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Abstract

Retinitis pigmentosa, age-related macular degeneration, and Parkinson’s disease remain major 

problems in the field of medicine. Some of the strategies being explored for treatment include 

replacement of damaged tissue by transplantation of healthy tissues or progenitor cells and 

delivery of neurotrophins to rescue degenerating tissue. One of the neurotrophins with promise is 

the ciliary neurotrophic factor (CNTF). In this study, we report the role played by CNTF in retinal 

cell differentiation and survival in retinal progenitors. We found that CNTF is a survival factor for 

multipotential human retinal cells and increased cell survival by 50%, over a 7-d period, under 

serum-free conditions, as determined by apoptotic assays (immunohistochemistry and flow 

cytometry). This effect is dose dependent with a maximum survival at a CNTF concentration of 20 

ng/ml. We also report that CNTF might be a cell commitment factor, directing the differentiation 

mainly toward large multipolar cells with ganglionic and amacrine phenotype. These cells express 

tyrosine hydroxylase (amacrine cells) as well as, thy 1.1 and neuron-specific enolase (ganglionic 

cells). Additionally, there was also an increase in protein kinase C alpha, a protein expressed in rod 

and cone bipolars as well as cone photoreceptors and calbindin, a protein expressed in cone 

photoreceptors and horizontal cells. In our studies, CNTF doubled the number of cells with 

ganglionic phenotypes, and basic fibroblast growth factor doubled the number of cells with 

photoreceptor phenotype. Additionally, CNTF induced a subset of progenitors to undergo multiple 

rounds of cell division before acquiring the large multipolar ganglionic phenotype. Our conclusion 

is that CNTF could be an agent that has therapeutic potential and possibly induces differentiation 

of large multipolar ganglionic phenotype in a subset of progenitors.
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Introduction

Ciliary neurotrophic factor (CNTF) is a member of the cytokine family that includes 

leukemia inhibitory factor (LIF), oncostatin M, cardiotrophin-1 C, interleukin-6, and 

interleukin-11 (Bazan 1991; Kishmoto et al. 1994; Stahl and Yancopoulos 1994; Pennica et 

al. 1995). Ciliary neurotrophic factor has biological effects through the activation of a multi-
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subunit receptor complex, consisting of an extracellular CNTF binding subunit (CNTFα) 

and two transmembrane signal transduction proteins: glycoprotein gp130 and LIF receptor 

(Inoue et al. 1996; Ip and Yancopoulos 1996; Segal and Greenberg 1996; Yano and Chao 

2000). Ciliary neurotrophic factor was originally purified from chick eye tissue and rat 

sciatic nerve on the basis of its survival promoting action on chick ciliary ganglionic 

neurons. Additionally, a multitude of functions and target cells for CNTF have been reported 

both in vivo and in vitro (for reviews, see Manthorpe et al. 1993; Sendtner et al. 1994). In 

vitro data support that CNTF is a survival factor for neurons of the peripheral sensory, 

sympathetic, and ciliary ganglia (Lehwalder et al. 1989). Ciliary neurotrophic factor is also 

known to induce glial progenitors to astrocytic 2 phenotype in the developing optic nerve 

culture (Hughes et al. 1988).

Both neurotrophic and neuroprotective effects of CNTF on photoreceptor cells have also 

been well documented. Intravitreal injection of brain-derived neurotrophic factor (BDNF), 

basic fibroblast growth factor (bFGF), and CNTF were reported to reduce retinal injury in 

response to ischemia and light-induced damage to photoreceptors in albino rats (LaVail et al. 

1998). Specifically, CNTF is effective in retarding retinal degeneration in at least 13 

different animal models of retinitis pigmentosa (RP; Unoki et al. 1994; Cayouette et al. 

1998; Chong et al. 1999; Liang et al. 2001; Bok et al. 2002; Tao et al. 2002). Additionally, 

the first phase one trials in humans in which encapsulated CNTF-secreting cells were 

transplanted into seven late stage RP patients seem promising (Sieving et al. 2006).

