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 Photoreceptor apoptosis is associated with human reti-
nal detachment (RD) induced photoreceptor degeneration [1-
4]. Previously, we demonstrated the importance of caspase
activation in RD-induced photoreceptor death in a rat model
of RD [5,6]. However, the upstream extracellular signals that
lead to caspase activation and ultimately to photoreceptor de-
generation after RD remain unclear.

Cytokines, chemokines, and growth factors are extracel-
lular proteins that can regulate caspase activity and apoptotsis
of cells in response to injury. For instance, the cytokine TNF-
α induces a signal transduction cascade that activates caspase

8, which triggers the cleavage of caspase 3 and leads to
apoptosis [7]. In contrast, growth factors, such as bFGF and
neurotrophins, stimulate Akt, which suppresses the activation
of caspase 9 and subsequent downstream events to support
neuronal survival [8]. Thus, better understanding of the roles
of cytokines and growth factors in RD will provide further
insight into the mechanisms leading to photoreceptor cell death.

Cytokines also play a pivotal role in proliferative changes
of the retina associated with RD, including Müller cell hyper-
trophy [9-11], neovascularization, and neoplasia, as well as
proliferative vitreoretinopathy (PVR) [12,13]. These prolif-
erative changes are often serious complications and are asso-
ciated with a poor prognosis even after surgery [14,15]. Vitre-
ous samples from patients with RD contain significantly higher
levels of TNF-α [16,17], IL-1β [14,16], MCP-1 [18-20], and
bFGF [14,15,21,22] compared to samples from patients with
a macular hole or idiopathic premacular fibrosis. Despite the
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Purpose: Photoreceptor apoptosis is associated with retinal detachment (RD) induced photoreceptor degeneration. Previ-
ously, we demonstrated the importance of caspase activation for RD-induced photoreceptor death in a rat model of RD.
However, extracellular signals that precede the activation of caspases and photoreceptor degeneration remain unclear. The
aim of this study is to characterize the molecular and cellular responses that occur after RD. The expression of cytokines,
chemokines, and growth factors were examined in a rat model of RD.
Methods: RD was induced in adult rats by subretinal injection of sodium hyaluronate. Retinal tissues were collected at
various times (1, 3, 6, 24, and 72 h) after the induction of detachment. To screen for expressional changes in response to
RD, major candidates for cytokines, chemokines, and growth factors were broadly examined by quantitative real time
polymerase chain reaction (QPCR). To identify the cellular sources of the expressed genes, cells from various layers of the
retina were obtained using laser capture microdissection (LCM), and their mRNAs were isolated. Protein expression was
quantified by immunohistochemistry and Enzyme Linked-Immuno-Sorbent Assay (ELISA). To assess the potential of
early response genes after RD to induce photoreceptor degeneration, exogenous recombinant proteins were subretinally
injected and the photoreceptor cell death was assessed using a TdT-dUTP terminal nick-end labeling (TUNEL) assay at 24
h after RD.
Results: At 72 h after RD a significant increase in mRNA levels for tumor necrosis factor α (TNF-α), interleukin-1β (IL-
1β), monocyte chemotactic protein-1 (MCP-1), and basic fibroblast growth factor (bFGF) were detected in the neural
retina. LCM revealed increased expression of mRNA for bFGF and MCP-1 in all retinal layers, though bFGF was espe-
cially evident in the outer nuclear layer (ONL) and MCP-1 in the inner nuclear layer (INL). TNF-α was increased in the
ONL and the INL, and IL-1β was increased in the ganglion cell layer. Time course experiments showed that TNF-α, IL-
1β and MCP-1 increased within 1 h after RD, while bFGF was increased by 24 h. Increased protein expression for TNF-
α, IL-1β, and MCP-1 was demonstrated by ELISA at 6 h after RD. Immunohistochemistry showed TNF-α and bFGF
expression in the whole retina, with IL-1β specifically expressed in astrocytes and MCP-1 in Müller cells. Subretinal
administration of MCP-1 significantly increased TUNEL-positive cells in the ONL 24 h after RD, while injection of
vehicle control, TNF-α, or IL-1β showed no effect.
Conclusions: Retinal glial cells, including astrocytes and Müller cells, are a major source of cytokine induction after RD.
The increased expression and release of MCP-1 may be an important cause of photoreceptor degeneration associated with
RD. This study helps to understand the mechanisms of RD-induced photoreceptor degeneration. Our results may provide
new therapeutic targets to prevent photoreceptor degeneration following RD.
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association of cytokines and growth factors with PVR and
photoreceptor death, the mechanisms that induce cytokine re-
lease and their roles in RD are largely unexplored.

