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ABSTRACT
Ciliary neurotrophic factor (CNTF) has been shown to be upregulated in the ischemic
brain and to prevent or ameliorate neuronal loss and functional impairments following
ischemic injury. To investigate the potential role of CNTF in the ischemic preconditioning, we analyzed time dependent changes in the expression of CNTF and its receptor
subunit, CNTFRα in the rat hippocampus following 3 minutes of sublethal ischemic
injury. Immunohistochemistry showed that increase of CNTF was detectable at day 3,
and then sustained weakly until day 14 after ischemic preconditioning, with the immunoreactivity localized to reactive astrocytes. The upregulation of CNTFRα mRNA in the
CA1 and hilar region, which showed similar expression patterns, occurred in reactive
astrocytes. These results show a change in the expression of CNTF and its receptor
in the rat hippocampus following ischemic preconditioning, indicating that they might be
involved in the neuronal survival and reorganization by regulating reactive astrocytes in
the ischemic tolerance.
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IN T R O D U C T IO N
Cerebral ischemic preconditioning is a phenomenon whereby a brief episode of sublethal ischemia
provides resistance against damage induced by a
subsequent ischemic insult (Janoff, 1964). This phenomenon of ischemic tolerance has been confirmed
in various animal models of forebrain ischemia and
focal cerebral ischemia (Perez-Pinzon et al., 1997;
Stagliano et al., 1999; Wiegand et al., 1999). Since
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the ischemic tolerance afforded by preceding ischemia can bring about strong protection of the brain,
the mechanism of tolerance induction has been extensively studied.
Ciliary neurotrophic factor (CNTF), initially isolated
from the eye, has a broad spectrum of target cells
and a regulatory role in local neuronal healing and
regeneration (Ip et al., 1992; Sendtner et al., 1994).
The CNTF receptor is composed of an extracellular
CNTF binding subunit, referred to as CNTF receptorα (CNTFRα ), and two transmembrane proteins,
leukemia inhibitory factor receptorβ (LIFRβ ) and
gp130 (Davis et al., 1993; Ip et al., 1993). The activities of CNTF cytokine are mediated through for-
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mation of oligomeric complexes containing gp130,
CNTFRα and LIFRβ , which leads to intracellular
activation of Janus kinase signal transducer and
activator of transcription (JAK-STAT) pathway and
the mitogen-activated protein kinase (MAPK) pathway (Leaman et al., 1996; Watanabe and Arai,
1996; Winston and Hunter, 1996; Heinrich et al.,
1998).
Several studies have shown that CNTF is upregulated following focal and global ischemic insults
(Wen et al., 1995; Kumon et al., 1996; Park et al.,
2000). In addition, systemic infusion of CNTF prevents or ameliorates neuronal loss and functional
impairments following ischemic injury (Wen et al.,
1995; Kumon et al., 1996). These data raise the
possibility that CNTF and CNTF-mediated signaling
may play an important role in brain ischemic insults.
Thus, it is of interest and importance to investigate
the expression patterns of CNTF and its receptor
following sublethal ischemic injury.
In the present study, therefore, we examined
whether upregulation of CNTF protein and CNTFRα
mRNA occurs after a short (3 min) period of cerebral ischemia, an insult which provides neuroprotection against a subsequent lethal ischemia. In
addition, we identified the phenotype of CNTF and
CNTFRα expressing cells using double labeling
with cell-specific markers.

M A T E R IA L S A N D M E T H O D S
A nim als prep aratio n
Transient forebrain ischemia was induced by fourvessel occlusion and reperfusion, as previously described by Pulsinelli and Brierley (1979). Male Sprague-Dawley rats (250 ∼300 g) were anesthetized
with chloral hydrate (400 mg/kg, i.p.). Briefly, the
vertebral arteries were electrocauterized and cut
completely to stop circulation in these vessels. After
24 h, both common carotid arteries were occluded
for 3 min using miniature aneurismal clips (sublethal ischemia). In some experiments, a 3 min period of occlusion (ischemic preconditioning) or sham
operation was followed by 3 d of reperfusion. Then,
10 min of occlusion (lethal ischemia) was again
induced. Only animals with complete EEG flattening
upon vascular occlusion were classified as ischemic
and used in the study. Rectal temperature was

