
MA, USA) in the blocking solution. The membrane
was rinsed with 0.05% Tween-20 in PBS for three
washes of 10 min and incubated for 1 h at room
temperature in a 1 ：200 dilution of biotinylated donkey anti-rabbit IgG (Vector Laboratories, Burlingame, CA). The blot was washed for 10 min three
times and then processed for analysis using an
Enhanced Chemiluminescence detection kit (Amersham, Arlington Heights, IL).
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Im m uno cyto chem istry
For CNTF, STAT3 and p-STAT3 immunocytochemistry, five micrometer thick, rehydrated Wax sections prepared as described above, were used. Endogenous peroxidase activity was blocked by placing the sections in 1.4% H 2 O 2 in methanol for 10
min. The sections were then incubated in 10% normal serum (NS, Vector Laboratories, Burlingame,
CA, USA) in PBS for 1 h at room temperature in
order to block non-specific binding sites, and in a
solution of antibodies to STAT3 or p-STAT3 (1 ：
100 dilution) for 1 d at 4 o C. After washing in PBS
for 45 min (3×15 min), the retinal tissues were
incubated for 12 h in biotinylated donkey anti-rabbit
IgG (Vector Laboratories, diluted at 1 ：50) with
o
0.5% Triton X-100 at 4 C, rinsed in PBS, subsequently incubated in ABC (Vector) in PBS for 1 d at
4 oC. Retinas were rinsed in two changes of PBS
and three changes of 0.05 M Tris-HCl buffer, pH
7.4 (TB), for 5 min at room temperature and incubated in 0.05% 3,3'-diaminobenzidine tetrahydrochloride (DAB) in TB for 10 min. Hydrogen peroxide
was added to the incubation medium to make a
final concentration of 0.01% H 2 O 2 , and the container was gently shaken as the reaction proceeded.
After 1 ∼2 min, as determined by the degree of
staining, the reaction was stopped with several washes of TB and PB. The stained tissues were mounted onto gelatin-coated slides and cover-slipped
with glycerol.
In order to identify whether cells showing STAT3
and p-STAT3 immunoreactivity are Müller cells, and
colocalization with CNTF, double labeling techniques using antibodies against STAT3, p-STAT3 and
glutamine synthetase (GS), a specific marker for
Müller cells, or CNTF were performed. Briefly, sections were incubated overnight in a mixture of antiTAT3 and p-STAT3 antibody (1 ：100) and monoclonal anti-GS antibody (Chemicon, Temecula, CA,
USA; diluted at 1 ：500), or CNTF (1 ：10) with
0.5% Triton X-100 in 0.1 M PB at 4 o C. Sections
were rinsed for 30 min with PBS, and incubated in
Cy3-conjugated donkey anti-rabbit IgG (Jackson
Immuno Labs, West Grove, PA; dilution rate 1 ：
100) and fluorescein-conjugated affinity purified goat
anti-mouse IgG (Jackson; dilution rate 1 ：100) for
1 ∼2 h at room temperature. Sections were washed
for 30 min with PB and cover-slipped with 10%
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RESULTS

glycerol in PB. To ensure that the secondary antibody had not cross-reacted with the inappropriate
primary antibody, some sections were incubated in
goat polyclonal primary antibody followed by antiouse secondary antibody, while other sections were
incubated in mouse primary antibody followed by
anti-goat secondary antibody. These sections did
not show any immunostaining.

To quantitatively evaluate the postlesional changes in STAT3 and p-STAT3 levels, we performed
an immunoblot analysis (Fig. 1). As shown in Fig.
1A, antibodies to STAT3 recognized a single band
with an apparent molecular mass of 92 kDa, the
intensity of which increased up to 3 days following
ischemia-reperfusion and declined thereafter, in
accordance with the immunocytochemical observations. Densitometric analysis revealed that STAT3
protein levels were upregulated to about 135% of
controls by 1 day and to about 250% by 3 days
after reperfusion. At 28 days after reperfusion STAT
levels decreased to about 150% of normal control
levels. As shown in Fig. 1C, antibodies to p-STAT3
recognized a single band with an apparent molecular mass of 92 kDa, the intensity of which increased up to 1 day following ischemia-reperfusion
and declined thereafter, in accordance with the immunocytochemical observations. Densitometric analysis revealed that p-STAT 3 protein levels were
upregulated to about 300% of controls by 1 day
after reperfusion. At 28 days after reperfusion pTAT levels decreased to about 150% of normal
control levels.
In normal rat retina immunostained for STAT3,
labeling was confined to the inner plexifom layer

C onfocal laser scannin g m icrosco py
Sections were analyzed using a Bio-Rad Radiance Plus confocal scanning microscope (Bio-Rad,
Hemel Hempstead, UK), installed on a Nikon Eclipse E600 fluorescence microscope (Nikon, Tokyo,
Japan). FITC and Cy3 signals were always detected separately. The FITC labeling was excited using
the 488-nm line of the Argon ion laser and detected
after passing an HQ513/30 (Bio-Rad) emission filter. For detection of the Cy3 signal, the 543-nm line
of the green HeNe laser was used in combination
with the 605/32 (Bio-Rad) emission filter. Images
were imported into Adobe Photoshop version 5.5
(Adobe Systems), and printed on photo paper (Seiko
Epson Corporation, Japan). For presentation, all
manipulations (brightness and contrast only) were
carried out equally for all images.