In this study, in order to characterize cytokine, chemokine,
and growth factor responses to RD, we screened for the changes
in gene expression in the neural retina following RD using
quantitative real-time PCR (QPCR). We also characterized the
changes of TNF-α, IL-1β, MCP-1, and bFGF following RD
in the various retinal layers using Laser Capture Microdissec-
tion (LCM), QPCR, Enzyme Linked-Immuno-Sorbent Assay
(ELISA) and immunohistochemistry.

METHODS

Animals:  All procedures concerning animals were performed
in accordance with the statement of the Association for Re-
search in Vision and Ophthalmology and the approval of the
Animal Care Committee of the Massachusetts Eye and Ear
Infirmary. Adult male Brown Norway rats (200-300 g, Charles
River, Boston, MA) were housed in covered cages, fed with
standard rodent diet ad libitum, and kept on a 12 h light/dark
cycle.

Surgical procedure of RD:  The rat RD was performed as
previously described [5]. Adult male rats were anesthetized
with a mixture (1:1) of ketamine (100 mg/ml) and xylazine
(20 mg/ml; both from Phoenix Pharmaceutical, St. Joseph,
MO). A total of 84 rats were used for this study. Pupils were
dilated with a topically applied mixture of phenylephrine
(5.0%) and tropicamide (0.8%). A sclerotomy was performed
approximately 2 mm posterior to the limbus using a 30-gauge
needle, while being cautious not to damage the lens during
the procedure. A Glaser subretinal injector (20-gauge shaft
with a 32-gauge tip, BD Biosciences) connected to a syringe
filled with sodium hyaluronate (Healon, Pharmacia and Upjohn
Co., Kalamazoo, MI) was then introduced into the vitreous
cavity. Retinotomy was performed in the peripheral retina with
the tip of the subretinal injector, and the sodium hyaluronate
was slowly injected into the subretinal space, causing detach-
ment of one half of the retina. Subretinal administration of 5
µl PBS (0.1 M phosphate buffer [pH, 7.4] -0.15 M NaCl), rat
recombinant TNF-α (Peprotech, Rocky Hill, NJ, 0.1 µg/µl),
rat recombinant IL-1β (Peprotech, 0.1 µg/µl) or rat recombi-
nant MCP-1 (Peprotech, 0.1 µg/µl) was additionally performed
following RD, using a Hamilton syringe equipped with a 32-
gauge needle and introducing the tip of the needle through the
sclerotomy and retinal hole into the subretinal space and then
injecting 5 µl of solution over 3 min. RDs were induced only
in the right eye of each animal, with the left eye serving as a
control. At specified times after RD, rats were sacrificed with
an overdose of sodium pentobarbital, and the eyes were enucle-
ated.

RNA extraction and reverse transcription (RT)-PCR:

Total RNA extraction and RT-PCR was performed as previ-
ously reported with minor modification [23]. Briefly, total RNA
was extracted using the RNA Purification System (Invitrogen,
Carlsbad, CA). Each retina was homogenized with 600 µl of
RNA lysis buffer and mixed with an equivalent volume of
70% ethanol. The mixture was applied to the RNA spin car-

tridge, centrifuged at 12,000 g for 15 s at 25 °C, and washed
with wash buffers I and II. The total RNA was eluted with 30
µl of RNase-free water. To minimize potential contamination
of genomic DNA, RNA samples were incubated with DNase
I (Invitrogen) for 15 min at room temperature. The total RNA
concentration was measured using an UV spectrophotometer
(UV-1201, Shimadzu corp., Kyoto, Japan). Three µg of total
RNA was subjected to RT using the SuperScript III First-Strand
Synthesis System (Invitrogen). First strand cDNAs were am-
plified using a real-time PCR thermal cycler (ABI7700, Ap-
plied Biosystems, Foster City, CA). QPCR was performed with
Sybergreen PCR core kit (Applied Biosystems) as previously
reported [23]. Genes were selected that have been widely re-
ported to be involved in patients with RD, and/or respond to
neural injury in the experimental animal model. Table 1 lists
the PCR primers used in this study. PCR products were con-
firmed by agarose gel electrophoresis. For relative compari-
son of each gene, we analyzed the C

t
 value of the real-time

PCR data with ∆∆C
t
 method [24] according to the

manufacturer’s instructions (Applied Biosystems). To normal-
ize the amount of sample cDNA added to each reaction, the C

t

value of the endogenous control (18rRNA) was subtracted from
the C

t
 value of each target gene.

