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Development/Plasticity/Repair

Cytokine-Induced Activation of Signal Transducer and
Activator of Transcription in Photoreceptor Precursors
Regulates Rod Differentiation in the Developing
Mouse Retina

Kun Do Rhee,1 Olivier Goureau,1 Shiming Chen,2 and Xian-Jie Yang1

1Department of Ophthalmology, Jules Stein Eye Institute, David Geffen School of Medicine, Molecular Biology Institute, University of California, Los
Angeles, California 90095, and 2Departments of Ophthalmology and Vision Sciences and Molecular Biology and Pharmacology, Washington University
School of Medicine in St. Louis, St. Louis, Missouri 63110

Ciliary neurotrophic factor (CNTF) exhibits multiple biological effects during vertebrate retinogenesis, including regulation of photore-
ceptor cell differentiation. In the early postnatal mouse retina, CNTF induces rapid and transient phosphorylation of signal transducer
and activator of transcription (STAT) 1 and STAT3 and the extracellular signal-regulated kinase (ERK). Although both proliferating
progenitor cells and postmitotic neurons respond directly to cytokine signals, CNTF elicits distinct phosphorylation patterns of STAT3
and ERK. CNTF stimulation induces low levels of STAT3 phosphorylation in progenitors and differentiated neurons but a robust STAT3
activation among postmitotic photoreceptor precursors expressing the cone–rod homeobox gene Crx and newly differentiated rod
photoreceptors. In contrast, CNTF causes preferential phosphorylation of ERK in progenitor cells and photoreceptor precursors. Inhi-
bition of the cytokine receptor gp130 using neutralizing antibodies reveals that gp130 is required for both CNTF-induced STAT3 and ERK
phosphorylation. Perturbation of STAT signaling by a STAT inhibitor peptide or a dominant-negative STAT3 mutant causes enhanced
production of rod photoreceptors in the absence of exogenous cytokines, whereas inhibiting ERK activation by a MEK (mitogen-activated
protein kinase kinase)-specific inhibitor has no effect on rod photoreceptor differentiation in vitro. Furthermore, disrupting the function
of epidermal growth factor (EGF) receptors, which modulate rod development in vivo, indicates that the EGF family of ligands does not
mediate the inhibitory effect of cytokine on rod differentiation. These results demonstrate that cytokine signal transduction is dynamic
and heterogeneous in the developing retina, and that endogenous ligand-induced STAT activation in retinal progenitor and/or photore-
ceptor precursor cells plays an important role in regulating photoreceptor development.
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Introduction
The vertebrate retina contains seven major neuronal cell types
that are derived from multipotent progenitor cells (Turner and
Cepko, 1987; Holt et al., 1988; Wetts and Fraser, 1988; Turner et
al., 1990). Accumulating evidence suggests that retinal cell fate
specification and differentiation are regulated by both cell-
intrinsic and cell-extrinsic mechanisms (Cepko et al., 1996; Lil-

lien, 1998; Livesey and Cepko, 2001; Cayouette et al., 2003; Yang,
2004). Among cell-extrinsic cues, the ciliary neurotrophic factor
(CNTF) family of cytokines strongly affects retinogenesis, espe-
cially the development of photoreceptor cells. In rodents, CNTF
inhibits rod photoreceptor differentiation as indicated by the
suppression of rhodopsin expression (Ezzeddine et al., 1997;
Neophytou et al., 1997; Schulz-Key et al. 2002). This inhibitory
effect on rod differentiation is accompanied by an increase of
bipolar cell marker expression in the rat retina (Ezzeddine et al.,
1997; Bhattacharya et al., 2004). In contrast to rodents, CNTF
promotes the differentiation of a subclass of cone photoreceptors
in the developing chicken retina (Fuhrmann et al., 1995; Kirsch et
al., 1996; Xie and Adler, 2000).

The CNTF family of cytokines signals through the transmem-
brane cytokine � receptors gp130 and leukemia inhibitory factor
receptor � (LIFR�) and often an additional ligand-specific �
receptor (Davis et al., 1993; Ip et al., 1993). Ligand binding results
in the activation of the Jak (Janus kinase) tyrosine kinases, which
phosphorylate the � receptors and two members of the signal
transducer and activator of transcription (STAT) family, STAT1
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and STAT3 (Stahl and Yancopoulos, 1994; Rajan et al., 1996;
Heinrich et al., 1998). The tyrosine-phosphorylated forms of
STAT dimerize and translocate into the nucleus to regulate gene
transcription (Bonni et al., 1993). In addition to the Jak-STAT
signaling pathway, the CNTF family of cytokines can also activate
the extracellular signal-regulated kinase (ERK) (Boulton et al.,
1994) and the phosphatidylinositol 3 kinase-Akt pathway (Oh et
al., 1998).

Existing evidence indicates that CNTF can influence rod pho-
toreceptor differentiation after progenitor cells exit from the cell
cycle but before the onset of rhodopsin expression (Ezzeddine et
al., 1997; Schulz-Key et al., 2002). However, because the distribu-
tion of cytokine signaling components in the retina suggests that
both progenitor cells and postmitotic neurons may respond to
cytokines (Rhee and Yang, 2003; Zhang et al., 2003), it remains
unclear whether CNTF acts directly on photoreceptor precursors
or signals indirectly through other cell types to influence photo-
receptor differentiation. We have analyzed the target cell types
and signaling events for CNTF in the developing retina. Our
results show that cytokine receptors mediate heterogeneous acti-
vation of STAT and ERK among various cell types, and that post-
mitotic photoreceptor precursors directly respond to cytokine
signals. In addition to CNTF, signals mediated by epidermal
growth factor receptors (EGFRs) have also been shown to sup-
press rod photoreceptor development in rodents (Lillien, 1995;
Neophytou et al., 1997). We show that inhibition of rod differ-
entiation by cytokines is not caused by the secondary release of
epidermal growth factor (EGF) family ligands. Moreover, we
demonstrate that activation of STAT instead of ERK is involved
in regulating rod photoreceptor differentiation during the critical
developmental period.