Ciliary neurotrophic factor exhibits multiple effects during vertebrate retinogenesis, 

including regulation of photoreceptor cell differentiation. Opposing effects of CNTF on rod 

photoreceptor development in rodents and chickens have been reported (Kirsch et al. 1996). 

In rat retina, CNTF treatment results in a dramatic decrease in the number of rod 

photoreceptors with concomitant increase in the number of bipolar cells (Ezzeddine et al. 

1997). Bhattacharya et al. (2004) in their model further provide extensive data to support 

CNTF’s role in bipolar cell differentiation. Similarly, Zahir et al. (2005) report that CNTF 

may increase the number of bipolar and glial cells when applied to multipotential retinal 

progenitors. Rhee et al. (2004) report that CNTF regulates transcription factor in 

photoreceptor precursors and regulates rod differentiation in mice. Similarly, CNTF induces 

an increase in Rho4D2 immunoreactive rod photoreceptors in chick retinal cultures (Kirsch 

et al. 1997). Xie and Adler (2000), however, report that Rho4D2 antibody, although 

rhodopsin specific in bovine retina, recognizes both rhodopsin and green cone pigment in 

chick retina, thus suggesting that cells labeled in chick retina could be both rods and green 

cones.

Expression of CNTF, RNA, and protein are developmentally regulated during retinal 

development and Muller glia have been identified as a source of CNTF (Wahlin et al. 2000). 

Also CNTF-specific α subunit of the CNTF receptor (CNTFRα) is expressed in retina 

(Kirsch et al. 1997; Fuhrmann et al. 1998). Localization of CNTFRα is highly regulated 

during retinal development, and the CNTF receptor expressing cell types include ganglion 

cells, subpopulation of amacrine, horizontal cells, and photoreceptors (Heller et al. 1995; 

Kirsch et al. 1997). Additionally, CNTFRα has been localized to glia and RPE. Ciliary 
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neurotrophic factor supports survival, growth, and/or differentiation in a multitude of retinal 

cells.

We report in this study that CNTF (1) is a survival factor for multipotential retinal 

progenitors, (2) induces a subset of progenitors to acquire multipolar ganglionic phenotype, 

and (3) exposure induces an increase in several retinal-specific proteins: TH, thy 1.1, NSE, 

protein kinase C alpha (PKCα), calbindin, and rod transcription factor NR2E3. This implies 

that, at least in our system, there is an increase in the number of more than one cell type. The 

ability of CNTF to increase survival of retinal progenitors and its ability to induce 

differentiation could have significant therapeutic potential.

Material and Methods

Cell culture.

Retinal progenitor cell lines established by us have been well characterized (Dutt et al. 1994, 

1996). For this study, retinal cells in 25–30 passages were cultured in serum-free defined 

medium comprising Dulbecco’s Modified Eagle’s Medium: Ham’s F-12 Nutrient Mixture 

1:1, supplemented with 2 mM L-glutamine, 100 U/ml penicillin plus 100 μg/ml 

streptomycin (In vitrogen, Carlsbad, CA); 8.8 ng/ml putrescine (Collaborative Research, 

Waltham, MA), 2 mM HEPES buffer, 5 μg/ml insulin, 10 μg/ml insulin, 10 μg/ml transfin, 

6.3 ng/ml progesterone, and 4 ng/ml sodium selenite (Sigma, St. Louis, MO). Recombinant 

human CNTF was from Chemicon (Temecula, CA).

Evaluation of mitogenic potential by measurement of DNA synthesis.

Retinal cells grown in serum-free defined medium were exposed to 20 ng/ml bFGF and 20 

ng/ml CNTF. Tritiated thymidine was added at a concentration of 4 μCi/well to measure 

DNA synthesis. Trichloroacetic acid precipitated counts were determined at appropriate 

times, and the protein content was measured by Lowry’s method. Counts are expressed as 

counts per min per milligram protein, and each value represents an average of three to five 

counts+SD. DNA synthesis is directly correlated to mitogenic activity. The experiment was 

repeated five times. Each experiment consisted of an average of three to five independent 

samples.