Laser capture microdissection (LCM):  LCM (Arcturus
PixCell IIe Laser Capture Microdissection System, Arcturus,
Mountain View, CA) is a recently developed technology that
allows the capture of specific cells in a histological section
using laser irradiation [25,26]. Using this technique, we are
able to harvest different retinal cells by collecting samples
from individual retinal layers (Ganglion cell layer: retinal gan-
glion cells, displaced amacrine cells, and astrocytes, Inner
nuclear layer: amacrine cells, bipolar cells, horizontal cells,
and Müller glial cells, Outer nuclear layer: photoreceptor cells,
and Retinal pigment epithelium layer: pigment epithelial cells).
To investigate the cellular origin of the gene expression, LCM
was performed as previously described [26]. Briefly, 72 h af-
ter RD, the eyes were enucleated and embedded in Tissue-
Tek OCT compound (Sakura Finetechnical Co., Ltd., Tokyo,
Japan). Transverse retinal sections (12 µm) that included the
optic nerve were cut with a cryostat (Micron, Germany) and
mounted on Superfrost Plus glass slides (Fisherbrand, Pitts-
burgh, PA). Tissue sections were rehydrated by 75% ethanol,
twice with DEPC water, followed by dehydration with 75%,
95%, and 100% ethanol for one min each, and Xylene for 5
min. LCM for cells in the ganglion cell layer (GCL) or retinal
pigment epithelium layer (RPE) was carried out at 70 mW for
0.75 s and a spot size of 7.5 µm. LCM for cells of the inner
nuclear layer (INL) and outer nuclear layer (ONL) was car-
ried out at 90 mW for 1.2 s and a spot size of 15 µm. LCM
was performed in 16 retinal sections, on cells in areas of the
detached retina or those in the corresponding region of the
left (undetached) eye. RNA was extracted with PicoPure™
RNA Isolation Kit (Arcturus, catalog number KIT0202) fol-
lowed by DNase treatment (Qiagen, catalog number 79254).
Total RNA was eluted in 30 µl of Elution Buffer, and 24 µl of
the total RNA was used for QPCR.

ELISA:  The tissue complex containing the posterior lens
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capsule, the vitreous, and the neural retina was collected at 6
and 72 h after RD. Proteins of each retina were extracted in
100 µl of PBS containing the protease inhibitor cocktail (Com-
plete, Roche Diagnostics) and sonicated at 10 watts
(BRANSON SONIFIER 250, Danbury, CT) for 5 s on ice.
The supernatant was collected following centrifugation at
14,000 g for 10 min at 4 °C (Micromax RF, IEC, Needham
heights, MA), and the total protein concentration was mea-
sured using the DC protein assay kit (Bio-Rad, Hercules, CA).
Two hundred µg of total protein was used for ELISA
(Biosource, Camarillo, CA), performed according to the
manufacturer’s guidelines. The absorbance at 450 nm wave-
length was measured using a 96 well plate by spectrophotom-
etry (Spectramax 190, Molecular decevice, Sunnyvale CA).

Immunohistochemistry:  Immunohistochemistry was per-
formed as previously reported [27-30]. Briefly, after perfu-
sion of the animals with 30 ml PBS and then 30 ml of 4%
paraformaldehyde (PFA), the eyes were enucleated and post-
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TABLE 1. PRIMER SET FOR REAL-TIME PCR