Materials and Methods
Animals, growth factors, inhibitors, and antibodies. Retinal tissues were
derived from CD1 mice obtained from Charles River (Wilmington, MA).
Recombinant rat CNTF and murine EGF were purchased from Pepro-
Tech (Rocky Hill, NJ). Recombinant human leukemia inhibitory factor
(LIF) and brain-derived neurotrophic factor (BDNF) were obtained
from R&D Systems (Minneapolis, MN). The MEK (mitogen-activated
protein kinase kinase)1/MEK2-specific inhibitor 1,4-diamino-2,3-
dicyano-1,4-bis(2-aminophenylthio)butadiene (U0126) was purchased
from Cell Signaling Inc. (Beverly, MA). The phosphotyrosyl peptide
STAT inhibitor and the EGFR inhibitor 4-(3-chloroanilino)-6,7-
dimethoxyquinazoline (AG1478) were purchased from Calbiochem (La
Jolla, CA). Sources and dilutions of antibodies used in this study are sum-
marized in the supplemental material (available at www.jneurosci.org).

Dissociated cell cultures. Dissected postnatal retinas were dissociated
with trypsin, as described previously (Altshuler and Cepko, 1992). For
Western blot analyses, cells were plated in 60 mm culture dishes coated
with poly-D-lysine (2 �g/cm 2) and incubated in the base neural medium
[DMEM/F12 (1:1) with 10 mM HEPES, pH 7.0] containing N2 supple-
ment (Invitrogen, San Diego, CA) at 37°C in 5% CO2 for 5 hr before
treatment with growth factors. For immunostaining of phospho-
proteins, dissociated retinal cells were plated for 4 hr at 10,000 cells/mm 2

in the base neural medium containing N2 on eight-well LabTech slides
(Nalge Nunc International, Naperville, IL) coated with poly-D-lysine (10
�g/ml) before treating with 100 ng/ml CNTF for 10 min.

Retinal explant cultures. Postnatal mouse retinal explants were placed
on top of polycarbonate filter discs (Millipore, Bedford, MA) and cul-
tured in the base neural medium containing N2, as described previously
(Ezzeddine et al., 1997). After a specified number of days in vitro, ex-
plants were dissociated with trypsin (Altshuler and Cepko, 1992). Cell
suspensions were plated on glass slides coated with poly-D-lysine and
allowed to attach at 37°C in 5% CO2 for 1–2 hr before fixation and
immunostaining (Ezzeddine et al., 1997; Zhang and Yang, 2001).

To assay STAT3 and ERK activation by immunostaining, whole retinal

explants from different postnatal ages were placed with the ganglion cell
layer up on Culture Plate Inserts (Millipore) and cultured in 1.5 ml of the
base neural medium containing N2. After 3 hr of incubation at 37°C,
explants were treated with or without 100 ng/ml CNTF for 15 min before
fixation. Bromodeoxyuridine (BrdU) labeling of postnatal day 0 (P0)
retinas was performed by injecting newborn mice intraperitoneally with
0.1 ml of BrdU at 10 mg/ml and dissecting the retinas 13 hr post injection.

Electroporation of retinal explants. To transfect retinal explants, dis-
sected retinal cups were submerged in 1 �g/ml DNA in PBS and sub-
jected to five electric pulses at 8 V with 10 msec duration and 950 msec
intervals using a BTX (San Diego, CA) ECM830 square wave generator
and paddle-type electrodes. The STAT3EE (Horvath et al., 1995) mutant
cDNA was expressed from a murine leukemia virus long terminal repeat
promoter, and the parental vector LIA (Bao and Cepko, 1997) was used
as a control. Both STAT3EE and the control LIA vector were coelectro-
porated with a DNA construct that expresses enhanced green fluorescent
protein from the chicken �-actin promoter (Matsuda and Cepko, 2004).
Transfected explants were further cultured in vitro, as described above.

Western blot analysis. Retinal cell lysates were extracted from dissoci-
ated cell cultures by incubation in lysis buffer (50 mM Tris-HCl, pH 7.8,
250 mM NaCl, 0.5% NP40) containing 1 mM of orthovanadate and pro-
tease inhibitors, followed by centrifugation for 5 min at 5000 g. The
supernatants (20 �g) were subjected to SDS-PAGE and electroblotting to
nitrocellulose membrane (Millipore). After blocking the membranes in
TBS (20 mM Tris-HCl, pH 7.6, 150 mM NaCl) containing 5% skim milk,
primary and secondary antibody incubations were performed in the
blocking solution with extensive washes in between using TBS contain-
ing 0.1% Tween 20. Signals of horseradish peroxidase conjugated to the
secondary antibodies were detected using the Enhanced Chemilumines-
cence System (Amersham Biosciences, Piscataway, NJ).

Immunostaining and data analyses. Monolayer cell cultures on slides
were fixed with 4% paraformaldelhyde in PBS for 15–20 min. Retinal
explants were fixed overnight with 4% paraformaldelhyde in PBS at 4°C
followed by cryoprotection in PBS containing 30% sucrose. Tissues were
embedded in Tissue-Tek OCT (Miles, Elkhart, IN), and 16 �m sections
were cut with a cryostat. After washes with PBS, nonspecific binding sites
were blocked with DMEM containing 10% FCS, 2% goat serum, 2%
donkey serum, and 0.1% Triton X-100 for 1 hr at room temperature or
overnight at 4°C. For double staining with anti-phospho-STAT3 and
anti-phospho-ERK, cryosections or cells were washed three times with
PBS and then incubated in deionized 95% formamide–1.5% 20�SSC,
pH 7.0, for 10 min at 70°C. After formamide treatment, sections or cells
were washed twice with PBS containing 0.1% Tween 20 (PBT) for 10 min
at 4°C before binding with the primary antibodies. Primary antibodies
(see supplemental material, available at www.jneurosci.org) were diluted
in blocking solution and incubated with cells or sections at room tem-
perature for 1 hr or at 4°C overnight. After extensive washes with PBT,
cells or sections were then incubated for 1 hr at room temperature with
appropriate secondary antibodies (supplemental material, available at
www.jneurosci.org). Slides were washed extensively in PBT and during
the last wash, treated for 5 min with 1 �g/ml 4�-6-diamidino-2-
phenylindole. Slides were mounted with Gel Mount (Biomeda, Foster
City, CA). Fluorescent staining signals of monolayer cells were captured
with a Nikon (Tokyo, Japan) E800 microscope equipped with a SPOT II
digital camera. Confocal imaging was performed using Leica (Nussloch,
Germany) TCS-SP or Zeiss (Oberkochen, Germany) Renaissance 410
confocal laser scanning microscopes as 1 or 2 �m optical sections.