Dose response to CNTF.

Cells grown in defined medium were exposed to different doses of CNTF (5–20 ng/ml) and 

monitored for 3 to 6 d. Photographs were taken at various times during the culture period. 

They are identified as untreated (A) cells, cells treated with 5 ng/ml CNTF (B, C), cells 

treated with 10 ng/ml CNTF (D, E), and cells treated with 20 ng/ml CNTF (F, G). Data 

presented is on day 6.

CNTF-induced survival.

To determine the survival potential of CNTF, retinal cells grown in defined medium+ CNTF 

(20 ng/ml) were processed by immunocytochemistry for double labeling with annexin V 

protein, expressed in apoptotic cells (green) and nuclear staining propidium iodide (red), and 

processed on days 4–6.
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Detection of apoptosis by immunocytochemistry.

To determine the effect of CNTF on cell death by apoptosis, cells in the 27th passage were 

plated on eight-well glass chamber slides in serum containing medium for 4 h. They were 

then switched to defined medium. The cells were equilibrated overnight in defined medium 

and exposed to CNTF (20 ng/ml). On the sixth day after exposure, the cells were stained and 

analyzed. The cells were washed in phosphate-buffered saline (PBS) and fixed with 100% 

acetone. The cells were first stained with annexin V–FITC diluted 1:20 in binding buffer (10 

mM Hepes/NaOH, pH 7.4, 140 mM NaCI, 2.5 mM CaCI2) for 30 min at 37°C. The cells 

were washed and stained with propidium iodide diluted 1:20 with the same binding buffer 

and incubated under the same conditions. Cells were mounted in 90% glycerol and viewed 

under a fluorescent microscope.

Fluorescence-activated cell sorting analysis of stained cells.

To quantitate survival potential of CNTF, retinal cells grown in defined medium+CNTF for 

72 h were double labeled with annexin V–FITC and propidium iodide, before subjecting to 

fluorescence-activated cell sorting (FACS) analysis. Controls were cells grown in serum-free 

medium with vehicle only. Note the greater area of overlap (blue–annexin V, over red–

propidium iodide) in control vs. cells treated with CNTF.

Immunohistochemistry.

Immunohistochemistry was performed according to our previously published technique to 

determine the various cell types generated in CNTF treated progenitors (Dutt et al. 1994). 

Cells were then exposed to CNTF or vehicle and were fixed with either acetone at −20° C 

for 20 min or 2% ice-cold paraformaldehyde in PBS for 20–60 min. To block nonspecific 

binding to antibodies, cells were preincubated with nonspecific antisera for 2 h. Cells were 

incubated with primary antibodies against neuron-specific enolase (NSE), glial fibrillary 

acidic protein (GFAP; 1:500), thy 1.1 (1:200), Th (1:200), PKCα (1:1,000), D2D3 (1–500), 

and calbindin (1:200) at room temperature for 1 h to overnight. After appropriate washes, 

the cells were reacted with appropriate fluorescent secondary antibody, goat anti-rabbit (1–

5,000) and donkey anti-goat (1–5,000) at room temperature for 1 h. Washed slides were 

mounted in glycerol and visualized under Zeiss epifluorescent microscope and 

photographed. In each experiment, controls were included, with omission of the first 

antibody or the secondary antibody.

Western blot analysis.