  Gene name            Sense primer              Antisense primer

--------------   -------------------------   -------------------------

18rRNA           CAGTGAAACTGCGAATGGCTCATT    CCCGTCGGCATGTATTAGCTCTAGA

FGF2             TCTTCCTGCGCATCCATCCAGA      CAGTGCCACATACCAACTGGAG

BDNF             CTTGGACAGAGCCAGCGGATTTGT    CCGTGGACGTTTGCTTCTTTCATG

NT-3             TCTGCCACGATCTTACAGGTGAACA   CGCCTGGATCAACTTGATAATGAGG

NT-4             TACCCTGGCAAGAGAGACGAGGAA    CCACCGTGCATGGTTTATGATACG

GDNF             TGCCCTTCGCGCTGACCAGTGACA    TTCGAGGAAGTGCCGCCGCTTGTT

IGF-1            TTCAGTTCGTGTGTGGACCAAGG     GCTTCAGCGGAGCACAGTACATCT

HGF              AGATGAGTGTGCCAACAGGTGCAT    AGGTCAAATTCATGGCCAAACCC

PDGFA            CACTGTTAAGCATGTGCCGGAGAA    CCAGATCAAGAAGTTGGCCGATGT

PDGFB            CTTGAACATGACCCGAGCACATTCT   ATCGATGAGGTTCCGCGAGATCT

TNF-α            CCCAGACCCTCACACTCAGATCAT    GCAGCCTTGTCCCTTGAAGAGAA
IL-1β            TCAGGAAGGCAGTGTCACTCATTG    ACACACTAGCAGGTCGTCATCATC
TGF-β            AATGGCTCTCCTTCGACGTGACA     CCTCCAGCTCTTGGCTCTTATTTGG
CNTF             GCCGTTCTATCTGGCTAGCAAGGA    GCCTCAGTCATCTCACTCCAACGA

MCP-1            ATGCAGGTCTCTGTCACGCTTCTG    GACACCTGCTGCTGGTGATTCTCTT

VEGF             TCTTCCAGGAGTACCCCGATGAGA    GGTTTGATCCGCATGATCTGCAT

Angiopoietin-1   GCCCAGATACAACAGAATGCGGTT    CTCCAGCAGTTGGATTTCAAGACG

Angiopoietin-2   CTCGGAAACTGACTGATGTGGAAGC   TGTCCTCCATGTCCAGCACTTTCTT

CTGF             ACCCAACTATGATGCGAGCCAACT    AATTTTAGGCGTCCGGATGCACT

PEDF             GCTGTTTCCAACTTCGGCTACGAT    AGAGAGCCCGGTGAATGACAGACT

Nineteen primer sets for cytokines, chemokines, growth factors, and
one internal control (18rRNA) were used in this study.

Figure 1. Changes in growth factor and cytokine expression in neural retina after retinal detachment.  Quantitative analysis (these data are
from 6 different eyes) of the induction of growth factor and cytokine mRNAs by QPCR at 72 h after RD. Y-axis represents the ratio of mRNA
expression in the experimentally detached retina of the right eye (OD) to that of the control left eye (OS). bFGF represents basic fibroblast
growth factor; BDNF represents brain represents derived neurotrophic factor; NT-3 represents neurotrophin-3; NT-4 represents neurotrophin-
4; GDNF represents glial cell line-derived neurotrophic factor; IGF-1 represents insulin-like growth factor-1; HGF represents hepatocyte
growth factor; PDGFA and PDGFB represent platelet-derived growth factors A and B; TNF-α represents tumor necrosis factor-α; IL-1β
represents interleukin-1β; TGF-β2 represents transforming growth factor β 2; CNTF represents ciliary neurotrophic factor; MCP-1 represents
monocyte chamoattractant protein-1; VEGF represents vascular endothelial growth factor; Angio-1 and Angio-2 represents angiopoietin-1
and angiopoietin-2; CTGF represents connective tissue growth factor; PEDF represents pigment epithelium-derived factor. Asterisks (*)
indicate significant difference (p<0.05) compared to control eyes.
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fixed in PFA (4% at 4 °C overnight). Eyes were cut to be eye
cups and cryoprotected with 20% sucrose in PBS. Retinal
specimens were frozen in OCT, and 10 µm retinal sections
that included the optic nerve were cut on a cryostat. Sections
were mounted onto Superfrost glass slides, preblocked with
PBS containing 10% goat serum, 0.5% gelatin, 3% BSA, and
0.2% Tween20, followed by incubation with polyclonal rab-
bit anti-bFGF (Santa Cruz Biotech. Inc., Santa Cruz, CA,
1:200), TNF-α (Pierce Biotechnology, Inc., Rockford, IL,
1:200), IL-1β (Pierce Biotechnology, Inc., 1:200) or MCP-1
(Peprotec, Rocky Hill, NJ, 1:200). For some sections, mouse
monoclonal antibody against glial fibrillary acidic protein
(GFAP, Sigma, 1:400), a marker for astrocytes, or glutamine
synthetase (BD Biosciences, San Diego, CA, 1:200)-a marker
of Müller cells-were used to label retinal glial cells. The reac-
tion buffer without the primary antibody was used as negative
control. Sections were then incubated with a fluorescent sec-

ondary antibody, goat anti-mouse immunoglobulin G (IgG)
or anti-rabbit IgG conjugated to either Alexa Fluor 546 or Alexa
Fluor 488 (Molecular Probes). Sections were mounted with
Vectashield mounting media and stained with propidium io-
dide or DAPI (Vector Laboratories, Burlingame, CA). Photo-
micrographs of the retinal sections were taken at a distance of
2 mm from the center of the optic nerve head using fluores-
cent microscopy (DMRXA, Leica) and OpenLab software
version 2.2.5 (Improvision Inc., Lexington, MA).