o

maintained at 37.5±0.3 C using a heating lamp
during and after ischemia. Sham-operated rats with
cauterized vertebral arteries and ligatures placed
around the carotid arteries were used as controls.
No animal convulsed or died following reperfusion
or sham operation. Animals were allowed to live for
4 h, 12 h, or 1, 3, 7 or 14 d after reperfusion. Five
rats were used for each time-point. The animals
were deeply anesthetized with 16.9% urethane (10
ml/kg) and killed by transcardial perfusion with a
fixative containing 4% paraformaldehyde in 0.1 M
phosphate buffer (pH 7.4). Sham-operated animals
were treated using the same schedule as the
ischemic-reperfused animals. All experimental procedures performed on the animals were conducted
with the approval of the Catholic Ethics Committee
of the Catholic University of Korea, and were in
accordance with the National Institutes of Health
Guide for the Care and Use of Laboratory Animals
(NIH Publication No. 80 ∼23, revised 1996).
In situ hybrid ization h isto chem istry
Antisense and sense riboprobes labeled with digoxigenin (DIG) and specific for CNTFRα were
prepared using RT/PCR and in vitro transcription,
as described in detail previously (Choi et al., 2003).
Total RNA was extracted from the hippocampus
using TriZOL reagent (Life Technologies, Grand Island, NY, USA). The first strand cDNA was reverse
transcribed from the total RNA using oligo (dT) primers and superscript II RNase H reverse transcriptase (Life Technologies). This was followed by polymerase chain reaction (PCR) amplification using primers specific for CNTFRα (sense, 5 '-CCTTCGACGAATTCACCATT-3 ', nucleotides 664 ∼683; antisense, 5 '-GGGTCACAGATCTTCGTGGT-3 ', nucleotides 1,071 ∼1,090) based on the rat CNTFRα sequence (Ip et al., 1993). The reverse transcriptionPCR product was cloned in T-Easy vector (Promega,
Madison, WI, USA) and sequenced. The digoxygenin (DIG)-labeled sense and antisense CNTFRα
riboprobes were prepared by in vitro transcription
using a DIG RNA Labeling Kit (Roche, Mannheim,
Germany).
Cryostat sections (25μm) of the hippocampus
were hybridized with antisense or sense probes diluted in hybridization solution (150 ng/ml, respectively) at 52 o C for 18 hr. Hybridization was visua-
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lized with an alkaline phosphatase-conjugated sheep
anti-DIG antibody (1 ：2,000) using 4-nitroblue tetrazolium chloride (0.35 mg/ml) and 5-bromo-4-chloro3-indolyl phosphate (0.18 mg/ml) as substrates. For
double labeling, some sections were then processed for GFAP immunofluorescence histochemistry.
The sections were incubated with a mouse monoclonal antibody to GFAP (Chemicon; diluted 1 ：
400) overnight at 4 oC. Primary antibody binding
was visualized using FITC-conjugated donkey antimouse antibody (Jackson, West Grove, PA, USA;
diluted at 1 ：50). Slides were viewed using a confocal microscope (MRC-1024, BioRad). Images were
converted to TIFF format, and contrast levels of
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images were adjusted using Adobe Photoshop v.
6.0 (Adobe Systems Inc., San Jose, CA, USA).
Im m uno histochem istry
Free-floating sections (25μm thick) were processed for CNTF immunohistochemistry. After blocking with 10% normal donkey serum for 1 hr, the
sections were incubated with a rabbit polyclonal
antibody against CNTF (CEDARLANE; diluted at
o
1 ：500) for 1 days at 4 C. Primary antibody binding
was visualized using peroxidase-labeled donkey antirabbit and donkey anti-mouse antibody (Jackson;
diluted at 1 ：200), and 0.05% 3,3 '-diaminobenzidine
tetrahydrochloride and 0.01% H 2 O 2 as substrate.

