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Abstract
Objective Ciliary neurotrophic factor (CNTF) has been evaluated as a candidate therapeutic agent for diabetes and its neural
complications. However, its role in diabetic retinopathy has not been fully elucidated.
Methods This is a randomized unblinded animal experiment. Wistar rats with streptozocin (STZ)-induced diabetes were
regularly injected with CNTF or vehicle control in their vitreous bodies beginning at 2 weeks after STZ injection. A total of
five injections were used. In diabetic rats, the levels of CNTF and neurotrophin-3 (NT-3) were evaluated by enzyme-linked
immunosorbent assays (ELISA) and real-time PCR. The abundance of tyrosine hydroxylase (TH) and β-III tubulin was
detected by western blot. Transferase-mediated dUTP nick-end labeling staining (TUNEL) was used to detect cell apoptosis
in the retinal tissue. The activation of caspase-3 was also measured.
Results The protein and mRNA levels of CNTF in diabetic rat retinas were reduced compared to control rats. In addition,
retinal ganglion cells (RGCs) and dopaminergic amacrine cells appeared to undergo degeneration in diabetic rat retinas, as
revealed by transferase-mediated dUTP nick-end labeling staining (TUNEL). Tyrosine hydroxylase (TH) and β-III tubulin
protein levels also decreased significantly. Intraocular administration of CNTF rescued RGCs and dopaminergic amacrine
cells from neurodegeneration and counteracted the downregulation of β-III tubulin and TH expression, thus demonstrating
its therapeutic potential.
Conclusion Our study suggests that early diabetic retinal neuropathy involves the reduced expression of CNTF and can be
ameliorated by an exogenous supply of this neurotrophin.

Introduction

Diabetic retinopathy (DR) is the leading cause of visual
impairment and preventable blindness throughout the world
[1, 2], representing a significant socioeconomic cost to
healthcare systems [3–5]. DR is also the most common
complication of diabetes and afflicts roughly one-third of
the diabetic population. Given that the incidence of diabetes
is expected to increase from 366 million in 2011 to 552

million in 2030, DR will likely become an even more
prevalent and serious problem in the future [6]. The sub-
stantial worldwide public health burden of diabetes and its
resulting complications (e.g., DR) underscores the
immediate need to identify new approaches to prevent such
complications, which go beyond the current standards of
diabetic care.

Current treatments for DR include laser photocoagula-
tion and the administration of anti-vascular endothelial
growth factor (VEGF). Laser photocoagulation is applicable
only at advanced stages of disease and is associated with
significant adverse effects, such as moderate vision loss,
reduced color vision, reduced contrast sensitivity [7],
infection, and glaucoma [8]. Vitreoretinal surgery is another
option, but it is an expensive treatment that can only be
performed by experienced vireoretinal surgeons and is
therefore typically reserved for cases where blindness
occurs due to proliferative DR (PDR) [9]. Treatment in the
early stages of DR is critical in slowing or preventing dis-
ease progression (leading to blindness). However, no drugs
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are currently available that effectively prevent the incidence
or progression of DR in these critical early stages. There-
fore, new pharmacological treatments are desperately
needed.

DR has long been considered a microvascular disease,
and blood–retinal barrier (BRB) breakdown is a hallmark of
this disease. However, it is now wildly recognized as a
neuro-vascular disease. In streptozotocin (STZ)-induced
diabetic rats, vascular changes are observed, including
microaneurysms, decreases in pericyte numbers, increased
vascular permeability, BRB breakdown, and early growth
factor changes that are characteristic of background/non-
proliferative DR. More neuronal cells undergo apoptosis in
the retinas of early stage diabetic versus control rats [10,
11]. Others have also observed losses of the axonal fiber in
diabetic rat retinas [12, 13].

Numerous early retinal function tests in DR patients
suggest that neurons are vulnerable to damage shortly after
the onset of diabetes, long before any sign of vascular
damage is apparent [10, 14]. Multifocal electroretinography
(ERG), flash ERG, contrast sensitivity, color vision, and
short-wavelength-automated perimetry examinations have
detected functional deficits in the neuronal component of
diabetic retinas during the early stages of the disease [15,
16]. Thus, neuron dysfunction or degeneration and vascular
alterations may be characteristics of early diabetic
retinopathy.

CNTF is a member of the IL6 family of cytokines,
which includes leukemia inhibitory factor, CNTF, IL11,
and IL6 itself [17]. CNTF is distributed throughout the
central and peripheral nervous system in glial cells and
neurons [18, 19] and supports the differentiation
and/or survival of a variety of neurons during develop-
ment [20]. The receptor for CNTF includes a
glycosylphosphatidylinositol-linked α component,
CNTFRα, which is present in nerves and muscle [21, 22]
and a transmembrane β component (the LIFRβ/GP130
heterodimer) that is localized to nerves and macrophages
[23, 24]. CNTF can enhance photoreceptor survival, as
demonstrated in multiple animal models of retinal
degeneration, ranging from zebrafish to canine models
[25]. CNTF is effective in prolonging the survival of
retinal ganglion cells [26–28] and promoting axonal
growth in optic nerve crush and transaction models [29–
31]. In addition, CNTF can rescue retinal degeneration
due to various causes, including mutations in genes
expressed by photoreceptors or the retinal pigment epi-
thelium (RPE), as well as those induced by strong light or
neurotoxins [32, 33]. A secreted form of human CNTF
that is delivered from an encapsulated cell device has
been tested in clinical trials, based on its significant and
broad neuroprotective effects in damaged retinas. This
therapy has been approved to treat retinitis pigmentosa

(RP) and geographic atrophy (GA), which represent a
subset of age-related macular degeneration (AMD) con-
ditions [34–36].