A

C

B

D

Fig. 1. Western blot analysis of STAT3 and p-STAT3 protein levels in ischemic rat retinas. In (A) and (C)
immunoreactivity for STAT3 and p-STAT 3 demonstrating a single band at 92 kDa: normal retina (lane 1); ischemic
retina at 1 day (lane 2), 3 days (lane 3), 7 days (lane 4), 14 days (lane 5), and 28 days (lane 6). (B) and (D) show
densitometric analysis of immunoblots in (A) and (C). Data are represented as means±SD.
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Fig. 2. Light microphotographs of vertical sections of rat retinas at normal (A) and on 1 day (B), 3
days (C), and 14 days (D) of reperfusion after ischemia, which were processed for anti-STAT3
immunohistochemistry. STAT3 immunoreactivity appears in the end feet of Müller cells at normal (A).
On 1 day (B) of reperfusion, the proximal radial processes of Müller cells (arrows) show weak
immunoreactivity. On 3 days (C), the proximal halves (arrowheads) including the nuclei of Müller cells
display strong reactivity. The immunoreactive Müller cells on 14 days (D) are sporadically distributed.
Scale bar represents 50μm.

Fig. 3. Light microphotographs of vertical sections of rat retinas on 1 day (A), 3 days (B) and 14
days (C) of reperfusion after ischemia, which were processed for anti-p-STAT3 immunohistochemistry.
P-STAT3 immunoreactivity on 1 day (A) is localized in the nuclei (arrows) of the cells in the inner
nuclear layer (INL) and of neurons in the ganglion cell layer (GCL). On 3 days (B), the
immunoreactive cells are a few and the reactivity is very weak. Scale bar represents 50μm.
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(IPL) and ganglion cell layer (GCL) (Fig. 2A). The
labeling was very weak and labeled profiles were
oriented radial direction. One day after reperfusion,
STAT3 immunoreactivity became strong enough to
be clearly detectable in individual somata located in
the inner nuclear layer (INL) and in radial processes running through the IPL to the GCL. At 3 days
after reperfusion, strong STAT3 immunoreactivity
appeared in the somata located in the inner nuclear
layer, in addition to the radial oriented labeled processes (Fig. 2C). From 7 days onward, the retina
showed marked signs of degeneration as indicated
by a decrease in thickness of the retinal layers (of
the inner plexiform layer) and STAT3 immunoreactivity decreased. At 1 day after reperfusion, p-TAT3
immunoreactivity became strong enough to be clearly detectable in individual somata located in the
INL and GCL (Fig. 3A). At 3 days and 7 days after
reperfusion, p-STAT3 immunoreactivity decreased in
the somata (Fig. 2B, C).

In order to identify the nature of labeled profiles in
the inner retina at earlier stages (up to 3 days after
reperfusion), double labeling experiments using antisera against STAT3, p-STAT3 and GS were performed. Fig. 4A, C were processed for STAT3 and
p-STAT3 immunoreactivity, and Fig. 4B, D were
processed for GS immunoreactivity. STAT3 and
p-STAT3 labeled profiles showed GS immunoreactivity. In the present study, all labeled profiles which
were radially oriented in the INL and IPL of the
retinas of experimental groups were immunoreactive to an antibody against GS at control and
experimental groups, clearly indicating that STAT3
and p-STAT3 is expressed in Müller cells.
In order to identify whether STAT3 and p-STAT3
is related to CNTF expression, double labeling experiments using antisera against STAT3, p-STAT3
and CNTF were performed. Fig. 5A and C showed
STAT3 and p-STAT3 immunoreactivity, and Figure
5B and D CNTF immunoreactivity. STAT3 and

Fig. 4. Confocal micrographs taken from a vertical 5-μm thick wax section
processed for STAT3 (A), p-STAT3 (C) and GS (glutamate synthetase) (B, D)
immunoreactivities at 24 hours after ischemia-reperfusion. (A, C) STAT3 and
p-STAT3 positive cells are visible in Müller cell somata and processes. (B, D)
GS-immunoreactive cells are seen. Co-localization of STAT3, p-STAT3 and GS
within the same cells is clearly noted (arrows). Scale bar indicates 50μm.
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Fig. 5. Confocal micrographs taken from a vertical 5-μm thick wax section
processed for STAT3 (A), p-STAT3 (C) and CNTF (B, D) immunoreactivities at 24
hours after ischemia-reperfusion. (A, C) STAT3 and p-STAT3 immunoreactivities
are visible in Müller cell somata and processes. (B, D) CNTF-positive cells are
seen. Co-localization of STAT3, p-STAT3 and CNTF within the same cells is
clearly noted (arrows). Scale bar indicates 50μm.

p-STAT3 labeled profiles also showed CNTF immunoreactivity. In the present study, all labeled profiles
which were radial oriented in the INL and IPL,
clearly indicating that STAT3 and p-STAT3 is expressed in Müller cells expressed CNTF.