ImagePro Plus software (Media Cybernetics, Silver Spring, MD) was
used to measure and analyze the intensity of fluorescent staining signals
in dissociated cell cultures. The same cutoff thresholds for fluorescent
staining signals were used for a given antibody combination and experi-
ment. Quantification of marker staining is expressed as mean � SEM
after statistical analysis using the Mann–Whitney U test or Student’s t
test. Probability values �0.05 were considered significant. A minimal of
three independent experiments (n � 3) with a total of six separate fields
(640 � 18 cells per field) of each condition was quantified.
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Results
Activation of STAT and ERK by CNTF in the mouse retina
To elucidate signaling events triggered by CNTF in the postnatal
retina, we examined the activation of STAT1 and STAT3 in pri-
mary retinal cell cultures using Western blots and antibodies spe-
cifically recognizing the tyrosine-phosphorylated forms of the
two transcription factors. In dissociated P0 retinal cells,
phospho-STAT1 and phospho-STAT3 were detected after a 15
min treatment with a saturating concentration of CNTF (10 ng/
ml) but not after exposure to BDNF or in unstimulated cells (Fig.
1A). Treatment with 10 ng/ml of LIF, a CNTF related cytokine,
similarly induced STAT1 and STAT3 phosphorylation (Fig. 1A).
In contrast, EGF treatment (10 ng/ml) induced moderate STAT3,
but not STAT1, phosphorylation (Fig. 1A).

The onset and duration of STAT1 and STAT3 activation were
analyzed by sampling retinal cell extracts at various times after
CNTF addition (Fig. 1B). Western blots detected STAT3 phos-
phorylation within 1 min after the addition of CNTF, with peak
signals at �15 min. However, cellular levels of phospho-STAT3
declined significantly from their maximal level by 90 min after
CNTF addition, whereas the levels of total STAT3 protein re-
mained constant during the entire period. A similar temporal
profile of STAT1 phosphorylation was observed after CNTF
treatment (Fig. 1B). Thus, CNTF-triggered STAT phosphoryla-
tion in the neonatal retina was rapid and transient.

The ras-ERK pathway, one of the mitogen-activated protein
kinase (MAPK) pathways, represents a distinct signaling cascade
that is activated in the adult retina after intravitreal injection of
CNTF or its analog (Peterson et al., 2000; Wahlin et al., 2000). To
determine whether CNTF activates the ERK pathway in the de-
veloping retina, specific antibodies that recognize the phosphor-
ylated forms of ERK1 and ERK2 (p42/44 MAPK) were used in
Western blot analysis. After CNTF or LIF treatment, an increased
phosphorylation of ERK was observed compared with unstimu-

lated cells (Fig. 1A). In contrast, BDNF
failed to cause a detectable increase of
phospho-ERK, whereas stimulation with
EGF resulted in a higher level of ERK
phosphorylation than that induced by
CNTF or LIF treatment (Fig. 1A). CNTF-
induced ERK phosphorylation showed a
rapid and transient time course in P0 reti-
nal cells, mimicking that of CNTF-
induced STAT activation, with a detect-
able signal at 1 min and peak levels of
phosphorylation at 15 min followed by a
rapid decline (Fig. 1B).

To determine whether a similar pattern
of STAT3 and ERK phosphorylation oc-
curred at different postnatal stages, we an-
alyzed cell extracts from P3, P7, and P10
retinal cell cultures. Western blots de-
tected increased phosphorylation of
both STAT3 and ERK after CNTF treat-
ment for all stages examined (Fig. 1C),
demonstrating that CNTF was able to
activate both STAT3 and ERK through-
out early postnatal stages of retinal dif-
ferentiation. In contrast, EGF-induced
phosphorylation of ERK but not STAT3
was detected at the three postnatal stages
analyzed (Fig. 1C).

Target cell types for CNTF in the neonatal retina
To examine whether the Jak-STAT and the ERK pathways were
activated in the same cells, we performed confocal microscopy of
P0 retina coimmunostained for phospho-STAT3 and phospho-
ERK (Fig. 2). In the absence of exogenous CNTF, phospho-
STAT3 protein was mainly distributed in the inner retina, where
differentiated ganglion cells and developing amacrine cells reside
at this developmental stage (Fig. 2A). Very weak signals of
phospho-ERK were detected in untreated P0 retina (Fig. 2C).
After a 15 min treatment with 100 ng/ml CNTF, robust phospho-
STAT3 staining signals were observed in a subset of cells near the
ventricular surface as well as in cells located in the inner retina
(Fig. 2B). In addition, a relatively weak yet detectable increase of
phospho-STAT3 staining signals was observed throughout the
ventricular zone (Fig. 2B). CNTF treatment also resulted in an
elevation of phospho-ERK staining signals in the ventricular zone
(Fig. 2D). However, the phospho-STAT3 signals, which were
nuclear, did not overlap significantly with the phospho-ERK
staining signals in the confocal images (Fig. 2F).