Materials and methods

Reagents

TriZol was purchased from Invitrogen (Grand Island, NY).
Reverse transcription and RT-PCR systems were purchased
from Roche (Mannheim, Germany) and Takara (Japan),
respectively. All other reagents were obtained from Sigma
(St. Louis, MO). For western blot analyses, a rabbit poly-
clonal antibody against tyrosine hydroxylase (TH) was
purchased from Cell Signaling Technology (Beverly, MA),
a rabbit monoclonal antibody against β-III tubulin antibody
was obtained from Abcam (MA, USA), and an antibody to
rat GAPDH was obtained from Epitomics (CA, USA). NT-
3 ELISA kits were purchased from R&D Systems (MN,
USA), and CNTF ELISA kits were purchased from Sigma
(St. Louis, MO). The secondary antibody was purchased
from Santa Cruz Biotechnology.

Animals

Adult male Wistar rats (250–300 g) were obtained from the
Shanghai Laboratory Animal Center (Shanghai, China).
All animals were housed in a 12-h light-dark cycle. Ani-
mals were randomly divided into a diabetic and non-
diabetic group according to the method of random number
table. Diabetes was induced by daily intraperitoneal
injections of streptozotocin (STZ; Sigma, St. Louis, MO)
at 65 mg/kg body weight for 3 days. Age-matched non-
diabetic animals were injected with an equal volume of
citrate buffer. Body weight and blood glucose concentra-
tions were measured before injection and weekly there-
after. Diabetes was confirmed by assaying the glucose
concentration in blood collected from the tail vein using a
commercially available diagnostic kit (Human, Wiesba-
den, Germany). Rats with glucose levels >300 mg/dl were
classified as diabetic 5 days after first injection of STZ. At
the study conclusion (4 weeks post-injection), rats were
anaesthetitised with chloral hydrate and decapitated to
facilitate retinal dissection. Eyes with dense cataracts,
vitreous hemorrhages, retinal detachment, or death were
excluded.

The experimental protocols used in this study followed
guidelines established by the ARVO Statement for the Use
of Animals in Ophthalmic and Vision Research and were
approved by the Ethics Committee of Shanghai First Peo-
ple’s Hospital, Shanghai Jiaotong University, Shanghai,
China (Permit Number: 2009-0086).
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Intraocular administration of CNTF

Multiple intraocular injections, for a total of five doses,
were given every 3 days, beginning 2 weeks after the
intraperitoneal injection of STZ or citrate buffer. Levo-
floxacin hydrochloride eye drops 0.5% (Santen Pharma-
ceutical, Noto, Japan) were applied to the ocular surface
before injection. A drop of 0.4% oxybuprocaine hydro-
chloride (Santen Pharmaceutical, Osaka, Japan) was used
for additional topical anesthesia. CNTF (5 µg) in 5 µl
balanced salt solution (BSS) (Alcon, Fort Worth, TX) was
injected into the vitreous body of one eye chosen at random
according to a previous report [37]. An equal volume of
vehicle was injected into the other eye as a control. Retinas
were dissected 2 days after the last intraocular injection.
Animals with lens damage, vitreous hemorrhage, or retinal
detachment were excluded from the analyses.

Enzyme-linked immunosorbent assay

Protein levels of CNTF and neurotrophin-3 (NT-3) were
quantified by enzyme-linked immunosorbent assays (ELI-
SAs), according to the manufacturer’s instructions. Simply,
the retinas (n= 4 rats in each group) of diabetic and non-
diabetic rats were isolated and placed into 200 µl lysis
buffer (0.05M Tris-HCl, pH 7.4, 0.15 M NaCl, 0.25%
deoxycholic acid, 1% NP-40, 1 mM EDTA) supplemented
with protease inhibitor (Roche, Mannheim, Germany),
which was then sonicated. The lysate was centrifuged at
25,436 × g for 20 min at 4 °C. The protein levels of CNTF
and NT-3 were measured according to the manufacturer’s
protocols. The average value of the sample was normalized
against the total protein concentration.

RNA isolation and RT-PCR

mRNA levels of CNTF and NT-3 in the retinal tissue were
quantified by real-time PCR. Total RNA was extracted from
retinas as previously described [38]. The quality of the
mRNA was evaluated by the ratio of 28S ribosomal RNA
(rRNA) to 18S rRNA; samples (n= 4 rats in each group)
with ratios >1.6 were used for real-time PCR (n= 3 per
group) [39]. Total RNA (50 ng) was amplified using an RT-
PCR kit (Takara, Japan). The sequences of the primers were
as follows: CNTF, 5′-CGACTCCAAGAGAACCTCCA-3′
and 5′- CCTTCAGTTGGGGTGAAATG-3′ [40], NT-3, 5′-
GATCCAGGCGGATATCTTGA-3′ and 5′-
AGCGTCTCTGTTGCCGTAGT-3′ [41], β-actin sense 5′-
CACTGCCGCATCCTCTTCCTC-3′ and antisense 5′-
TGCTGTCGCCTTCACCGTTCC-3′. Each experiment was
performed a total of three times. Primers for β-actin were
designed using the Primer-BLAST primer design tool at
NCBI (http://www.ncbi.nlm.nih.gov/tools/primer-blast/

index.cgi?LINK_LOC= BlastHome). β-actin served as the
internal control. Each PCR reaction contained 0.5 µM pri-
mers, 200 µM dNTPs, 1.5 µM MgCl2, 1.25 U of Taq
polymerase, and 1 µl cDNA. The parameters were set as
follows: 37 °C for 1 h, 95 °C for 5 min, and 45 amplification
cycles of 95 °C for 5 s and 60 °C for 20 s. Relative mRNA
was normalized to β-actin, and fold-changes were calculated
using the 2−ΔΔCT method as described previously [42].