Fig. 1. Time course of CNTF immunoreactivity in the hippocampus following 3 min of ischemia. (A) In the control section of the hippocampus, no significant immunolabeling for CNTF was detectable. DG, the dentate gyrus. (B) At 1 d, no definite change was observed,
but weakly labeled cells were detectable in the dendritic layers of the hippocampus proper and the dentate hilar region. (C) At 3 d,
CNTF immunoreactivity was more pronounced in the CA1 region and also in the hilar region of the dentate gyrus. (C1, C2) Higher
magnification views of the dentate hilar region and CA1 region in C, respectively. GL, the granule cell layer; ML, the molecular layer;
pcl, the pyramidal cell layer; PL, the polymorphic layer; sr, the stratum radiatum. (D) At 7 d, the increased expression for CNTF was
maintained in the CA1 and the hilar region. (D1, D2) Higher magnification views of the dentate hilar region and CA1 region in D,
respectively. Scale bars=400μm for (A)∼(D); 150μm for C1, D1; 50μm for C2, D2.
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The specificity of CNTF immunoreactivity was confirmed by the absence of immunohistochemical reaction in sections from which the primary antibody
was omitted, or in which it was substituted with
non-specific rabbit IgG.
For double-immunofluorescence histochemistry, sections were incubated in a combination of either a
rabbit polyclonal antibody to CNTF and a mouse
monoclonal antibody to GFAP for 1 day at 4 oC.
The sections were then incubated with a mixture of
FITC-conjugated donkey anti-mouse IgG (Jackson;
diluted at 1 ：50) and Cy3-conjugated donkey antirabbit IgG (Jackson; diluted at 1 ：500) overnight at
4 o C, respectively. Control sections were prepared
as described above. Slides were viewed using a
confocal microscope (MRC-1024, BioRad).

RESULTS
Tem poral profiles of C N TF expression follow ing 3 m in of ischem ia
Immunohistochemistry was used to study the regional distribution of CNTF in the hippocampus
following 3 min of ischemia. CNTF levels in the
hippocampus of control rats were too weak to be
detected by immunolabeling (Fig. 1A). No definite
changes were observed 1 day after 3 min of ischemia (Fig. 1B), but weak immunoreactivity was
evident in the CA1 and the dentate hilar region by
3 d (Fig. 1C, C1, C2). The increased expression
was maintained for 7 d after 3 min of ischemia
(Fig. 1D, D1, D2), but decreased to control level at
14 d (data not shown). Inspection of immunolabeled
sections under high magnification revealed that
CNTF immunoreactivity was localized to cells with
the morphology of reactive astrocytes (Fig. 1C1,
C2, D1, D2). Double immunofluorescence for CNTF

Fig. 2. Identification of CNTF (A, D) immunoreactive astrocytes in the CA1 (A∼C) and the dentate hilar region (D∼F) in the
hippocampus at 3 d following 3 min of ischemia. CNTF (A, D) was in red, GFAP (B, E) in green. (C, F) Superimposed images of Cy3
(A, D) and FITC (B, E). Note that CNTF immunoreactivity was colocalized in GFAP immunoreactive astrocytes. GL, the granule cell layer;
pcl, the pyramidal cell layer; PL, the polymorphic layer; sr, the stratum radiatum. Scale bar=50μm for A∼F.
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Fig. 3. Time course of CNTFRα mRNA expression in the CA1 region (A∼D) and the dentate hilar region (E∼H) following 3 min of
ischemia. (A, E) In the control sections of the hippocampus, in situ hybridization signals for CNTFRα mRNA were localized to neurons
of the granule cell and pyramidal cell layers. GL, the granule cell layer; ML, the molecular layer; pcl, the pyramidal cell layer; PL, the
polymorphic layer; sr, the stratum radiatum. (B, F) At 12 h, the signals became evident in small cells with the morphology of astrocytes,
within the dentate hilar region and over the CA1 region, though with weaker staining intensity. (C, G) At 3 d, CNTFRα signals in the
CA1 and the dentate hilar region was still evident. (D, H) At 14 d, the hybridization signals returned to control levels. Scale bars=50μm
for A∼D; 150μm for E∼H.