At appropriate times, cells exposed to CNTF and controls were washed three times in cold 

PBS. Cells were lysed in lysis buffer (50 mM Tris, pH 7.4, 150 M NaC1, 1 mM DTT, 0.5% 

Triton X-100, 0.2 mM AEBSF, 0.5 mM benzamidine, 2 μg/ml aprotinin, 2 μg/ml 

chymostatin, 0.5 mM leupetin, 5 mg/ml pepstatin A, and 0.25 mg/ml soybean tyrosine 

inhibitor). The resulting supernatant was used for Western blot analysis. Whole-cell extracts 

containing 50 μg proteins were separated by electrophoresis on 10% sodium dodecyl sulfate 

(SDS) polyacrylamide gels and electrophoretically transferred to a polyvinylidene difluoride 

membrane (Immobilon P; Millipore Corp., Temecula, CA) in Tris–glycine buffer containing 

methanol and SDS. The nonspecific binding sites were blocked by immersing the membrane 
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in 5% (w/v) nonfat dry milk in TBS-T (25 mM Tris–HC1, pH 7.6, 150 mM NaC1, and 

0.05% Tween-20) for 2 h at room temperature on an orbital shaker. Membranes were rinsed 

with two changes of washing buffer. The membranes were treated with specific primary 

antibodies to determine the presence of specific retinal proteins. Antibodies for tyrosine 

hydroxylase, D2, D3, and D4 receptor protein, calbindin, and PKCα and thy 1.1 were 

procured from Chemicon Inc., and the antibody for neuron-specific enolase was from 

Zymed Corporation (San Francisco, CA). After reaction of the membranes with appropriate 

primary antibodies (dilution 1–200 to 1–1,000), the membranes were reacted with 

horseradish peroxidase-conjugated appropriate secondary antibodies. Detection was done 

with chemiluminescent substrates and X-ray film exposure.

Results

CNTF as a proliferative factor.

To test the effect of CNTF on progenitors, cells were plated at medium density 3×104/cm2 

on tissue culture plastic in serum-containing medium. After the cell attachment and two 

washes in Hank’s balanced salt solution, with 1-h incubation in between at 37°C, cells were 

incubated in defined medium overnight for acclimatization and switched to fresh defined 

medium and incubated with 20 ng/ml CNTF 1 μCu/ml of 3HTdr for 24 h. 3HTdr 

incorporation is determined after TCA precipitation. Counts are expressed as counts per 

minute per milligram protein vehicle-treated cells and exposure to bFGF served as an 

internal control. Ciliary neurotrophic factor did not stimulate DNA synthesis; 3HTdr 

incorporation in CNTF treated cultures was similar to bFGF (20 ng/ml) and vehicle treated 

cultures. Figure 1 represents a mean of five samples. The experiment was repeated three 

times. There was no difference in bFGF or CNTF’s ability to induce cell proliferation as 

compared to vehicle-treated cells.

CNTF: a survival factor.

To determine if CNTF acts as a survival factor, cells plated in defined medium at a density of 

3×104 cells/cm2 were exposed to 5, 10, and 20 ng/ml of CNTF, and cells were evaluated 

both morphologically and for cell survival determined by annexin V binding and flow 

cytometry between 3 and 6 d. Figure 2 depicts the morphology of the cells treated with 5, 

10, and 20 ng/ml of CNTF. Figure 2A shows cells that were treated with the vehicle only; 

note the cells undergoing apoptosis with fragmented nuclei (arrows). Similarly, note in Fig. 

2B, C cells exposed to 5 ng/ml of CNTF; note the heterochromatic nuclear band in cells 

undergoing apoptosis (arrows). Arrowheads in Fig. 2B point to apoptotic bodies. In Fig. 2D, 

E, note the cells exposed to 10 ng/ml of CNTF; there is a significant drop in the number of 

cells undergoing apoptosis. In cells exposed to 20 ng/ml of CNTF, indicated in Fig. 2F, G, 

there is a further significant decrease in apoptotic cells; very few cells with heterochromatic 

nuclear bands were seen. Data presented is on day 6.

Determination of cell survival by apoptotic assay.