Western immunoblot analyses

To determine the relative TH and β-III tubulin protein levels,
retinal tissues were lysed in RIPA lysis buffer (0.05M Tris-
HCl, pH 7.4, 0.15M NaCl, 0.25% deoxycholic acid, 1% NP-
40, 1 mM EDTA.). The protein samples (n= 4 rats in each
group) were subjected to SDS-PAGE followed by western
blotting, as previously reported [43]. A rabbit anti-TH poly-
clonal antibody (1:1000 dilution (Cell Signaling Technology,
Beverly, MA, USA) and a rabbit anti-β-III tubulin monoclonal
antibody (1:3000 dilution, Abcam, Cambridge, MA, USA)
were used as the primary antibodies. Peroxidase-conjugated
goat anti-rat IgG (1:2000 dilution, Santa Cruz Biotechnology,
Inc., Santa Cruz, CA) was used as the second antibody. Pro-
tein levels of CNTFRα (the receptor for CNTF) in the retina
were determined by western blot using an anti-CNTFRα
antibody (1:3000 dilution, Abcam, Cambridge, MA, USA).
Anti-GAPDH (1:1000 dilution, Cell Signaling Technology,
Beverly, MA, USA) was used as a loading control for western
blotting. The intensity of the bands was quantified by densi-
tometry using ImageJ software (NIH, USA).

Immunohistochemistry and transferase-mediated
dUTP nick-end labeling staining

To detect individual apoptotic cells, dual-color staining for
transferase-mediated dUTP nick-end labeling staining
(TUNEL) and TH protein (Abcam, Shatin, Hong Kong) was
carried out using a DeadEnd™ Fluorometric TUNEL Sys-
tem kit (Promega, Madison, WI, USA) according to the
manufacturer’s instructions. Cell nuclei were counterstained
with DAPI (1 μg/ml; Beyotime Institute of Biotechnology,
Jiangsu, China) to visualize the layer structure of the retina.
Samples (n= 6 animals in each group) were observed under
a confocal laser scanning microscope (Zeiss LSM510; Carl
Zeiss, Thornwood, NY). The numbers of total and TUNEL-
positive nuclei in the ganglion cell layer (GCL) were
counted per length of section as previously described [44].

Measurement of caspase-3 activity

The enzymatic activity of the caspase-3 class of proteases in
the retina (n= 6 animals in each group) was measured by a
caspase-3 colorimetric assay kit (Promega, Madison, WI,
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USA) per the manufacturer’s instructions. Briefly, the
enzymatic reaction for caspase activity was performed by
the addition of 50 µl of retina homogenate from a total of
150 µl/retina in a 96-well flat bottom microplate. The
cleavage of a caspase-3 colorimetric substrate (DEVD-

pNA) was measured at 405 nm using a microplate reader
(Auto Bio Labtech Instruments, Co, Ltd, China).

Data analyses

The sample size was estimated according to the previous
study [41]. All values are expressed as mean ± SD. Statis-
tical significance between groups was analyzed either by
Welch’s t test or one-way ANOVA followed by Fisher’s
projected least significant difference (PLSD) multiple
comparison tests, as indicated. P < 0.05 was considered
statistically significant. All statistical routines were used as
implemented in SPSS version 17.0 (IBM).

Results

Reduced TH and β-III tubulin protein levels in
diabetic rat retinas

TH protein levels, which were used as a marker for retinal
dopaminergic amacrine cells, were quantified via western
blot (Fig. 1). The mean value obtained for non-diabetic rats
was set as 100% for each protein species, and TH protein
levels were standardized to GAPDH levels. We found that
TH protein levels were significantly lower in diabetic than
in non-diabetic rats (p < 0.01, n= 4 rats in group) (Fig. 1).

Fig. 1 Reduced TH and β-tubulin protein levels in diabetic rat retinas.
a Western blotting was used for TH, β-tubulin, and GAPDH in the
retinas. b Denstitometric analyses of TH and β-tubulin protein levels,
standardized against GAPDH protein levels in the lane, were per-
formed. TH and β-tubulin levels in diabetic animals were lower than
those of non-diabetic animals. Bars represent the mean ± SD values,
with the mean values for non-diabetic rat retinas set at 100%. (Welch’s
t test, *p < 0.5, **p < 0.01)

Fig. 2 Immunohistochemistry of
TH and TUNEL staining on
paraffin sections of rat retinas. a
In the rat retinas, the TH-
positive amacrine neurons and
fibers were observed in the
innermost row of the INL. TH-
positive fibers of the IPL could
be detected in the non-diabetic
rat retina. In the diabetic
animals, TH-positive fibers in
the IPL cannot be detected, and
the fibers in the INL were
thinner than in non-diabetic
animals. CNTF can reduce the
loss of TH-positive cells and
fibers in diabetic animal retinas.
b TUNEL staining was carried
out in combination with
immunostaining against TH. In
the images, the TH-positive
neurons (red) showed a TUNEL-
positive signal (green),
confirming that apoptosis occurs
in the dopaminergic amacrine
cells of diabetic animals. No
apoptosis event was detected in
the retinas of non-diabetic
animals. Scale bar= 50 μm
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We found that the levels of β-III tubulin in diabetic rats
were also significantly lower than those of normal rats (p <
0.05, n= 4 rats in each group) (Fig. 1).