TUNEL:  Eyes were harvested 24 h or 72 h after RD,
fixed overnight with 4% PFA, and cryoprotected with 20%
sucrose. TUNEL was performed as previously described [29]
using the ApopTag Fluorescein In Situ Apoptosis detection
kit (S7110, Chemicon International, Inc., Temecula, CA). The
center of the detached retina was photographed, and the num-
ber of TUNEL-positive cells in the outer nuclear layer (ONL)
was counted in a masked fashion.
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Figure 2. Time course study of
cytokine induction after retinal de-
tachment.  A-D: Quantification by
QPCR of RD-induced expression of
various cytokines at 1 (A), 3 (B), 6
(C), and 24 h (D) after RD (n=6).
Note that the mRNA levels of TNF-
α, IL-1β, and MCP-1 were signifi-
cantly increased at 1 h after RD,
while the induction of bFGF was not
detected until 24 h. E: Summary of
time course studies for the induction
of bFGF, TNF-α, IL-1β, and MCP-
1 after RD. Asterisks (*) indicate
significant difference (p<0.05) com-
pared to control eyes.

870



Statistical analysis:  Statistical analysis of the RT-PCR
and ELISA data were performed using the unpaired t-test. The
data from the TUNEL assay was analyzed with the Scheff post
hoc test using the StatView software (version 4.11J, Abacus
concepts Inc., Berkeley, CA) on a Macintosh computer. p<0.05
were considered statistically significant and were highlighted
in the figures with an asterisk. All values are expressed as the
mean±standard deviation (SD) unless noted otherwise.

RESULTS

RD-induced changes in cytokine, chemokine, and growth fac-

tor levels:  To screen for cytokine, chemokine, and growth
factor genes associated with RD, we quantified in rats expres-
sion of 19 different genes with QPCR at 72 h after RD, when
photoreceptor cell loss reaches its peak [5,31]. In comparison
with the control eye, the expression of four genes, bFGF (12.0
fold), TNF-α (5.7 fold), IL-1β (3.8 fold) and MCP-1 (149.3

fold), was significantly upregulated in the detached retina,
while the expression of other cytokines and growth factors
examined did not change significantly (Figure 1).

To determine the time course of the cytokine response to
RD, retinal tissues were harvested at 1, 3, 6, 24, and 72 h after
the induction of RD, and mRNA levels of various cytokines
and growth factors were analyzed. Except for bFGF, for which
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TABLE 2. QUANTIFICATION OF TNF-ΑΑΑΑΑ, IL-1ΒΒΒΒΒ, AND MCP-1 EXPRES-

SION BY ELISA

 GOI     6 h RD+    6 h RD-    p value    72 h RD+   72 h RD-   p value

-----   ---------   --------   --------   --------   --------   -------

TNFα     95.4±6.0   46.1±1.2   0.00348*   50.7±3.8   40.9±1.6   0.0418*
IL-1β   103.4±9.6   51.9±0.6   0.01368*   55.0±1.9   44.4±1.1   0.0009*
MCP-1    88.2±6.6    9.8±0.2   0.00119*   94.1±2.7    9.2±0.6   0.0001*

Retinal samples were collected at 6 and 72 h after RD, respectively
(6/group). The data represent cytokine level of ELISA obtained in
the experimentally detached retina (RD+) and that of the control eye
(RD-). Data represents mean±SEM. GOI represents gene of interest.