To identify distinct retinal cell types responsive to CNTF stim-
ulation, we analyzed retinal explants costained for phosphory-
lated signaling molecules and retinal cell-type markers using con-
focal microscopy (Fig. 3). In the absence of exogenous ligand, a
subset of differentiated ganglion cells that express the POU-
domain transcription factor Brn3a (Liu et al., 2000) contained
phospho-STAT3 (Fig. 3A). In addition, a small subset of postmi-
totic amacrine cells that express a member of the retinoic acid-
responsive gene activator protein-2� (AP-2�) (West-Mays et al.,
1999) also contained low levels of phospho-STAT3 (Fig. 3C).
Among progenitor cells marked by the proliferating cell nuclear
antigen (PCNA), very few cells costained with phospho-STAT3
(Fig. 3E). After 10 min of CNTF stimulation, the staining inten-
sity of phospho-STAT3 in Brn3a� ganglion cells was enhanced
(Fig. 3B); however, only a slight increase of phospho-STAT3

Figure 1. Signaling pathways activated by CNTF in the mouse retina. Western blots of STAT and ERK proteins as results of
growth factor stimulations are shown. A, Phosphorylation of STAT1, STAT3, and ERK in dissociated P0 mouse retinal cells treated
with BDNF, LIF, CNTF, or EGF (all at 10 ng/ml) for 15 min. The top panels were probed with anti-phospho-STAT1 (pSTAT1),
phospho-STAT3 (pSTAT3), or phospho-ERK (pERK) antibodies. The bottom panels show the levels of total STAT1, STAT3, or ERK1/2
in the same cell extracts, respectively. B, Time courses of phosphorylation for STAT1, STAT3, and ERK in dissociated P0 mouse
retinal cells after incubation with CNTF (10 ng/ml). The levels of total STAT1, STAT3, and ERK proteins are shown in the bottom
panels. C, Phosphorylation of STAT3 or ERK in dissociated P3, P7, and P10 retinal cell cultures after 15 min stimulation with CNTF
(10 ng/ml) or EGF (10 ng/ml). The bottom panels show total STAT3 or ERK proteins in the same extracts. Western blots shown
represent one of three independent trials, which gave similar results.
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staining was detected in AP-2�� amacrine
cells (Fig. 3D). CNTF treatment also re-
sulted in a low level of phospho-STAT3
throughout the ventricular zone that
showed positive staining for PCNA (Figs.
2B,3B,F), suggesting CNTF-induced
STAT3 activation in the mitotic progeni-
tor cell population. This result was further
confirmed by costaining of phospho-
STAT3 and the progenitor cell marker
BrdU (data not shown). Strikingly, the
ventricular surface cells containing high
levels of phospho-STAT3 did not colabel
with PCNA (Fig. 3F), indicating that these
cells were postmitotic.

We also examined the distribution of
CNTF-induced phospho-ERK among dif-
ferent retinal cell types at P0. As detected
by confocal imaging, CNTF treatment did
not cause a significant increase of
phospho-ERK staining signals among
Brn3a� ganglion cells (Fig. 3G,H) or AP-
2�� amacrine cells (Fig. 3 I, J). In contrast,
many BrdU� cells within the ventricular
zone contained intense phospho-ERK
staining signals (Fig. 3K,L). Similarly, costaining of phospho-
ERK and PCNA was also observed (data not shown), indicating
that CNTF signals effectively increased ERK phosphorylation in
progenitor cells.

These results demonstrate that both postmitotic neurons and
proliferating progenitor cells in the neonatal mouse retina are
responsive to CNTF signals. Furthermore, the intracellular sig-
naling events triggered by CNTF are heterogeneous among pro-
genitor cells and differentiated neurons.

CNTF acts directly upon Crx-positive photoreceptor
precursor cells and nascent rod photoreceptors
Because the ventricular zone cells containing high levels of
CNTF-induced phospho-STAT3 were not colabeled with the
progenitor cell markers PCNA and BrdU, we next determined
whether these cells were postmitotic photoreceptor precursors.
Previous studies have shown that transcripts of the homeobox
gene Crx are expressed by precursors of both rod and cone pho-
toreceptors before the onset of opsin expression (Chen et al.,
1997; Furukawa et al., 1997). We performed immunostaining
using an anti-Crx antibody (La Spada et al., 2001) to determine
the expression pattern of Crx protein in the developing retina. In
the P1 retina, double immunostaining showed that Crx� cells
were dispersed in the outer ventricular zone in between the
PCNA� progenitor cells (Fig. 4A). At P3, increasing numbers of
cells near the ventricular surface stained positive for Crx (Fig.
4B). However, the majority of the Crx� cells did not contain
PCNA. By P5, the Crx� and PCNA� cells were located in mutually
exclusive zones of the retina (Fig. 4C). We also observed that
between P1 and P5, a few Crx� cells showed low levels of PCNA
within the proliferative zone (Fig. 4A–C). These data suggested
that the onset of Crx protein expression coincided with the with-
drawal of progenitor cells from the cell cycle. CNTF treatment of
P1 retinas caused increased ventricular surface phospho-STAT3
staining, which colocalized with Crx staining signals (Fig. 4D,G).
In addition, at both P3 and P5, a subset of Crx� cells in the outer
ventricular zone showed intense costaining of Crx and phospho-
STAT3 in response to CNTF (Fig. 4E,H,F, I). These results dem-

onstrate that postmitotic photoreceptor precursor cells directly
respond to cytokine signals by activating STAT3.

We next examined whether differentiating photoreceptor
cells could respond to CNTF signals. At P1, a small subset of cells
located near the ventricular surface began to express rhodopsin as
detected by anti-rhodopsin (Rho) antibody immunostaining
(Fig. 4 J) (Laird and Molday, 1988). After stimulation with CNTF,
a subset of the Rho� cells showed costaining of phospho-STAT3
(Fig. 4M), suggesting that newly differentiating rod photorecep-
tor cells were responsive to CNTF signals. Similarly, Rho� cells in
the P3 retina showed elevated levels of phospho-STAT3 after
exposure to CNTF compared with the control retina (Fig. 4K,N).
By P5, phospho-STAT3 was detected only in Rho� cells localized
in the outer portion of the nascent outer nuclear layer (Fig.
4L,O). Because these cells have withdrawn from the cell cycle
more recently than cells located in the deeper portion of the outer
nuclear layer (Young, 1985), this result indicates that newborn
photoreceptor cells lose their responsiveness to CNTF as differ-
entiation proceeds. We also examined whether the ERK pathway
is activated in photoreceptor precursors and/or differentiating
rod cells. At P1, CNTF-induced phospho-ERK was distributed in
the ventricular zone, and some Crx� and Rho� cells near the
ventricular surface showed costaining with phospho-ERK (data
not shown).