Reduction in the dopaminergic amacrine cells and
TH immunoreactivity in the diabetic rat retina

n both non-diabetic and diabetic rat retinas, TH-positive
amacrine neurons were observed in the inner nuclear layer
(INL) (Fig. 2a). TH-positive fibers in the inner plexiform
layer (IPL) could be detected in the non-diabetic rat retina
(Fig. 2a). In the diabetic animals, TH-positive amacrine
neurons in the INL were thinner, and TH-positive fibers in
the IPL were hardly visible. When specimens were analyzed
by dual-color staining for TUNEL and TH protein, some
TH-positive amacrine neurons undergoing apoptosis were
detected in diabetic rats (Fig. 2b). TUNEL-positive ama-
crine neurons were not observed in non-diabetic rats
(Fig. 2b).

Reduction in CNTF, but not NT-3 expression in
diabetic rat retinas

As shown in Fig. 3a, b, CNTF protein levels in the retinas
of diabetic rats were significantly decreased compared to
control rats (p < 0.01, n= 4 rats in each group). In contrast,
no significant differences in NT-3 protein levels were found
between diabetic and non-diabetic rats. Trends for mRNA
expression echoed those observed for protein levels; CNTF
mRNA levels were significantly lower in diabetic animals
(p < 0.05), while NT-3 mRNA levels did not differ sig-
nificantly (Fig. 3c, d).

Therapeutic effect of CNTF in preventing
degeneration of neural cells in diabetic rat retinas

TH and β-III tubulin protein levels were assessed by wes-
tern blot; vehicle-treated non-diabetic rat retinas was set as
100% (Fig. 4). Retinal TH and β-III tubulin levels in the
vehicle-treated diabetic eye were markedly reduced (p <
0.01) compared to vehicle-treated non-diabetic rat retinas.
CNTF treatment also maintained TH and β-III tubulin levels
in the diabetic rat retinas (p < 0.05) compared to vehicle-
treated diabetic rat retinas. Furthermore, CNTF application
upregulated TH protein levels, even in non-diabetic rats.
However, no differences in β-III tubulin levels were
detected between CNTF-treated and vehicle-treated non-
diabetic rat retinas.

To investigate the protective effects of CNTF on dopa-
minergic amacrine cells and GCLs, TUNEL or anti-TH
antibody labeling was performed in retinal cross sections
after intravitreal CNTF injection. The number of TH-
positive cells in the INL of CNTF-treated diabetic retinas

was higher than in vehicle-treated diabetic retinas (Fig. 2a).
CNTF can reduce the loss of dopaminergic amacrine cells
in the early stages of diabetes. TUNEL assays performed on
retina sections indicated that the number of TUNEL-
positive (green) cells in the GCL of the vehicle-treated
diabetic retinas was significantly increased (p < 0.001)
compared to non-diabetic retinas (Fig. 5a, b). However,
CNTF treatment reduced cell death in the GCL of diabetic
rat retinas (GCL, p < 0.01; INL, p < 0.05) compared to
vehicle-treated diabetic retinas.

Activation of caspase-3 is a hallmark of apoptotic cell
death that precedes changes in nuclear morphology [45].
To confirm the activity of caspase-3 and the effect of
CNTF on caspase-3 activity in diabetic or non-diabetic rat
retinas, we measured caspase-3 activity in the extracts of
diabetic and non-diabetic rats using the chromogenic
substrate Ac-DEVD-pNA. Our results show that (Fig. 5c)
the intraocular injection procedure itself does not alter

Fig. 3 Quantification of CNTF and NT-3 levels in diabetic rat retinas.
Protein levels of CNTF (a) and NT-3 (c) in the retinas of non-diabetic
and diabetic rats were quantified by ELISA and were represented as
quantities of neurotrophin per total soluble protein. Bars represent
mean ± SD. CNTF protein levels in the retinas of diabetic rats were
significantly decreased compared with those in non-diabetic rats. In
contrast, there were no significant differences in NT-3 protein levels
between diabetic rats and non-diabetic rats. mRNA levels of CNTF (b)
and NT-3 (d) were determined by real-time PCR, and their values were
standardized to β-actin mRNA levels in the same RNA sample. Bars
represent mean ± SD. CNTF mRNA levels in diabetic rats were sig-
nificantly lower than those of non-diabetic rats, whereas NT-3 mRNA
levels were not significantly different between diabetic and non-
diabetic animals (Welch’s t test, *p < 0.5, **p < 0.01)
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retinal caspase-3 activity in normal animals compared with
animals not receiving injection (p= 0.32). Retinal
caspase-3 activity was markedly increased in the vehicle-
treated diabetic eye (p < 0.01) compared to vehicle-treated
non-diabetic eyes. CNTF treatment inhibited the caspase-3
activity in diabetic rat retinas (p < 0.05) compared to
diabetic retinas not receiving CNTF. However, CNTF
application did not affect the activity of caspase-3 in non-
diabetic rats.

Discussion

Researchers examining retinal dopamine content [46] and
TH activity [47] have suggested that dysfunction in dopa-
minergic amacrine cells occurs in the retinas of diabetic rats.
In our study, we demonstrated that the degeneration of
dopaminergic amacrine cells can occur during the early
stages of STZ-induced diabetes. In general, TH and β-III
tubulin protein levels in the retina were decreased, reflecting

Fig. 4 Therapeutic effect of CNTF against degeneration of dopami-
nergic amacrine cells in diabetic rat retinas demonstrated by western
blot. Densitometric analyses of TH (a, b) and β-III tubulin level (c, d),
standardized against GAPDH levels in the same lane, were performed,
and the mean value for the vehicle-treated non-diabetic rat retinas was
set at 100% (100 ± 8%). Bars represent the means ± SD for each group.