Figure 3. Expressional changes of
cytokines in individual retinal lay-
ers: laser capture microdissection.
A-E: Representative photomicro-
graphs of retinal sections taken be-
fore (A) and after LCM (B-E).
Black rectangle indicates the retinal
layer where LCM was performed.
F: Quantitative analysis of RNA
samples obtained by LCM with
QPCR to determine levels of bFGF,
TNF-α, IL-1β, and MCP-1 mRNAs
in different layers of the retina
(n=6). The ganglion cell layer
(GCL), inner plexiform layer (IPL),
inner nuclear layer (INL), outer
plexiform layer (OPL), outer
nuclear layer (ONL), outer segment
(OS), retinal pigment epithelium
(RPE), and choroid (Cho) are iden-
tified. Asterisks (*) indicate signifi-
cant difference (p<0.05) compared
to control eyes.
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Figure 4. Immunohistochemical
analysis of cytokines after RD.
Representative photomicro-
graphs of retinal sections labeled
with primary antibodies against
bFGF (A-D), TNF-α (E-H), IL-
1β (I-L), and MCP-1 (M-P) or
nuclear staining dye propidium
iodide (PI: D,H,L,P). The retinal
sections were derived from the
control eye (A,E,I,M) or those at
6 (RD 6 h; B,F,J,N) or 72 h after
RD (RD 72 h; C,G,K,O; n=4
each). Arrows point to mono-
cytes, and arrowheads indicate
the positive immunoreactivity of
bFGF (C), TNF-α (G), or MCP-
1 (O). Note that immunoreactiv-
ity of bFGF appeared in retinal
sections at 72 h after RD;
whereas, the upregulation of
TNF-α, IL-1β, and MCP-1 im-
munoreactivity started by 6 h.
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an increased expression was not detected until 24 h after RD
(Figure 2D,E), the mRNA levels of TNF-α, IL-1β, and MCP-
1 were significantly upregulated as early as 1 h after RD (Fig-
ure 2A,E). Expression of MCP-1 continued to increase after
24 h and reached its highest level at 72 h after RD. Expression
of IL-1β, however, was highest at 1 h after RD, declined there-
after and then remained constant for up to 72 h after RD, while
TNF-α gene expression revealed 2 peaks, at 1 and 6 h after
RD.

To further investigate the expression of these cytokines
at the protein level, we performed ELISA with vitreous and
retinas collected at 6 and 72 h after RD. At these times, total
protein levels did not vary between control and RD groups.
However, TNF-α (2.2 fold), IL-1β (2.0 fold), and MCP-1 (9.0
fold) protein levels were significantly elevated in the detached

retinas at 6 h after RD in comparison with the control retinas
(Table 2). At 72 h after RD, MCP-1 protein expression was
still significantly higher by 10.2 fold compared to undetached
retina. While the TNF-α (1.2 fold) and IL-1β (1.2 fold) pro-
tein expression was decreased but still significantly higher
compared to undetached control retina (Table 2). These re-
sults suggest that TNF-α, IL-1β, and MCP-1 mRNA and pro-
tein expression is induced in response to RD and that these
factors may play a role in RD-associated photoreceptor cell
damage.

Cellular origin of cytokine responses:  We used the es-
tablished method of LCM to identify the cellular origin of the
cytokines after RD. At 72 h after RD, cells located in the vari-
ous retinal layers (GCL, INL, ONL, and RPE) were collected
by LCM. The mRNA levels of TNF-α, IL-1β, MCP-1, and
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Figure 5. Cellular source of cytokines after RD.  Co-localization of IL-1β (A-C) and MCP-1 (D-F) immunoreactivity (red) with markers for
astrocytes-GFAP (A-C), or Müller glial cells-glutamine synthetase (D-F; green). Arrows point to astrocytes in (A-C) or to Müller glial cells in
(D-F).
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bFGF were analyzed using QPCR (Figure 3). A significant
increase of TNF-α mRNA was found in the INL and the ONL
whereas induction of IL-1β was limited to the GCL. The in-
crease of MCP-1 mRNA was detected in all retinal layers save
for the RPE, while the highest expression was detected in the
INL. In addition, the mRNA of bFGF was also significantly
increased in all retinal layers, with its highest expression in
the ONL.

To corroborate the protein distribution of TNF-α, IL-1β,
MCP-1, and bFGF, we performed immunohistochemistry at 6
and 72 h after RD. In the normal retina, TNF-α was detected

