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PURPOSE. To identify changes in cellular signaling pathways and
AP-1 expression in retina and retinal pigmented epithelium
(RPE) after experimental retinal detachment (RD).

METHODS. Cat and rabbit neural retinas were separated from
the RPE in vivo for 5 minutes to 28 days. Tissues were removed
and processed for Western blotting, immunohistochemistry, in
situ hybridization, and immunoprecipitation experiments.

RESULTS. An ordered sequence of events occurs after RD: (1)
fibroblast growth factor (FGF) receptor 1 (FGFR1, flg) is phos-
phorylated in the retina within 15 minutes and dephosphory-
lated 2 hours after RD; (2) The extracellular signal-regulated
kinase (ERK) is phosphorylated in both Müller and RPE cells
within 15 minutes and remains so for several days; (3) De novo
expression of c-fos mRNA coincides with increased c-Fos and
c-Jun immunoreactivity in both Müller and RPE cells; (4) CREB
is phosphorylated in a subpopulation of photoreceptors; and
(5) STAT3 and NF-kB are activated in inner nuclear layer cells
by 1 day of RD.

CONCLUSIONS. These data suggest that nonneuronal cells (RPE
and Müller cells) respond to RD very rapidly by stimulating
ERK signaling and AP-1 transcription factor expression. Fur-
thermore, these data suggest that basic fibroblast growth factor
(FGF-2, bFGF) is involved in initiating the retina’s earliest re-
sponses to RD. The events described here precede changes in
gene expression and morphology that can have serious effects
on visual outcome in humans treated for retinal detachment or
other retinal injuries. (Invest Ophthalmol Vis Sci. 2001;42:
1363–1369)

Retinal detachment (RD), the physical separation of the
neural retina from the retinal pigmented epithelium (RPE),

is a common ocular injury that often leads to visual impairment
and in some cases blindness. If the macula (central retina) is
detached for a few days, successful surgical reattachment pro-
duces a final visual acuity of 20/50 or better in approximately
39% of patients.1,2 Using an animal model of RD, we have
demonstrated a series of predictable cellular events occurring
within 3 days of detachment, all of which have the potential to
negatively affect final visual outcome: loss of structural integ-
rity and apoptotic death of photoreceptor cells, neurite out-
growth from second-order neurons, proliferation of nonneuro-
nal cell types, and extensive hypertrophy of Müller cells.3–8 In
addition to growing and dividing, Müller cells routinely in-
crease intermediate filament expression and grow specifically

into the subretinal space, suggesting that many responses to
RD are highly coordinated and regulated.6,9

Although many factors have been shown to be protective
for photoreceptors after retinal injury,10–12 the release of en-
dogenous growth factors after RD may also contribute to the
well-defined gliotic response of Müller cells. Basic fibroblast
growth factor (FGF-2) is one of several agents that elicit pro-
found effects in retinal cells. We have shown previously that
FGF-2 injection into normal eyes induces Müller cell reactivity
similar to that observed in response to RD,9 and FGF-2 has
recently been shown to activate ERK, a mitogen-activated pro-
tein kinase (MAPK), in Müller cells.13 Cellular stress, growth
factors, and MAPK signaling cascades are each capable of
inducing de novo expression of immediate-early response
genes such as c-Fos and c-Jun. Both c-Fos and c-Jun are com-
ponents of the activator protein (AP)-1 transcription factor, a
pivotal regulator of gene expression in a variety of both normal
and abnormal cellular processes.14–17

In the present study we have identified multiple reactive
signaling responses after experimental RD, including phos-
phorylation of FGFR1, a high-affinity receptor for FGF-2, ERK
signaling, and extended AP-1 expression. It is important to
identify factors and signaling events after RD to develop and
assess methods to minimize cellular damage/death and gliosis,
and to enhance retinal regeneration after injury. Moreover,
studying the immediate effects of RD has recently assumed
new significance because clinically induced RD followed by
macular translocation has become a key part of an experimen-
tal therapy for treatment of age-related macular degenera-
tion.18,19

MATERIALS AND METHODS

Experiments were performed with cats (Felis domesticus) and rabbits
(New Zealand White). All procedures used were in accordance with
the guidelines provided by the ARVO Statement for the Use of Animals
in Ophthalmic and Vision Research and with the approval of the UCSB
Animal Care Council.