One-way ANOVA followed by Fisher’s PLSD multiple comparison
tests showed that retinal TH and β-III tubulin levels in the CNTF-
treated diabetic eyes were higher than those in vehicle-treated diabetic
eyes (*p < 0.05; **p < 0.01). The levels of TH in CNTF-treated non-
diabetic retinas were higher than those in vehicle-treated non-diabetic
retinas (#p < 0.05)

Fig. 5 a, b Diabetes-induced apoptosis was inhibited by CNTF. The
cell bodies of the dopaminergic amacrine cells were located in the
INL. The green staining cells in the INL of CNTF-treated diabetic
retinas were more abundant than in vehicle-treated diabetic retinas.
One-way ANOVA followed by Fisher’s PLSD multiple comparison
tests showed that the staining in the GCL of diabetic retinas was
increased (**p < 0.01), but suppressed significantly by CNTF (*p <
0.05). Values are mean ± SD. Scale bar= 50 μm. c CNTF inhibits
caspase-3 activity in diabetic rat retinas. Retinal caspase-3 activities in

diabetic eyes were significantly higher than those in vehicle-treated
non-diabetic eyes. Retinal caspase-3 activities in CNTF-treated dia-
betic eyes were less than those in vehicle-treated eyes. CNTF appli-
cation itself only decreased caspase-3 activity in the diabetic rat retina.
Data are presented as mean ± SD for each group. One-way ANOVA
followed by Fisher’s PLSD multiple comparison tests was used.
**p < 0.01 in comparison with the vehicle-treated non-diabetic retinas
and #p < 0.05 in comparison with the vehicle-treated diabetic retinas
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degeneration of dopaminergic amacrine cells and the TH-
positive fibers (Figs. 1 and 2).

The degeneration of dopaminergic amacrine cells is a
vexing problem in the progression of DR. There are no
effective means to treat it, because the mechanisms under-
lying the degeneration of dopaminergic amacrine cells in
diabetic animals are largely unknown. However, several
mechanisms have been postulated [48]. The first involves
insulin deprivation, which occurs in STZ-induced diabetes.
Insulin is an essential factor for the survival of amacrine
cells in vitro [49]. Systemically administered insulin can
accumulate in the vitreous fluid and augment insulin
receptor phosphorylation [50]. A second possible mechan-
ism involves hyperglycemia. High glucose induces cell
apoptosis in cultured retinal neural cells [51]. A third pos-
sible mechanism involves the generation of reactive oxygen
species (ROS) in the retina. Diabetic neurodegenerative
changes in the retina can be prevented by suppressing ROS
production [52, 53]. The fourth possibility involves the
dysfunction of Muller cells in the diabetic retina. Diabetic
Muller cells show reduced glutamate-aspartate transporter
functions and are compromised in their ability to synthesize
glutamine [14, 54]. These dysfunctions result in elevated
glutamate [55] levels in diabetic retinas, which may induce
excitotoxicity in amacrine cells.

Diabetes-related changes in the expression levels of
neurotrophins have been reported in retinas, peripheral
nerves, and the brain [56]. However, the CNTF levels in
diabetic retinas have not been reported. Here, we show that
both the mRNA and protein levels of CNTF are markedly
decreased in STZ-induced diabetic rats (Fig. 3). In contrast
to the reduction in CNTF levels, NT-3 expression was
unaffected.

CNTF has been shown to improve nerve conduction and
to repair regeneration deficits in peripheral nerves [57],
while potentially preventing the death of retinal amacrine
cells [58] in vivo. To confirm the neuropathological
implications of reductions in CNTF, we injected exogenous
CNTF protein into the vitreous body of diabetic rats. Pro-
misingly, we found that CNTF injection efficiently rescues
dopaminergic amacrine cells and RGCs from neurodegen-
eration and counteracts the downregulation of TH and β-III
tubulin levels seen in diabetic retinas. In non-diabetic rats,
CNTF can increase protein levels of TH, which indicates
that CNTF may improve the activity of the dopaminergic
amacrine cells in the retina. However, CNTF has no effect
on the protein expression of β-III tubulin in the retina. We
propose that CNTF protects neurons from cell death, pos-
sibly through CNTFR, which activates downstream Ras/
mitogen-activated protein kinase and the Jak/STAT path-
way, along with the ERK and the PI3K pathways, which are
relevant to neuronal survival. Neurotrophins have biological
roles other than aiding neuronal survival; CNTF also

supports the differentiation of a variety of neurons during
development [20]. Although the neuroprotective effects of
CNTF have been reported [59], the precise signaling
mechanism(s) by which CNTF protects dopaminergic
amacrine cells in diabetic retinas requires further investi-
gation. Previous reports have demonstrated that dopami-
nergic amacrine cells express CNTFR [60]. Thus, CNTFR
is likely to play a role in this process. Caspase-3 is an
executioner caspase, relaying downstream death signals and
activating other caspase proteins. Another possibility is that
CNTF, which has been shown to reduce the apoptosis of
pancreatic islet cells and control systemic glucose levels
[61], might also act similarly in the retina. In our study, we
observed an increase in the activity of caspase-3 in the
retina, suggesting that the apparent increase in cell death
may be due to caspase activation.

Neurotrophins have been tested as candidate therapeutic
agents for diabetic neuropathy. However, neurotrophins do
not cross the blood–retina barrier [62], making it difficult to
ensure their local supply to the retinal neurons. Although
we were able to inject CNTF directly to the vitreous body of
the eyeball, frequent injection of neurotrophic factors into
the vitreous space of diabetic patients is highly impractical.
An intravitreous implant that releases CNTF continuously
or the impregnation of CNTF-secreting cells may resolve
such problems and could have a better prospect of clinical
application.