in the GCL and the INL, while the immunoreactivity for bFGF
was weakly distributed in the entire retina (Figure 4A,E). IL-
1β was detected in the vitreal surface of the GCL (Figure 4I),
while MCP-1 was detected at a low level in the GCL and the
INL (Figure 4M). Consistent with our mRNA-expression data,
an increase in the immunoreactivity of TNF-α, IL-1β, and
MCP-1, but not bFGF, was detected in the detached retinas at
6 h after RD (Figure 4). Similar to the results obtained from
LCM studies, the increase of TNF-α was located in the INL
and ONL (Figure 4F), while the expression of IL-1β was
upregulated in the GCL (Figure 4J). Immunoreactivity of MCP-
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Figure 6. MCP-1 exacerbates photoreceptor cell apoptosis.  A-D:
Representative photomicrographs of merged images of TUNEL
(green) and nuclear staining with propidium iodide (red) from rat
retinal sections receiving subretinal injection of PBS (A), TNF-α
(B), IL-1β (C), or MCP-1 (D). Retinal sections were prepared at 24 h
post-injection. Arrow points to TUNEL-positive cells. E: Bar chart
indicates counts of TUNEL-positive cells per mm2 of retinal section
(n=7). Data presented are means; error bars represent the SEM. As-
terisk (*) indicates p<0.05 compared to PBS treated group.
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1 was increased primarily in the INL and weaker signal was
also detected in GCL at 6 h after RD and continued to in-
crease up to 72 h, with a staining pattern resembling that of
Müller glial cells, which have cellular processes spanning the
retina (Figure 4N,O). The increased bFGF immunoreactivity
was detected in all retinal layers. Consistent with previous
reports [31,32], 72 h after RD monocytes are detected in the
subretinal space attached to the outer segment of photorecep-
tors (Figure 4 arrow). These monocytes show immunoreac-
tivity for bFGF, TNF-α, and MCP-1 (Figure 4, arrowhead).

To further identify the cell populations that produce IL-
1β or MCP-1, the two factors displaying layer-specific distri-
bution in the retina, we labeled the retinal sections with anti-
bodies against glial fibrillary acidic protein (GFAP) for astro-
cytes and glutamine synthetase for Müller cells. The labeling
of IL-1β was co-localized with the astrocyte marker GFAP
(Figure 5A-C), while the immunostaining of MCP-1 was co-
localized with that of glutamine synthetase, the Müller cell
marker (Figure 5D-F). Our results indicate that retinal glial
cells, including astrocytes and Müller cells, are responsible
for the upregulation of IL-1β and MCP-1 following RD.

MCP-1 induced photoreceptor apoptosis:  To determine
whether the three earliest responding cytokines, TNF-α, IL-
1β, and MCP-1, play a role in photoreceptor degeneration af-
ter RD, we injected these factors subretinally as recombinant
protein during RD induction and assessed photoreceptor cell
death. Cell death was quantified by TUNEL assay 24 h after
RD, since at that time the number of TUNEL-positive cells in
the ONL is reported to be small [31]. Consistent with the prior
report [31], occasional cell apoptosis was observed in the ONL
of the PBS-treated group (n=7; Figure 6A,E). Also, subretinal
injection of TNF-α (0.1 µg/µl; n=7) or IL-1β (0.1 µg/µl; n=7)
did not increase the number of TUNEL-positive cells in the
retina in comparison with the PBS-treated group. In contrast,
subretinal administration of MCP-1 (0.1 µg/µl) induced a sig-
nificant increase of TUNEL-positive cells in the ONL at 24 h
post-injection (p<0.02), suggesting that this chemokine may
have a toxic effect on photoreceptors.

DISCUSSION

 Understanding the pathogenesis of RD, which includes pho-
toreceptor cell death, proliferative changes (PVR) and Müller
cell hypertrophy (retinal gliosis), is of great clinical impor-
tance. To explore the pathogenesis of RD, we screened for the
expressional changes of genes including cytokines,
chemokines, and growth factors in a rat model of RD. Our
study indicates that RD induces upregulation of TNF-α, IL-
1β and MCP-1 as early as 1 h after injury. Retinal glial cells
(astrocytes and Müller cells) are the primary source of the IL-
1β and MCP-1. We also show that MCP-1 has a neurotoxic
role in photoreceptor degeneration with RD. To our knowl-
edge, this is the first evidence suggesting an association be-
tween MCP-1 and photoreceptor cell death.

Our QPCR data show that mRNA for TNF-α, IL-1β,
MCP-1 and bFGF are increased by 72 h after RD. Our find-
ings are in agreement with the reports of increased cytokine
expression, including TNF-α [16,17], IL-1β [14,16], MCP-1

[18-20] and bFGF [14,15,21,22] in the human vitreous samples
with RD. Interestingly, hepatocyte growth factor (HGF) [33],
TGF-β2 [14], platelet-derived growth factor (PDGF) [21], and
vascular endothelial growth factor (VEGF) [34] are
upregulated in the eyes of RD patients complicated with PVR
but not in those with RD alone. The expression of HGF, TGF-
β2, PDGF and VEGF did not change in this study (Figure 1).
This is also in line with the fact that no PVR response is ob-
served in the rat experimental RD model. Hence, the correla-
tion between the findings in human patients and the data ob-
tained in our animal model suggests that the experimental
model of RD is well suited for studying the expression and
functions of cytokines in RD-associated injury and photore-
ceptor cell degeneration.