Together, these results demonstrate that postmitotic Crx�

photoreceptor precursors and nascent rod photoreceptor cells in
the early postnatal retina are directly responsive to CNTF signals.
Furthermore, both the Jak-STAT and the ERK pathways are ac-
tivated in postmitotic photoreceptor precursors and in newly
differentiating rod photoreceptors.

Differential activation of STAT3 and ERK by CNTF among
retinal cell types
To characterize more precisely cytokine signaling events in the
developing retina, we quantitatively analyzed the immunostain-
ing of freshly dissociated P0 monolayer cultures. Consistent with
the results obtained from confocal imaging of retinal explants, a

Figure 2. Distribution of phosphorylated STAT3 and ERK in the postnatal mouse retina. Confocal microscopy images of P0
mouse retinal explants without (A, C, E) or with (B, D, F ) exposure to CNTF (100 ng/ml) for 15 min are shown. All optical sections
are 1.5 �m stained against phospho-STAT3 (pSTAT3; red) or phospho-ERK (pERK; green). E and F represent merged images of A
and C and B and D, respectively. Blue arrows point to cells in the hyaloid blood vessels, which contain activated STAT3 and ERK.
Scale bar: (in B) A–F, 50 �m. ac, Amacrine cells; gcl, ganglion cell layer; vz, ventricular zone.
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Figure 3. Target cell types for CNTF in the newborn mouse retina. Confocal microscopy images of immunostained P0 mouse retinal explants treated without (A, C, E, G, I, K ) or with (B, D, F, H, J,
L) CNTF (100 ng/ml) for 15 min are shown. All panels represent merged optical sections (1 or 2 �m) stained with anti-phospho-STAT3 or anti-phospho-ERK (pSTAT3 or pERK; red) and cell type
markers (green). White arrowheads indicate cells stained positive for both antibodies. Yellow arrows indicate pSTAT3� cells not colabeled with cell type markers. The blue arrow ( L) points to the
hyaloid blood vessels stained positive for BrdU and phospho-ERK. Scale bar: (in A) A–L, 50 �m. ac, Amacrine cells; gcl, ganglion cell layer; vz, ventricular zone.

Figure 4. Activation of STAT3 by CNTF in photoreceptor precursors and in differentiating rods. Confocal microscopy images of immunostained postnatal mouse retinal explants without (A–F, J–L)
or with (G–I, M–O) 15 min exposure to CNTF (100 ng/ml) are presented. Top, middle, and bottom rows show sections of P1, P3, and P5 retinas, respectively. All panels show merged optical sections
of 2 �m thickness double stained with two antibodies. Yellow arrows point to cells not costained with the PCNA marker. White arrowheads indicate colocalized staining signals for both antibodies
indicated in panels. Scale bar (in A) A–O, 50 �m. The inserts in G, H, I, M, N, O show twofold magnification of the ventricular surface regions of the same panels. ac, Amacrine cells; gcl, ganglion cell
layer; inl, inner nuclear layer; ipl, inner plexiform layer; onl, outer nuclear layer; vz, ventricular zone.
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10 min exposure to CNTF caused a 18-fold increase in the per-
centage of cells containing phospho-ERK and a three- to fourfold
increase in phospho-STAT3-containing cells (Fig. 5A).

We next quantified CNTF-dependent STAT3 and ERK acti-
vation in each of the four major cell types at P0, as defined by
expression of the AP-2�, Brn3a, Crx, and PCNA markers. Quan-
tification of the progenitor cell marker showed that 78.2 � 0.9%
of the cells were PCNA� at P0. Similar analyses with postmitotic
cell markers showed that 15.1 � 0.4% of P0 retinal cells were
AP-2�-expressing amacrine cells, 12.3 � 1.3% were Crx-
expressing photoreceptor precursors, and 2.9 � 0.1% of the cells
were Brn3a-expressing ganglion cells. A 10 min CNTF treatment
resulted in statistically significant ERK activation among all four
cell types (Fig. 5B). For example, CNTF induced phospho-ERK in
6% more AP-2�� amacrine cells and 10% more Brn3a� ganglion
cells. CNTF had an even greater effect on the pools of PCNA�

progenitor cells and Crx� photoreceptor precursor cells, because
both cell types showed a 35% increase of phospho-ERK� cells
after CNTF treatment. Moreover, CNTF stimulation caused a
significant increase in STAT3 activation among Crx� cells from
11.3 � 2.7 to 57.7 � 4.4% (Fig. 5C). In contrast, the percentages
of cells containing phospho-STAT3 among the AP-2��, Brn3a�,
or PCNA� populations were not significantly altered by CNTF
stimulation.

These quantitative analyses of acutely treated monolayer cells
confirmed that both proliferating progenitors and postmitotic
neurons in the neonatal retina are directly responsive to CNTF
stimulation. STAT3 is preferentially activated in the postmitotic
photoreceptor precursor cells, whereas ERK is predominantly
activated in the proliferative cell population and in Crx� photo-
receptor precursor cells.

CNTF-dependent activation of both STAT3 and ERK requires
the gp130 receptor and is not mediated through EGF
In the neonatal retina, exogenous CNTF stimulation induced the
phosphorylation of STATs and ERK with similar kinetics, sug-
gesting that activation of both pathways is mediated through the
cytokine receptors. To test this hypothesis, we examined whether
CNTF-induced STAT and ERK phosphorylation in the retina are
affected by blocking reagents for cytokine signaling. P0 retinal
monolayer cells were preincubated with a neutralizing antibody
for the cytokine receptor gp130 before CNTF stimulation (Park
et al., 2003). The presence of gp130 neutralizing antibody caused
a 50% reduction of CNTF-induced phospho-ERK� cells (Fig.
6A). Similarly, the inclusion of anti-gp130 antibodies also led to
a 65% decrease of CNTF-induced phospho-STAT3� cells com-
pared with cells treated with CNTF alone (Fig. 6B).