Disclaimer
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encing the position presented in, or the review of, the
manuscript entitled, “Involvement of Ciliary Neurotrophic
Factor in Early Diabetic Retinal Neuropathy in
Streptozotocin-Induced Diabetic Rats”.

Summary

What was known before

● Neuron dysfunction or degeneration in retina has
occurred in early diabetic retinopathy.

What this study adds

● CNTF helps to prevent amacrine and neural cell
degeneration in the retinas of diabetic rats.

Involvement of ciliary neurotrophic factor in early diabetic retinal neuropathy in. . . 1469



Acknowledgements We thank Yan Suo for experiment assistance.
This research was supported by Project of National Key Research
Program on Precision Medicine and National Natural Science Foun-
dation of China (National Science Foundation of China). Grant Nos.
2016YFC0904800, 81273424 and 81570851.

Compliance with ethical standards

Conflict of interest We declare that we do not have any commercial or
associative interest that represents a conflict of interest in connection
with this work.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

References

1. Cheung N, Mitchell P, Wong TY. Diabetic retinopathy. Lancet.
2010;376:124–36.

2. Yau JW, Rogers SL, Kawasaki R, Lamoureux EL, Kowalski JW,
Bek T, et al. Meta-analysis for eye disease study G: global pre-
valence and major risk factors of diabetic retinopathy. Diabetes
Care. 2012;35:556–64.

3. Lee LJ, Yu AP, Cahill KE, Oglesby AK, Tang J, Qiu Y, et al.
Direct and indirect costs among employees with diabetic retino-
pathy in the United States. Curr Med Res Opin. 2008;24:1549–59.

4. Pelletier EM, Shim B, Ben-Joseph R, Caro JJ. Economic out-
comes associated with microvascular complications of type 2
diabetes mellitus: results from a US claims data analysis. Phar-
macoeconomics. 2009;27:479–90.

5. Heintz E, Wirehn AB, Peebo BB, Rosenqvist U, Levin LA. Pre-
valence and healthcare costs of diabetic retinopathy: a population-
based register study in Sweden. Diabetologia. 2010;53:2147–54.

6. Whiting DR, Guariguata L, Weil C, Shaw J. IDF diabetes atlas:
global estimates of the prevalence of diabetes for 2011 and 2030.
Diabetes Res Clin Pract. 2011;94:311–21.

7. Mohamed Q, Gillies MC, Wong TY. Management of diabetic
retinopathy: a systematic review. JAMA. 2007;298:902–16.

8. Simo R, Hernandez C. Advances in the medical treatment of
diabetic retinopathy. Diabetes Care. 2009;32:1556–62.

9. Joussen AM, Joeres S. Benefits and limitations in vitreoretinal
surgery for proliferative diabetic retinopathy and macular edema.
Dev Ophthalmol. 2007;39:69–87.

10. Barber AJ, Lieth E, Khin SA, Antonetti DA, Buchanan AG,
Gardner TW. Neural apoptosis in the retina during experimental
and human diabetes. Early onset and effect of insulin. J Clin
Invest. 1998;102:783–91.

11. Asnaghi V, Gerhardinger C, Hoehn T, Adeboje A, Lorenzi M. A
role for the polyol pathway in the early neuroretinal apoptosis and
glial changes induced by diabetes in the rat. Diabetes.
2003;52:506–11.

12. Chihara E, Matsuoka T, Ogura Y, Matsumura M. Retinal nerve
fiber layer defect as an early manifestation of diabetic retinopathy.
Ophthalmology. 1993;100:1147–51.

13. Li Q, Zemel E, Miller B, Perlman I. Early retinal damage in
experimental diabetes: electroretinographical and morphological
observations. Exp Eye Res. 2002;74:615–25.

14. Lieth E, Barber AJ, Xu B, Dice C, Ratz MJ, Tanase D, et al. Glial
reactivity and impaired glutamate metabolism in short-term
experimental diabetic retinopathy. Penn State Retina Research
Group. Diabetes. 1998;47:815–20.

15. Peng PH, Lin HS, Lin S. Nerve fibre layer thinning in patients
with preclinical retinopathy. Can J Ophthalmol. 2009;44:417–22.

16. Bearse MA Jr., Han Y, Schneck ME, Adams AJ. Retinal function
in normal and diabetic eyes mapped with the slow flash multifocal
electroretinogram. Invest Ophthalmol Vis Sci. 2004;45:296–304.

17. Kishimoto T, Akira S, Narazaki M, Taga T. Interleukin-6 family
of cytokines and gp130. Blood. 1995;86:1243–54.

18. Stockli KA, Lillien LE, Naher-Noe M, Breitfeld G, Hughes RA,
Raff MC, et al. Regional distribution, developmental changes, and
cellular localization of CNTF-mRNA and protein in the rat brain.
J Cell Biol. 1991;115:447–59.

19. Winter CG, Saotome Y, Levison SW, Hirsh D. A role for ciliary
neurotrophic factor as an inducer of reactive gliosis, the glial
response to central nervous system injury. Proc Natl Acad Sci
USA. 1995;92:5865–9.

20. Rezende AC, Vieira AS, Rogerio F, Rezende LF, Boschero AC,
Negro A, et al. Effects of systemic administration of ciliary neu-
rotrophic factor on Bax and Bcl-2 proteins in the lumbar spinal
cord of neonatal rats after sciatic nerve transection. Braz J Med
Biol Res. 2008;41:1024–8.

21. MacLennan AJ, Devlin BK, Neitzel KL, McLaurin DL, Anderson
KJ, Lee N. Regulation of ciliary neurotrophic factor receptor alpha
in sciatic motor neurons following axotomy. Neuroscience.
1999;91:1401–13.