When cells exposed to 20 ng/ml CNTF (concentration that gave maximum survival) were 

assessed by annexin V binding, it was found that increasing the concentration of CNTF 

beyond 20 ng/ml did not result in a concomitant increase in cell survival. Cells treated with 
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20 ng/ml CNTF were processed by immunohistochemistry for double labeling with annexin 

V protein, expressed in apoptotic cells (green/yellow) and nuclear staining with propidium 

iodide (red). Data are from cells treated with CNTF 20 ng/ml on day 6. Cultures were 

supplemented with fresh medium and CNTF every second day. Similar results were seen on 

day 4; data not included. Note: about 50% more cells are labeled with annexin V in 

untreated cultures (Fig. 3A, B-greenish yellow color). Also note the significant drop in the 

green/yellow label in cells labeled with annexin V (Fig. 3C, D).

To quantify the number of viable cells in CNTF-treated cultures.

Cells double labeled for annexin V and propidium iodide were assessed by flow cytometry. 

Note the greater overlap of blue–annexin V over red propidium iodide in the control 

untreated cultures vs. the treated cultures on day 6. The blue line overlapping the red 

propidium (dead) cells is reduced by 50% in treated cultures and has moved toward the 

right, reflecting the increase in number of viable cells. Similar results were noted when cells 

labeled with annexin V binding were counted under a fluorescent microscope. Similar 

results were noted in three separate experiments, Fig. 4 represents one such experiment.

Differentiation-inducing effect of CNTF and bFGF.

To test if CNTF induces specific neuronal phenotype in progenitors, progenitor cells grown 

in defined medium were exposed to CNTF (20 ng/ml) and bFGF (100 ng/ml), our internal 

control. Basic fibroblast growth factor induces photoreceptor phenotype in progenitor cells 

(in dose/density dependent manner; Ezeonu et al. 2003). Cells exposed to CNTF increased 

the number of cells with large multipolar ganglionic phenotype. Cells exposed to CNTF 

were simultaneously exposed to (Brdu) to determine cell proliferation. We saw that CNTF 

induces a subset of progenitors to undergo multiple rounds of DNA synthesis and acquire 

large ganglionic cell phenotype (cells with large cell body and multiple axons). Cells 

exposed to CNTF were immunophenotyped by different antibodies to assess neuronal 

phenotype generated in response to CNTF. Fifty to 100 immunophenotyped cells were 

counted in three different experiments. The summary of the data from a single experiment is 

presented in Table 1. Antibodies used to assess various neuronal phenotypes are ganglion 

cells (thy1.1 and neuron-specific enolase), PKCα (rod, cone, bipolars, and some blue cones), 

rhodopsin antibody Rho4D2, 1D4 (photoreceptors), and Muller glial cells (GFAP). The data 

from a typical experiment is tabulated in Table 1. The percentage of neurons generated in 

cells grown in serum-free media serves as the control, and bFGF treatment (internal control 

for photoreceptor differentiation) doubled the number of cells expressing rhodopsin. 

Similarly, CNTF treatment resulted in an increase in the number of cells with large 

multipolar ganglionic phenotype that were positive for thy 1.1. When cells were exposed for 

the first 3 h to CNTF, followed by 33-h exposure to bFGF, there was still a slight increase in 

the number of multipolar neurons. Basic fibroblast growth factor treatment for 3 h followed 

by CNTF resulted in a slight increase in the number of cells with photoreceptor phenotypes 

at 36 h. Figure 5A, E, I control, note in panel 1, Fig. 5B, C, D cells exposed first to bFGF for 

3 h and CNTF for 33 h, there is an increase in the number of cells with photoreceptor 

phenotype at 24 (Fig. 5B), 48 (Fig. 5C), and 72 (Fig. 5D) h (arrows). A similar increase in 

large multipolar neurons was seen in cells exposed to CNTF for 3 h followed by bFGF 

exposure for 33 h at 24 (Fig. 5F), 48 (Fig. 5G), and 72 (Fig. 5H) h (panel 2). When both 
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factors were added, no clear-cut distinction could be seen in panel 3, other than the arrows 

showing a subset of precursors undergoing multiple rounds of DNA synthesis and acquiring 

large ganglionic cell phenotype (Fig. 5J, K, L). In Fig. 5N, note a precursor undergoing 

multiple rounds of DNA synthesis (Brdu labeled) and a cluster of differentiating neurons 

from Fig. 5N mostly multipolars (Fig. 5O) arrows.