In addition to disrupting the gp130 receptor function, we also
applied a protein kinase inhibitor, U0126, which specifically
blocks activities of the MEK1 and MEK2 kinases that act up-
stream of the ERK1/2 (Favata et al., 1998). Inclusion of U0126 in
dissociated retinal cultures completely abolished endogenous as
well as ERK phosphorylation induced by acute exposure to CNTF
(Fig. 6A) or EGF (data not shown) but had no effect on CNTF-
dependent STAT3 phosphorylation (Fig. 6B). Therefore, U0126
interferes with growth-factor-triggered MEK-ERK signaling
without affecting CNTF-dependent STAT3 phosphorylation in
the retina.

To rule out the possibility that CNTF-induced STAT3 and
ERK phosphorylation were attributable to the secondary release
of EGF in the retina, we included an EGF neutralizing antibody
(Li et al., 1999). At a concentration (10 �g/ml) that was sufficient
to inhibit EGF-induced ERK phosphorylation in monolayer ret-
inal cultures (data not shown), the anti-EGF antibody had no
effect on CNTF-dependent activation of ERK (Fig. 6A) or STAT3
(Fig. 6B).

Together, these results indicate that CNTF-induced STAT3
and ERK phosphorylation are mediated by the cytokine receptor
complex containing gp130. Furthermore, CNTF-triggered ERK
phosphorylation requires the upstream kinase MEK and is not
caused by the release of EGF from retinal cells stimulated by
CNTF.

Figure 5. Differential activation of STAT3 and ERK by CNTF in neonatal retina. Quantifica-
tions of phospho-ERK and phospho-STAT3 in P0 monolayer retinal cells treated with (shaded
bars) or without (white bars) CNTF (100 ng/ml) for 10 min are shown. A, Percentages of
phospho-ERK (pERK)- or phospho-STAT3 (pSTAT3)-positive cells among total cells as detected
by monoclonal (mAb; n � 3) or polyclonal (rAb; n � 6) antibodies. B, Percentages of pERK�

cells within a given cell marker population (n � 3). C, Percentages of pSTAT3� cells within a
given cell marker population (n � 3). In all panels, the asterisks indicate p values �0.05
compared with controls not treated with CNTF.

Figure 6. Involvement of gp130 in CNTF-induced STAT3 and ERK phosphorylation. Quanti-
fications of phospho-ERK (pERK) and phospho-STAT3 (pSTAT3) in P0 monolayer retinal cells
treated with or without CNTF (10 ng/ml) for 10 min in the presence or absence of anti-gp130 (1
�g/ml), anti-EGF (10 �g/ml), or the MEK inhibitor U0126 (10 �M) are shown. A, Ratios of the
percentage of pERK� cells among total cells compared with samples treated with CNTF (defined
as 1.0) (n � 4). B, Ratios of the percentage of pSTAT3� cells among total cells compared with
samples treated with CNTF (defined as 1.0) (n � 4). The brackets and asterisks indicate p values
�0.05 between conditions. Cont, Control.
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Suppression of rod photoreceptor differentiation by CNTF
requires STAT3 instead of ERK activation
Because CNTF treatment caused increased phosphorylation of
both STAT3 and ERK in Crx� photoreceptor precursors (Fig.
5B,C), we next investigated the potential role of each signaling
pathway in regulating rod differentiation. To perturb ERK acti-
vation, we used the MEK inhibitor U0126, which effectively
blocked CNTF-induced ERK but not STAT phosphorylation
(Fig. 6A,B). Consistent with previous reports (Ezzeddine et al.,
1997; Schulz-Key et al., 2002), CNTF treatment suppressed Rho�

cells to �10% of the controls in retinal explants cultured from P1
to P6 (Fig. 7A). Addition of the U0126 inhibitor alone did not
affect the differentiation of rod photoreceptors in the explants
(Fig. 7A). Moreover, the presence of U0126 did not relieve the
suppression of Rho� cells by CNTF but instead caused a statisti-
cally significant enhancement of this effect (Fig. 7A). These re-
sults indicate that the inhibitory effect of CNTF on rod differen-
tiation is not dependent upon ERK activation.

Previous studies have shown that exposure to EGF family of
ligands or overexpression of EGFR in the neonatal retina leads to
decreased rod photoreceptor production (Lillien, 1995; Neophy-
tou et al., 1997). To test whether cytokine-dependent rod sup-
pression is attributable to potential EGF release triggered by
CNTF stimulation, we used an EGF neutralizing antibody (Li et
al., 1999). In retinal explants cultured from P1 to P6, addition of
the anti-EGF antibody or a control monoclonal antibody, 3C2
(data not shown), did not alter rod production in the presence
and absence of exogenous CNTF (Fig. 7A). To rule out the po-
tential involvement of other EGF family ligands that signal
through EGFRs, we also used an EGFR-specific inhibitor,

AG1478 (Levitzki and Gazit, 1995; Eguchi
et al., 1998), which effectively blocked
EGF-induced ERK phosphorylation in
monolayer retinal cultures (data not
shown). Consistent with previous studies
(Lillien, 1995; Neophytou et al., 1997), ad-
dition of EGF in P1–P6 retinal explant cul-
tures resulted in up to 50% suppression of
Rho� cells compared with the controls
(Fig. 7B). Inclusion of AG1478 completely
abolished the rod inhibition caused by ex-
ogenous EGF (Fig. 7B), indicating that the
EGFRs mediated the EGF effect. In P1–P5
retinal explants, addition of AG1478 alone
did not alter the production of Rho� cells
compared with the control (Fig. 7C). In-
stead, AG1478 caused a statistically signif-
icant enhancement of rod suppression by
CNTF (Fig. 7C), similar to the effect ob-
served for the MEK inhibitor U0126 (Fig.
7A). Thus, in the presence of exogenous
cytokines, blocking either EGFR signaling
or ERK phosphorylation appears to poten-
tiate the inhibitory effect of CNTF on rod
differentiation.