22. Davis S, Aldrich TH, Ip NY, Stahl N, Scherer S, Farruggella T,
et al. Released form of CNTF receptor alpha component as a
soluble mediator of CNTF responses. Science. 1993;259:1736–9.

23. Hilton DJ, Nicola NA, Metcalf D. Distribution and comparison of
receptors for leukemia inhibitory factor on murine hemopoietic
and hepatic cells. J Cell Physiol. 1991;146:207–15.

24. Heinrich PC, Behrmann I, Muller-Newen G, Schaper F, Graeve L.
Interleukin-6-type cytokine signalling through the gp130/Jak/
STAT pathway. Biochem J. 1998;334(Pt 2):297–314.

25. Wen R, Tao W, Li Y, Sieving PA. CNTF and retina. Prog Retin
Eye Res. 2012;31:136–51.

26. Meyer-Franke A, Kaplan MR, Pfrieger FW, Barres BA. Char-
acterization of the signaling interactions that promote the survival
and growth of developing retinal ganglion cells in culture. Neu-
ron. 1995;15:805–19.

27. Takahata K, Katsuki H, Kume T, Nakata D, Ito K, Muraoka S,
et al. Retinal neuronal death induced by intraocular administration
of a nitric oxide donor and its rescue by neurotrophic factors in
rats. Invest Ophthalmol Vis Sci. 2003;44:1760–6.

28. van Adel BA, Kostic C, Deglon N, Ball AK, Arsenijevic Y.
Delivery of ciliary neurotrophic factor via lentiviral-mediated
transfer protects axotomized retinal ganglion cells for an extended
period of time. Hum Gene Ther. 2003;14:103–15.

29. Cui Q, Lu Q, So KF, Yip HK. CNTF, not other trophic factors,
promotes axonal regeneration of axotomized retinal ganglion cells
in adult hamsters. Invest Ophthalmol Vis Sci. 1999;40:760–6.

30. Jo SA, Wang E, Benowitz LI. Ciliary neurotrophic factor is an
axogenesis factor for retinal ganglion cells. Neuroscience.
1999;89:579–91.

31. MacLaren RE, Buch PK, Smith AJ, Balaggan KS, MacNeil A,
Taylor JS, et al. CNTF gene transfer protects ganglion cells in rat

1470 M. Ma et al.

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


retinae undergoing focal injury and branch vessel occlusion. Exp
Eye Res. 2006;83:1118–27.

32. Li R, Wen R, Banzon T, Maminishkis A, Miller SS. CNTF
mediates neurotrophic factor secretion and fluid absorption in
human retinal pigment epithelium. PLoS ONE. 2011;6:e23148.

33. Chucair-Elliott AJ, Elliott MH, Wang J, Moiseyev GP, Ma JX,
Politi LE, et al. Leukemia inhibitory factor coordinates the down-
regulation of the visual cycle in the retina and retinal-pigmented
epithelium. J Biol Chem. 2012;287:24092–102.

34. Zhang K, Hopkins JJ, Heier JS, Birch DG, Halperin LS, Albini
TA, et al. Ciliary neurotrophic factor delivered by encapsulated
cell intraocular implants for treatment of geographic atrophy in
age-related macular degeneration. Proc Natl Acad Sci USA.
2011;108:6241–5.

35. Talcott KE, Ratnam K, Sundquist SM, Lucero AS, Lujan BJ, Tao
W, et al. Longitudinal study of cone photoreceptors during retinal
degeneration and in response to ciliary neurotrophic factor treat-
ment. Invest Ophthalmol Vis Sci. 2011;52:2219–26.

36. Birch DG, Weleber RG, Duncan JL, Jaffe GJ, Tao W. Rando-
mized trial of ciliary neurotrophic factor delivered by encapsulated
cell intraocular implants for retinitis pigmentosa. Am J Ophthal-
mol. 2013;156:283–92 e1.

37. Mansour-Robaey S, Clarke DB, Wang YC, Bray GM, Aguayo
AJ. Effects of ocular injury and administration of brain-derived
neurotrophic factor on survival and regrowth of axotomized ret-
inal ganglion cells. Proc Natl Acad Sci USA. 1993;91:1632–6.

38. Seki M, Nawa H, Fukuchi T, Abe H, Takei N. BDNF is upre-
gulated by postnatal development and visual experience: quanti-
tative and immunohistochemical analyses of BDNF in the rat
retina. Invest Ophthalmol Vis Sci. 2003;44:3211–8.

39. Imai C, Sugai T, Iritani S, Niizato K, Nakamura R, Makifuchi T,
et al. A quantitative study on the expression of synapsin II and N-
ethylmaleimide-sensitive fusion protein in schizophrenic patients.
Neurosci Lett. 2001;305:185–8.

40. Guo XJ, Tian XS, Ruan Z, Chen YT, Wu L, Gong Q, et al.
Dysregulation of neurotrophic and inflammatory systems accom-
panied by decreased CREB signaling in ischemic rat retina. Exp
Eye Res. 2014;125:156–63.

41. Seki M, Tanaka T, Nawa H, Usui T, Fukuchi T, Ikeda K, et al.
Involvement of brain-derived neurotrophic factor in early retinal
neuropathy of streptozotocin-induced diabetes in rats: therapeutic
potential of brain-derived neurotrophic factor for dopaminergic
amacrine cells. Diabetes. 2004;53:2412–9.

42. Livak KJ, Schmittgen TD. Analysis of relative gene expression
data using real-time quantitative PCR and the 2(2Delta Delta C
(T)) method. Methods. 2001;25:402–8.