Immunohistochemistry and western blot analysis.

Figure 6 is a composite showing the expression of various retinal specific proteins in CNTF-

treated cells. Cells treated with CNTF express thy1.1 (Fig. 6A), a protein expressed in 

ganglionic cells; CNTF-treated cells also express tyrosine hydroxylase (TH; Fig. 6B), D2, 

and D3 receptors (Fig. 6C). This suggests that cells with large cell bodies could be 

ganglionic (thy 1.1) and amacrine (TH). Cells expressing PKCα, D2, D3, and calbindin are 

possibly bipolars, rods, and cone photoreceptors (Fig. 6D, E).

To further confirm CNTF-induced differentiation in progenitors, we also performed western 

blot analysis to assess the expression of specific retinal proteins. The composite is 

represented in Fig. 6. Note in treated CNTF vs. control cultures, a significant increase in 

tyrosine hydroxylase suggesting that some of the large multipolar neurons are amacrine 

cells. We saw a significant increase in NSE and thy 1.1 representing a possible increase in 

the number of ganglions. There was also an increase in cells expressing PKCα (bipolars) 

and rod transcription factor NR2E3 (Fig. 6). A slight increase in D2, D3, and D4 receptors 

was also noted. Data shown are on day 3, similar results noted on day 6.

Discussion

The role of neurotrophic proteins in retinal development is quite complex. It includes the 

regulation of early developmental processes such as cell proliferation, determination of cell 

fate, and neural plasticity (Lewin and Barde 1996). Lineage tracing studies have confirmed 

that all classes of retinal cells (six types of neurons and Mueller glia) are generated from 

multipotential progenitors and that cell fate is determined during or shortly after the final 

mitosis (Turner and Cepko 1987; Holt et al. 1988; Wetts and Fraser 1988; Reh 1992).

It has been suggested that cell fate is determined by extrinsic signals from the environment 

(Watanabe and Raff 1992), and these signals could be developmentally regulated (Altshuler 

and Cepko 1992; Lillien 1998; Belecky-Adams et al. 1999). However, the importance of 

intrinsic genetic program in cell fate decision in developing retina cannot be ignored 

(Cayouette et al. 2003).

The intrinsic default pathway for the photoreceptor development in chick retina has been 

well documented (Adler and Hatlee 1989). Similar photoreceptor (possibly cone) 

development has been reported for human retinal progenitors in vitro (Ezeonu et al. 2003). 

Several lines of evidence reveal that the expression of neurotrophins required for cell 

commitment is both complex and varied.

It has also been substantiated by considerable accumulated data that endogenous factors 

involved in cell specification and survival during development are the same factors 
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upregulated in response to a variety of injurious stimuli (genetic models of retinal 

degeneration) and retinal degeneration models induced by injurious external stimuli 

(hypoxia, exposure to light; Faktorovich et al. 1992; LaVail et al. 1992; Steinberg 1994; Cao 

et al. 2001). Similarly differential expression of CNTF and its receptors has been reported in 

optic nerve transected adult retina by Sarup et al. (2004). Several lines of evidence suggest 

that endogenous factors that promote photoreceptor survival may themselves be self-

protective. Factors most often investigated include bFGF, BDNF, and CNTF (Faktorovich et 

al. 1992; Steinberg 1994).

One such factor that has been extensively investigated is CNTF, a pleiotropic growth factor 

with a multitude of potential functions described in developing mammalian systems 

(Steinberg 1994). Ciliary neurotrophic factor’s effect on photoreceptor survival and rescue is 

well-documented. Varying degrees of success has been seen in CNTF-treated animal models 

of diseases (Fuhrmann et al. 1994; Sarup et al. 2004). Sieving et al. (2006) report some 

success in treatment of late stage RP patients with CNTF. Additionally, it is reported to be a 

survival factor for cultured retinal ganglions (Meyer-Franke et al. 1995). It is also known to 

stimulate differentiation of cholinergic amacrine cells in the retinal culture of chick (Meyer-

Franke et al. 1995) and postnatal rat (D’Cruz et al. 2000). The developmental importance of 

CNTF is further supported in genetic experiments. Mice lacking the CNTFRα receptor gene 

show severe developmental defects and die shortly after birth (Dechiara et al. 1995).