and GFAP identified these cells as GFAP immunoreactive astrocytes (Fig. 2).
Tem poral profiles of CNTFR α m RNA following
3 m in o f ischem ia
The distribution and cellular localization of CNTFR
α mRNA in the hippocampus following 3 min of
ischemia were examined using in situ hybridization
histochemistry. In agreement with previous studies,
hybridization signals for CNTFRα were mainly lo-

calized to neurons of the granule cell and the pyramidal cell layers in the hippocampus of control
rats (Fig. 3A, E). At 12 h after 3 min of ischemia,
the signals became evident in small cells with the
morphology of astrocytes, within the dentate hilar
region and over the CA1 region, though with weaker staining intensity (Fig. 3B, F). At 3 d after 3
min of ischemia, increased hybridization was still
evident in these regions (Fig. 3C, G), but the
expression pattern of CNTFRα mRNA in the hippo-
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Fig. 4. Identification of CNTFRα -expressing astrocytes in the CA1 region (A∼C) and the dentate hilar region (D∼F) in the hippocampus at 3 d following sublethal ischemia. Hippocampal sections were processed consecutively for CNTFRα (A, D) in situ hybridization
histochemistry and GFAP immunohistochemistry (B, E). (C, F) Superimposed images of in situ signal (A, D) and FITC (B, E). Note that
GFAP-immunoreactive cells were co-labeled with CNTFRα . GL, the granule cell layer; pcl, the pyramidal cell layer; PL, the polymorphic
layer; sr, the stratum radiatum. Scale bar=50μm for A∼F.

campus was returning toward its control pattern at
14 d (Fig. 3D, H). Double labeling for GFAP protein and CNTFRα mRNA revealed that CNTFRα
mRNA were confined to the cytoplasm and that the
GFAP immunoreactivity was localized in the cell
processes, and confirmed that CNTFRα mRNAexpressing cells in the stratum radiatum of the CA1
region and the dentate hilar region were astrocytes
(Fig. 4).

D IS C U S S IO N
Ischemic preconditioning before lethal ischemia
preserved the neuronal signal (data not shown),
suggesting that ischemic preconditioning induces
ischemic tolerance in the animal models used in
this study. The present study provided the first
evidence that ischemic preconditioning enhances
the expression of CNTF and CNTFRα in the rat

hippocampus. CNTF and CNTF receptor component, the binding receptor subunit (CNTFRα ) are
upregulated in the reactive astrocytes of the hippocampus following 3 min of ischemia.
Overall, the upregulation of CNTF and CNTFRα
after 3 min of ischemia showed a similar pattern,
but upregulation of CNTF was delayed and the
intensity of CNTF immunoreactivity was significantly
lower than that of its receptor. However, upregulation of CNTF and its receptors was most prominent in the CA1 and the hilar region at 3 d and
could be localized to astrocytes by double labeling
for GFAP, respectively. The temporal correlation in
the expression of CNTF and CNTFRα in astrocytes suggests a regulated response which enables
enhanced paracrine or autocrine effects of CNTF in
the astrocytic responses to sublethal ischemic injury.
The neuroprotective role of reactive astrocytes
has been suggested by the facts that cortical sprea-
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ding depression induces both expression of GFAP
in astrocytes and tolerance against subsequent
ischemia. Because ischemic brain insults of a few
minutes duration can lead to a sudden increase of
extracellular K + concentration to about 60 mM (Szatkowski and Attwell, 1994), which is sufficient to induce spreading depression (Martins-Ferreira et al.,
2000), spreading depression may also be induced
by ischemic preconditioning. In addition, it has been
demonstrated that cortical spreading depression induces both reactive astrogliosis and tolerance against subsequent ischemia (Matsushima et al., 1998;
Wiggins et al., 2003). Several studies have reported
the release of neuroprotective molecules from astrocytes that subsequently protect neurons from cell
death by exposure to excitatory amino acid, oxidative insults and serum deprivation (Maeda et al.,
1994; Takeshima et al., 1994; Blanc et al., 1998).
CNTF, LIF and IL-6 are upregulated in reactive
astrocytes following ischemic injury (Orzylowska et
al., 1999; Park et al., 2000; Suzuki et al., 2000,
2001). Moreover, 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). Taken together,
these findings lead us to speculate that ischemic
preconditioning may induce cortical spreading depression, result in reactive astrogliosis and provide
neuroprotection against subsequent brain ischemia.
In these processes, upregulation of CNTF and
CNTFRα seems crucial for neuronal survival and
reorganization by regulating reactive astrocytes in
the ischemic tolerance.
In summary, we demonstrated that the expression of CNTF and its receptor, CNTFRα change
after ischemic preconditioning in reactive astrocytes
with their own temporal profiles. These results indicate that activation of CNTF mediates the astroglial reaction by the paracrine or autocrine function
in the rat hippocampus after ischemic preconditioning.
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