To selectively disrupt STAT activities,
we deployed a phosphotyrosyl peptide that
specifically binds to STAT3 and STAT1 to
block their dimerization and nuclear
translocation (Turkson et al., 2001). In ex-
plants cultured either from P1 to P6 or
from P2 to P5, the STAT inhibitor peptide
caused a 50% increase of Rho� cells among

total cells in the absence of exogenous CNTF (Fig. 8A). As an
alternative means to disrupt STAT protein function, we used a
dominant-negative STAT3 mutant (STAT3EE), which contains
amino acid residue substitutions in the DNA-binding domain
and prevents STAT dimers from activating transcription (Hor-
vath et al., 1995). In P0 –P6 retinal explants, cells transfected with
STAT3EE showed a 50% increase of Rho� cells compared with
the control in the absence of exogenous cytokine treatment (Fig.
8B). Together, these results indicate that disrupting STAT activ-
ity creates a favorable condition for rod photoreceptor
differentiation.

Based on these results, we conclude that endogenous cyto-
kines signal through the Jak-STAT instead of the MEK-ERK
pathway to negatively regulate rod photoreceptor differentiation
in the postnatal retina. Furthermore, the inhibitory effect of
CNTF on rod differentiation is not mediated by EGFR signaling.

Discussion
Our results demonstrate that in the neonatal retina, CNTF elicits
distinct phosphorylation patterns of STAT3 and ERK among dif-
ferent cell populations. The newly postmitotic photoreceptor
precursors are highly responsive to cytokine signals, but this re-
sponsiveness declines as they differentiate. We also show that
CNTF acts via the cytokine receptors to result in STAT3 activa-
tion and rod suppression. The effect of cytokine on rod differen-
tiation is not attributable to secondary signals mediated by
EGFRs. Moreover, we provide evidence that activation of the
Jak-STAT rather than the MEK-ERK signaling pathway is in-
volved in regulating rod photoreceptor differentiation.

The rapid activation of the Jak-STAT and MEK-ERK path-

Figure 7. Rod suppression is not mediated by ERK activation and EGFR signaling. Ratios of the percentage of Rho� cells among
total cells compared with the control (Cont; defined as 1.0) are shown. A, The MEK inhibitor U0126 (10 �M) and anti-EGF antibody
(10 �g/ml) were added 2 hr before the addition of CNTF (100 ng/ml). Retinal explants were cultured from P0 to P6 (n � 6). B, The
EGFR inhibitor AG1478 (300 nM) was added at P0 and at P3 2 hr before the addition of EGF. EGF (10 ng/ml) was added daily to
retinal explants cultured from P0 to P6 (n � 4). C, The EGFR inhibitor AG1478 (300 nM) was added 2 hr before the addition of CNTF
(25 ng/ml) to P1 explants cultured for 5 d (n � 4). The brackets and asterisks indicate p values �0.05 between respective
conditions.
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ways by CNTF in the postnatal mouse retinal cells strongly sup-
ports that CNTF directly triggers these intracellular signaling
events through binding to cytokine receptors present on retinal
cells. Despite the continuous presence of cytokine signals, CNTF-
induced phosphorylation of STAT and ERK is transient in vitro.
This is consistent with the existence of feedback regulatory mech-
anisms in cytokine signal transduction (O’Shea et al., 2002). Two
classes of cytokine signal induced cytokine signaling inhibitors,
suppressors of cytokine signaling (SOCSs) and protein inhibitors
of activated STATs, have been characterized (Shuai, 2000; Ya-
sukawa et al., 2000). Because the activation of both STAT and
ERK involves the gp130 receptor, and the decline of phospho-
STATs and phospho-ERK show similar kinetics after CNTF stim-
ulation, it is likely that the observed rapid quenching of cytokine
signaling events is mediated by members of the SOCS family of
inhibitors, which interfere with cytokine signaling by blocking
receptor associated Jak kinases. Further investigations are neces-
sary to determine the precise feedback mechanisms involved in
cytokine signal transduction and their potential functions in ret-
inal development.

In the mature rodent retina, the neural protective effects of
CNTF on ganglion cells and photoreceptors are likely mediated
by retinal projection neurons and glia, because intravitreal injec-
tion of CNTF-like cytokines activates STAT3, ERK, cAMP re-
sponse element-binding protein, and the immediate early gene
c-fos in ganglion cells and Müller cells (Peterson et al., 2000;
Wahlin et al., 2000). Our results demonstrate that in the neonatal
developing retina, the target cell types for CNTF-like cytokine
include both progenitor cells and postmitotic cells. Consistent
with expression patterns of cytokine signaling components (Rhee
and Yang, 2003; Zhang et al., 2003), postmitotic ganglion cells
and amacrine cells contain most of the phospho-STAT3 protein
without exogenous ligand treatment. In response to exogenous
cytokine stimulation, retinal progenitor cells activate high levels
of ERK and relatively low levels of STAT3, whereas the postmi-
totic neurons including ganglion cells and horizontal cells (data
not shown) show further enhanced phosphorylation of STAT
and ERK proteins. However, the most striking activation of signal
transduction pathways is detected in the postmitotic Crx� pho-

toreceptor precursors, which exhibit a capacity to activate high
levels of STAT3 and ERK in response to cytokine stimulation.
Our results thus identify progenitor cells, postmitotic neurons,
and especially the emerging presumptive photoreceptor cells as
targets for cytokine signaling.

In addition to revealing the heterogeneous nature of cytokine
signal transduction, our results also show that responses to
CNTF-like cytokines are highly dynamic and developmentally
regulated. At P0, the majority of retinal progenitor cells are fated
to become rod photoreceptors (Young, 1985), and they display
three developmental stage-dependent responses to cytokine sig-
nals. A proliferating progenitor responds to cytokine signals by
activating a high level of phospho-ERK and a low-level of
phospho-STAT3. In contrast, a postmitotic Crx� photoreceptor
precursor elevates both phospho-STAT3 and phospho-ERK
when encountering cytokine signals. A Crx� presumptive photo-
receptor retains its cytokine responsiveness when it begins to
synthesize rhodopsin and subsequently loses its response to cy-
tokine stimuli as it further matures. These observations are con-
sistent with previous findings that CNTF can assert its influence
on photoreceptor differentiation even after the progenitor cells
have exited from the cell cycle, and that high levels of rhodopsin
expression are closely correlated with the resistance of a pre-
sumptive rod photoreceptor cell to CNTF inhibition (Ezzeddine
et al., 1997; Neophytou et al., 1997; Schulz-Key et al., 2002). The
developmental stage-dependent responses of retinal cells to cell-
extrinsic cytokine signals are likely dictated by cell-intrinsic
changes as found in the developing cortex (Viti et al., 2003).
Currently, the cell-intrinsic properties that determine either the
responsiveness toward cytokine signals or the specificity of intra-
cellular signaling events have not been characterized in the devel-
oping retina.