It is also well-known that many classes of retinal cells respond to CNTF in vitro and in vivo 

(Lehwalder et al. 1989; Ip et al. 1991; Escandnon et al. 1994; Valter et al. 2003). Opposing 

roles for CNTF in photoreceptor commitment have been reported for rat and chick (Kirsch et 

al. 1996, 1997; Ezzeddine et al. 1997; Bhattacharya et al. 2004). Ciliary neurotrophic factor 

mRNA expression in different neural cell types is developmentally regulated (Kirsch et al. 

1997; Valter et al. 2003). Although it was initially suggested that the CNTFRα receptor is 

expressed in ganglion, amacrine, and horizontal cells but not in photoreceptors, more recent 

studies suggest that the same might not be true (Valter et al. 2003). Kirsch et al. (1997) 

reported that CNTFRα might be expressed transiently in photoreceptors early in embryonic 

development in the retina but declines significantly in the adult. However, 

immunohistochemistry and high resolution confocal microscopy used in studies (Valter et al. 

2003) suggest that CNTF and CNTFRα are localized to photoreceptors, especially outer 

segments, and upregulated in ischemic retina (Ju et al. 2000). Ciliary neurotrophic factor 

effects the survival of ganglion cells, mature photoreceptors, differentiation of 

photoreceptors, cholinergic amacrine, and bipolar cells. It is considered that apoptotic cell 

death might be a common path used in degeneration as seen in many models of retinal 

degeneration including RP and glaucoma (Ju et al. 2000). It was also well established that 

exogenously administered CNTF, by injection or virally delivered (adenovirus mediated), 

rescues degenerating photoreceptors by inhibiting apoptosis (Cayouette and Gravel 1997; 

Wen et al. 1998; Liang et al. 2001; Huang et al. 2004). Ji et al. (2004) have reported that 

CNTF also provides neuroprotection for retinal ganglion cells in a rat glaucoma model 

induced by laser photocoagulation and that the mechanism could be possible upregulation of 

CNTF (Ji et al. 2004). Similar regeneration of adult retinal axon into peripheral nerve graft 

in vivo has been reported (Cui et al. 1999).
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In this study, we report that in the human retinal progenitor cell line:

1. CNTF acts as an anti-apoptotic factor and inhibits apoptosis by approximately 

50%.

2. CNTF promotes differentiation of the subset of progenitors toward ganglionic 

and amacrine cell paths as confirmed by upregulation of thy 1.1, neuron-specific 

enolase in (ganglions), and tyrosine hydroxylase (amacrine cells). Additionally, it 

might also enhance bipolar and photoreceptor cell differentiation to a lesser 

degree (data not included).

3. CNTF can enhance cell renewal and expansion of the subset of retinal stem cells. 

A similar role in brain stem cells has been reported (Shimzaki et al. 2001).

Considering the multitude of effects CNTF seems to have on human retinal progenitors 

(survival, commitment, self renewal), the very promising outcomes were reported in various 

animal models of RP and the first successful phase 1 trials in humans; further studies are 

warranted to exploit the neuroprotective role of this very pleiotropic molecule in CNS and 

retina.
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Figure 1. 
Evaluation of mitogenic potential of CNTF. Retinal cells grown in serum-free-defined 

medium were exposed to 20 ng/ml CNTF and 20 ng/ml bFGF (internal control). Tritiated 

thymidine at a concentration of 4 μCi/well was also included in culture medium; 

trichloroacetic acid precipitated counts were determined on days 1–3. Counts were 

expressed as counts per min per milligram protein. The data is an average of five samples ± 