43. Ma M, Zhang Z, Du E, Zheng W, Gu Q, Xu X, et al. Wnt
signaling in form deprivation myopia of the mice retina. PLoS
ONE. 2014;9:e91086.

44. Xiang M, Zhou L, Peng YW, Eddy RL, Shows TB, Nathans J.
Brn-3b: a POU domain gene expressed in a subset of retinal
ganglion cells. Neuron. 1993;11:689–701.

45. Degterev A, Boyce M, Yuan J. A decade of caspases. Oncogene.
2003;22:8543–67.

46. Nishimura C, Kuriyama K. Alterations in the retinal dopaminergic
neuronal system in rats with streptozotocin-induced diabetes. J
Neurochem. 1985;45:448–55.

47. Northington FK, Hamill RW, Banerjee SP. Dopamine-stimulated
adenylate cyclase and tyrosine hydroxylase in diabetic rat retina.
Brain Res. 1985;337:151–4.

48. Gaspar JM, Martins A, Cruz R, Rodrigues CM, Ambrósio AF,
Santiago AR. Tauroursodeoxycholic acid protects retinal neural
cells from cell death induced by prolonged exposure to elevated
glucose. Neuroscience. 2013;253:380–8.

49. Politi LE, Rotstein NP, Salvador G, Giusto NM, Insua MF.
Insulin-like growth factor-I is a potential trophic factor for ama-
crine cells. J Neurochem. 2001;76:1199–211.

50. Reiter CE, Sandirasegarane L, Wolpert EB, Klinger M, Simpson
IA, Barber AJ, et al. Characterization of insulin signaling in rat
retina in vivo and ex vivo. Am J Physiol Endocrinol Metab.
2003;285:E763–74.

51. Santiago AR, Cristovao AJ, Santos PF, Carvalho CM, Ambrosio
AF. High glucose induces caspase-independent cell death in ret-
inal neural cells. Neurobiol Dis. 2007;25:464–72.

52. Ozawa Y, Sasaki M, Takahashi N, Kamoshita M, Miyake S,
Tsubota K. Neuroprotective effects of lutein in the retina. Curr
Pharm Des. 2012;18:51–6.

53. Sasaki M, Ozawa Y, Kurihara T, Noda K, Imamura Y, Kobayashi
S, et al. Neuroprotective effect of an antioxidant, lutein, during
retinal inflammation. Invest Ophthalmol Vis Sci. 2009;50:1433–9.

54. Li Q, Puro DG. Diabetes-induced dysfunction of the glutamate
transporter in retinal Muller cells. Invest Ophthalmol Vis Sci.
2002;43:3109–16.

55. Santiago AR, Pereira TS, Garrido MJ, Cristóvão AJ, Santos PF,
Ambrósio AF. High glucose and diabetes increase the release of
[3H]-D-aspartate in retinal cell cultures and in rat retinas. Neu-
rochem Int. 2006;48:453–8.

56. Etemad A, Sheikhzadeh F, Asl NA. Evaluation of brain-derived
neurotrophic factor in diabetic rats. Neurol Res. 2015;37:
217–22.

57. Mizisin AP, Vu Y, Shuff M, Calcutt NA. Ciliary neurotrophic
factor improves nerve conduction and ameliorates regeneration
deficits in diabetic rats. Diabetes. 2004;53:1807–12.

58. Saleh A, Roy Chowdhury SK, Smith DR, Balakrishnan S, Tessler
L, Martens C, et al. Ciliary neurotrophic factor activates NF-
kappaB to enhance mitochondrial bioenergetics and prevent
neuropathy in sensory neurons of streptozotocin-induced diabetic
rodents. Neuropharmacology. 2013;65:65–73.

59. Rhee KD, Nusinowitz S, Chao K, Yu F, Bok D, Yang XJ. CNTF-
mediated protection of photoreceptors requires initial activation of
the cytokine receptor gp130 in Muller glial cells. Proc Natl Acad
Sci USA. 2013;110:E4520–9.

60. Pease ME, Zack DJ, Berlinicke C, Bloom K, Cone F, Wang Y,
et al. Effect of CNTF on retinal ganglion cell survival in
experimental glaucoma. Invest Ophthalmol Vis Sci. 2009;50:
2194–200.

61. Rezende LF, Vieira AS, Negro A, Langone F, Boschero AC.
Ciliary neurotrophic factor (CNTF) signals through STAT3-
SOCS3 pathway and protects rat pancreatic islets from cytokine-
induced apoptosis. Cytokine. 2009;46:65–71.

62. Pardridge WM. Neurotrophins, neuroprotection and the blood-
brain barrier. Curr Opin Investig Drugs. 2002;3:1753–7.

Involvement of ciliary neurotrophic factor in early diabetic retinal neuropathy in. . . 1471


	Involvement of ciliary neurotrophic factor in early diabetic retinal neuropathy in streptozotocin-induced diabetic rats
	Abstract
	Introduction
	Materials and methods
	Reagents
	Animals
	Intraocular administration of CNTF
	Enzyme-linked immunosorbent assay
	RNA isolation and RT-PCR
	Western immunoblot analyses
	Immunohistochemistry and transferase-mediated dUTP nick-end labeling staining
	Measurement of caspase-3 activity
	Data analyses

	Results
	Reduced TH and β-III tubulin protein levels in diabetic rat retinas
	Reduction in the dopaminergic amacrine cells and TH immunoreactivity in the diabetic rat retina
	Reduction in CNTF, but not NT-3 expression in diabetic rat retinas
	Therapeutic effect of CNTF in preventing degeneration of neural cells in diabetic rat retinas

	Discussion
	Disclaimer
	Summary
	Compliance with ethical standards

	ACKNOWLEDGMENTS
	References