The differential activation of STAT3 and ERK in the postnatal
retina suggests that these signaling molecules play distinct roles
during retinogenesis. In LIFR�- or CNTFR�-deficient retinal ex-
plants, rod photoreceptor cells are increased (Ezzeddine et al.,
1997), indicating that endogenous cytokine signaling mediated
by either activated STAT or ERK plays a role in suppressing rod
photoreceptor differentiation. Our signaling pathway perturba-
tion experiments using the highly specific MEK inhibitor U0126
demonstrate that MEK-mediated ERK activation is not involved
in cytokine-mediated suppression of rod differentiation. In con-
trast, blocking phospho-STAT activities by either the phospho-
tyrosyl peptide inhibitor or a dominant-negative STAT3 en-
hances rod photoreceptor differentiation in vitro. Because these
results were obtained in the absence of exogenous cytokines, they
strongly support a role for endogenous STAT3 activation in neg-
ative regulation of photoreceptor differentiation in the postnatal
retina (Zhang et al., 2004). Ozawa et al. (2004) showed recently
that abolishing STAT3 activity in the embryonic retina results in
precocious expression of the homeobox gene Crx, which is re-
quired for terminal differentiation of rod and cone photorecep-
tors (Furukawa et al., 1999). However, upregulation of Crx
mRNA does not seem to correlate with an earlier onset of photo-
receptor differentiation (Ozawa et al., 2004). This may either
reflect the cumulative effects of STAT3 deficiency during retino-
genesis or compensation of STAT3 function by other STATs. Our
results clearly show that proliferating progenitors and postmi-
totic retinal cells including Crx� photoreceptor precursors re-
spond directly albeit distinctly to CNTF signals. It remains to be
determined whether STAT3 function is required at multiple
stages of photoreceptor development. Intriguingly, we have ob-
served that attenuation of CNTF-induced ERK activation leads to

Figure 8. Requirement of STAT3 activation in suppression of rod photoreceptor differentia-
tion. Quantifications of Rho� cells in retinal explants in the absence of exogenous ligands are
shown. A, Ratios of the percentage of Rho� cells among total cells compared with the controls
(Cont; defined as 1.0) in P1–P6 (gray) and P2–P5 (white) explants (n � 5). The phosphotyrosyl
peptide inhibitor for STAT (pSTAT; 235 �M) was added at the beginning of the cultures. B, Ratios
of the percentage of Rho� and green fluorescent protein-positive (GFP�) cells among GFP�

cells compared with the control (defined as 1.0) in transfected P0 explants cultured for 6 d (n �
3). A DNA construct expressing enhanced GFP was used to cotransfect with either the control
(LIA vector alone) or the STAT3EE (LIA-STAT3EE) constructs. The brackets and asterisks indicate
p values �0.05 between respective conditions.
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potentiation of the biological effect mediated by STAT (Fig. 7A),
suggesting that the ERK and STAT pathways share common
downstream effectors in the retina.

During neural development, distinct classes of signaling mol-
ecules may simultaneously influence various aspects of cell be-
havior. EGFR-mediated EGF signals, in addition to CNTF and
LIF, have been shown to modulate postnatal retinogenesis by
suppressing rod photoreceptors (Lillien, 1995; Neophytou et al.,
1997). The similar biological effects of EGF and CNTF family of
ligands in the postnatal developing retina raise the question of
whether influence of CNTF may be in part mediated by the sec-
ondary release of EGF family of ligands that signal through
EGFRs. We demonstrate here that in the neonatal retina, the
cytokine receptor gp130 directly mediates cytokine-dependent
activation of both STAT and ERK, and that the activation of ERK
by cytokines is mediated by its upstream kinase, MEK1/2. Thus,
phosphorylation of the cytokine � receptors is likely to provide
docking sites for intracellular signaling components that diverge
cytokine signals to the MEK-ERK signaling cascade in the devel-
oping retina. Furthermore, using EGF neutralizing antibodies
and the EGFR-specific inhibitor, we have ruled out the possibility
that CNTF-triggered signaling events and their subsequent influ-
ence on rod differentiation are mediated through EGFRs.

Our current study reveals the complex and dynamic intracel-
lular signaling events in the developing retina. Based on our find-
ings and previous studies, we propose that STAT and/or ERK
activation induced by ambient endogenous signaling molecules
plays different roles in progenitor cells and postmitotic cells. El-
evated STAT and/or ERK phosphorylation may influence cell fate
specification of uncommitted progenitors but regulate neuronal
differentiation and survival in postmitotic cells. In the postnatal
retina, cytokine-induced STAT activation controls photorecep-
tor cell differentiation by suppressing precocious rhodopsin ex-
pression. As a consequence of STAT activation, nascent photore-
ceptor cells may accumulate cytokine signaling inhibitors and
thus become resistant to environmental cytokine as well as other
STAT-activating signals to reach maturation and sustain their
physiological function. Concomitantly, postmitotic Müller glia
may require cytokine and other growth factor signaling to further
differentiate and form the glial scaffold necessary for retinal
structure and maintenance (Lillien, 1995; Lillien and Wancio,
1998; Goureau et al., 2004). The integration of intracellular
signaling events triggered by various cell-extrinsic cues in pro-
genitor cells and postmitotic cells may thus contribute to a
balanced production of postnatal cell types and their proper
differentiation.
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