Brain-derived neurotrophic factor [31], bFGF [31] and
glia-derived neurotrophic factor [35] are known to be potent
neuroprotective factors that can prevent photoreceptor degen-
eration induced by RD. Our results and a previous report [36]
indicate that RD induces the expression of bFGF in a rat ex-
perimental RD. Interestingly, we found that the induction of
bFGF was initiated at 24 h after RD, suggesting that this may
be a secondary, self-protective response of photoreceptors to-
wards injury. However, it should be noted that bFGF also in-
duces a reactive gliosis in the retina, as demonstrated by the
increase of GFAP expression in Müller cells [9-11,37]. In our
model, we also detect GFAP expression at 24 h after RD (data
not shown). Clinically, retinal gliosis worsens the visual prog-
nosis of patients with RD [11], however the direct relation
between retinal gliosis and photoreceptor degeneration remains
unclear. Further studies will be necessary to clarify the etiol-
ogy of the retinal gliosis and to determine whether retinal glio-
sis affects the viability of photoreceptors following RD.

Our time course studies show that TNF-α, IL-1β, and
MCP-1 increase within 1 h after RD, suggesting that TNF-α,
IL-1β, and MCP-1 are immediate pro-inflammatory responses
following RD. TNF-α and IL-1β have been well documented
to play a role in CNS pathologies [38,39] and work as pro-
inflammatory factors to induce the expression of other
cytokines and chemokines including MCP-1 [40,41]. In the
RD model used here, TNF-α and IL-1β may increase the im-
mediate inflammatory response following RD and influence
the prolonged expression of MCP-1 and the subsequent reti-
nal response including Müller cell hypertrophy [17], micro-
glial cell activation [42] and monocyte recruitment [43].

The source of cytokines in the vitreous of retinal detached
patients without PVR remains unknown, although it has been
reported that cells invading the vitreous contribute critically
as a source of cytokines in patients with PVR [44]. In this
study, we show that astrocytes and Müller cells, in addition to
the monocytes that invaded the subretinal space, are a major
source of important cytokines and chemokines after RD. These
results suggest that glial cells and monocytes play an impor-
tant role in the pathogenesis of RD. An intervention aimed to
control these activated cells may have a potential role in the
treatment of RD.

A main finding of our study is the increased expression
of MCP-1 in Müller cells after RD and that exogenous MCP-
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1 increases the number of TUNEL-positive photoreceptors in
the detached retina. MCP-1 expression in the CNS is gener-
ally low, however it increases after CNS injury, which results
in activation, chemoattraction and infiltration of immune cells
such as monocytes into the CNS [45-47]. In the model of ex-
perimental RD in the rat, microglial cell activation and mac-
rophage recruitment into the subretinal space have been shown
[32,42]. One of the major functions of subretinal macroph-
ages is to phagocytose the apoptotic photoreceptors follow-
ing RD [32], however the property of activated microglia and
macrophages, which may lead to photoreceptor degeneration,
remains uninvestigated. This may occur through MCP-1 bind-
ing to the CCR2 receptor, a seven transmembrane G protein-
coupled receptor [48]. Initially, CCR2 was known to be ex-
pressed on immune cells, such as macrophages and activated
lymphocytes [49,50]. However, growing evidence suggests
that neurons [51], glial cells [51], and endothelium in the CNS
[52,53] also express CCR2 and that it is upregulated under
pathological conditions [47]. MCP-1 modulates calcium dy-
namics through CCR2 in cultured neurons [54,55]. In cultured
photoreceptors, a calcium ionophore increases intracellular
calcium levels, which results in photoreceptor death [56].
Taken together, the cytotoxic effect of MCP-1 on detached
photoreceptors may be involved dual pathways, directly
through CCR2 on photoreceptors or indirectly via macroph-
age/microglial cell activation.

In conclusion, we demonstrate that 4 proteins, TNF-α,
IL-1β, MCP-1, and bFGF, are increased in the eye following
experimental RD. TNF-α, IL-1β, and MCP-1 were detected
very early after RD, while bFGF began to increase at 24 h.
Retinal Müller cells and astrocytes are a major source of MCP-
1 and IL-1 production, respectively, while bFGF and TNF-α
are broadly distributed in the neural retina after RD. Exog-
enous MCP-1 independently induced RD-associated photore-
ceptor cell degeneration. Clarification of the function of these
factors and the regulation of their expression may open new
therapeutic avenues to treat RD and prevent vision loss in
human patients.
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