D IS C U S S IO N
The present study demonstrates that STAT3 and
p-STAT3 expressions were upregulated in the ischemic rat retina. Strong STAT3 and p-STAT3 immunoreactivity was visible in the retina-specific Müller glia by 1 day and up to 3 days after ischemiaeperfusion. Co-localization of CNTF and STAT3 or
p-STAT3 suggests that there was a relationship
between STAT3 or p-STAT3 expression and Müller
cell survival at earlier stages of ischemia-eperfusion
injury.
In the present study, Western blot analysis demonstrated that anti-STAT3 and anti-p-STAT3 (Tyr
05) antibodies both recognize a single protein band

with a molecular weight of 92 kDa. The same antibodies as those utilized in the present study have
already been successfully applied in recently published studies (Haas et al., 1999; Schumann et al.,
1999; Peterson et al., 2000). These antibodies can
thus be assumed to specifically detect STAT3 and
p-STAT3 protein, respectively.
STAT3 and p-STAT3 immunocytochemistry appeared in the radial oriented profiles in the present
study. Double immunocytochemistry with GS revealed Müller cells as a source of STAT3 and
p-STAT3 in the early stages of ischemic insults, in
agreement with previous reports that STAT3 and
p-STAT3 protein is predominantly increased in glia
after injury (Justicia et al., 2000; Choi et al., 2003).
The possible mechanisms responsible for upregulation of STAT3 and P-STAT3 in Müller cells remain unclear. In ischemia condition, STAT3 and
p-STAT3 is expressed in neuronal cells and in
non-neuronal cells in response to glutamate excitotoxicity induction of STAT3 and p-STAT3 (Justicia
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et al., 2000; Suzuki et al., 2001; Choi et al., 2003).
These investigators suggested that neuronal damage by glutamate excitotoxicity may trigger noneuronal cells to produce STAT3 and p-STAT3.
Ischemia is thought to lead to a loss of cellular
ion homeostasis and a shortage of available ATP
causing the release of glutamate, which then exerts
excitotoxic effects on neurons (Siesjö, 1991; Peruche and Krieglstein, 1993). Whereas neurons are
highly susceptible to injury, glial cells are more
resistant to ischemia, anoxia, or hypoglycemia (Silver et al., 1997). Evidence for a protective role of
astrocytes or retinal Müller cells in lessening neuronal toxicity is supported by findings that these cells
express the high-affinity glutamate carrier (Rothstein
et al., 1994; Eliasof and Jahr, 1996; Rauen et al.,
1996; Lehre et al., 1997) and glutamine synthetase
(Riepe and Norenburg, 1977; Sarthy, 2000), which
converts glutamate into glutamine (Riepe and Norenburg, 1977); thus, it may play an important role
in the clearance of excess glutamate after neuronal
lesions. That has already been reported expression
of CNTF in Müller cells in ischemic injury (Ju et al.,
1999). CNTF, LIF, and IL-6 are good candidates for
STAT3 activation in Müller cells following retina
ischemia, because ischemic injury and axotomy induces expression of these cytokines in reactive glia
(Orzylowska et al., 1999; Chun et al., 2000; Ju et
al., 2000a; Park et al., 2000; Suzuki et al., 2000,
2001). Moreover, the time course of upregulation of
these cytokines coincides with that of STAT3 activation in glia nuclei. Phosphorylation of STAT 3
seems to need the continuous presence of cytokines (Wishingrad et al., 1997). In particular, CNTF
receptor α expression is induced in reactive glia in
the ischemic injury and retina axotomy (Chun et al.,
2000; Ju et al., 2000b; Park et al., 2000). Hence,
glia themselves are important sources of these cytokines in the central nerve system in response to
ischemic injury, suggesting that they could be responsible for STAT 3 activation in glias in an autocrine or paracrine manner. As these cytokines exert
neuroprotective effects against ischemic injury (Kumon et al., 1996; Matsuda et al., 1996; Loddick et
al., 1998; Ali et al., 2000; Suzuki et al., 2000), this
stimulating signaling pathway seems crucial for neuronal survival and reorganization by regulating reactive glia in postischemic processes.

In the present study, immunocytochemistry using
antisera against STAT3 and p-STAT3 or GS and
CNTF revealed, at first, that most Müller cells survive at earlier postischemic stages. Accordingly, like
astrocytes in other brain regions, retinal Müller cells
may respond to ischemic insults in a various way,
as reported by Winkler et al. (2000), who have
shown that the response of Müller cells to ischemic
insults varies after ischemia, and by Heidinger et al.
(1998), who have shown that retinal Müller cells are
structurally perturbed by excitotoxic conditions.
In conclusion, we have demonstrated that the
expression of STAT3 and p-STAT3 are markedly
upregulated in reactive Müller cells in the retina
after ischemia-reperfusion. Nearly coinciding with
the time course of CNTF expression, STAT3 and
p-STAT3 immunoreactivities were selectively increased in reactive Müller cells, suggesting that the
activation of CNTF, STAT3, and p-STAT3 are involved in the Müller glial survival reaction to retina
ischemia.
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