SD. Note, there is no significant difference in DNA synthesis between the controls vs. bFGF 

and CNTF.
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Figure 2. 
CNTF as survival factor: dose response curve. Cells grown in defined medium were exposed 

to different doses of CNTF (5–20 ng/ml) and monitored for 3 to 6 d. Photographs were taken 

on day 6. Untreated cells (A), note cells undergoing apoptosis (arrows). Cells treated with 5 

ng/ml CNTF (B, C), note in (B), cells with apoptotic bodies (arrowheads), cells with 

heterochromatic nuclear band (arrows), cells treated with 10 ng/ml CNTF (D, E), and cells 

treated with 20 ng/ml CNTF (F, G). Note the increased survival of cells as the concentration 

of CNTF increased from 5 to 20 ng/ml (apoptotic cells marked by arrows).
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Figure 3. 
To determine the survival potential of CNTF, retinal cells grown in defined medium +CNTF 

(20 ng/ml) were processed by immunocytochemistry for double labeling with annexin V 

protein, expressed in apoptotic cells (green/yellow arrows), and nuclear staining propidium 

iodide (red arrowheads), processed on day 6. Note the increased staining (about 50%) with 

annexin V in untreated cells (A, B) vs. cells treated with CNTF (C, D); the cells are labeled 

red propidium iodide. Also, note a significant drop in annexin V positive cells (green color).
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Figure 4. 
To quantify the survival potential of CNTF, retinal cells grown in defined medium +CNTF 

for 72 h were double labeled with annexin V–FITC and propidium iodide, before subjecting 

to FACS analysis on day 6. Note the greater area of overlap (blue annexin V over red 
propidium iodide) in the control vs. cells treated with CNTF; in the lower panel, note that 

the blue line has moved to the right, reflecting an increase in the number of viable cells.
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Figure 5. 
Ciliary neurotrophic-mediated differentiation phase contrast microscopy. Retinal cells 

exposed to CNTF (20 ng/ml) in defined medium were photographed at various times. 

Untreated cells (A, E, I). Panel 1, cells treated with bFGF 3 h+CNTF 24 h (b). Note the 

photoreceptor-like structures generated in response to bFGF (arrows). Cells treated with 

bFGF followed by CNTF (C, D). Neurons are mostly rods and cones at 48 and 72 h 

(arrows). Panel 2, cells treated with CNTF 3 h+bFGF 24 h (F). Note the multipolar neurons 

generated in response to CNTF. Cells treated with CNTF followed by bFGF (G, H)—mostly 

multipolar neurons are seen at 48 and 72 h. Panel 3, cells treated simultaneously with bFGF 

and CNTF (J, K, L). Cells seem to undergo multiple rounds of division before differentiating 

into multipolar neurons (arrows). Control cells labeled with BrdU for 3 h (M). Cells treated 
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with CNTF (N). Note the cluster of cells undergoing multiple rounds of division. Cluster of 

dividing cells in (N) differentiating into multipolar neurons (O) arrows.
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Figure 6. 
Immunohistochemical characterization of cells treated with CNTF. Retinal cells plated on 

coverslips and grown in defined medium were exposed to 20 ng/ml CNTF and 

immunolabeled with primary antibodies: thy 1.1 (ganglion cells), tyrosine hydroxylase 

(amacrine cells), D2, D3, D4, receptor (photoreceptors and other cell types), PKCα (rod, 

cone, and bipolars), and calbindin (cone photoreceptors and other cells). The secondary 

antibody is fluorescein conjugated. Note on day 3, the expression of thy 1.1, TH, PKCα, 

calbindin, and several other retinal marker proteins. Western blot analysis to characterize 

CNTF-mediated differentiation on day 3. The composite above depicts increased expression 

of thy 1.1, TH, PKCα, D2, D3, and NR2E3 in CNTF-treated cells suggesting that CNTF 

enhances differentiation into a number of retinal cell types.
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