Retinal Detachments

Sixteen adult cats and 16 adult rabbits (duplicate animals for each time
point) were anesthetized with 18 mg/kg or 15 mg/kg Ketaset (ket-
amine HCl; Parke-Davis, Morris Plains, NJ) and 1.2 or 3 mg/kg Rompun
(xylazine; Miles Laboratories, Shawne, KS), respectively. Upon deep
anesthesia, experimental retinal detachments were performed as de-
scribed previously.20 A detachment approximately one half the size of
the entire retina was made in each experimental eye. Cats were
euthanatized at 15 minutes, 2 hours, 1 day, 3 days, 7 days, and 28 days,
whereas rabbits were euthanatized at 5 minutes, 15 minutes, 30 min-
utes, 2 hours, 4.5 hours, 1 day, and 3 days after the detachment
surgery. The presence and extent of each detachment was confirmed
by direct observation once the anterior eye structures were removed.
Sham operations were not performed; however, left eyes served as
normal (nondetached) control tissue.

Tissue Processing

After IV overdose with sodium pentobarbital, whole eyes were re-
moved and either placed into fixative (4% paraformaldehyde in PBS,

From the 2Neuroscience Research Institute and the 1Department
of Molecular, Cellular, and Developmental Biology, University of Cali-
fornia, Santa Barbara.

Supported by National Institutes of Health Grant EY00888 (SKF).
Submitted for publication September 26, 2000; revised January 3,

2001; accepted January 24, 2001.
Commercial relationships policy: N.
The publication costs of this article were defrayed in part by page

charge payment. This article must therefore be marked “advertise-
ment” in accordance with 18 U.S.C. §1734 solely to indicate this fact.

Corresponding author: Scott F. Geller, Anatomy and Histology,
University of Sydney F13, Sydney, NSW, Australia 2006.
sgeller@anatomy.usyd.edu.au

Investigative Ophthalmology & Visual Science, May 2001, Vol. 42, No. 6
Copyright © Association for Research in Vision and Ophthalmology 1363



pH 7.4) or bisected; one half was placed into fixative to be used for
immunohistochemistry and in situ hybridization, and the complemen-
tary half globe was dissected for biochemical analysis. For all immu-
nohistochemical procedures, small pieces (;5 3 5 mm) of normal and
detached retinal and RPE tissues were fixed for at least 24 hours at 4°C,
excised, and embedded in wax as described previously.6 For biochem-
ical analysis, the detached portion of retina from the unfixed half globe
was dissected and homogenized in 200 to 300 ml of a protease and
phosphatase-inhibiting buffer. Protein concentrations were deter-
mined for each supernatant using the BCA assay (Pierce, Rockford, IL).

Antibodies

Several antibodies were used in the experiments: anti-p42/p44 MAP
kinase (ERK; SC-93; Santa Cruz Biologicals [SCB], Santa Cruz, CA);
anti–phospho-ERK (pERK; 9101S; New England Biolabs [NEB], Beverly,
MA); anti–c-Fos (SC-52; SCB); anti–pan-Fos (c-Fos and Fos-related anti-
gens [FRA];SC-253; SCB); anti–c-Jun (SC-1649; SCB); anti–phospho-c-
Jun (pJun; 9261S; NEB); anti-vimentin (M725; Dako Corporation,
Carpinteria, CA); anti-FGFR1 (Flg; SC-121; SCB); anti–phospho-signal
transducer and activator of transcription (pSTAT3; 9131S; NEB); anti–
phospho-Ca21/cAMP response element binding protein (pCREB;
9191S; NEB); anti-nuclear factor-kappa B (NF-kB [activation specific];
1697838; Boehringer Mannheim, Indianapolis, IN), and agarose-conju-
gated anti-phosphotyrosine (PY99-AC; SC-7020; SCB). All antibodies
were titered to show specific labeling with low background staining.
Antibody dilutions were between 1/50 and 1/200 for immunohisto-
chemistry and were 1/1000 for Western blotting, with the diluent
being phosphate-buffered saline (PBS) with 0.1% to 0.2% Tween-20 and
0.5% BSA, pH 7.4.

Immunohistochemistry

Four-micrometer-thick sections of retinal tissues were placed on
ProbeOn Plus capillary gap microscope slides (Fisher Scientific, Pitts-
burgh, PA). For consistency, all immunohistochemical procedures
were performed using an automated histostainer (Ventana Medical
Systems, Tucson, AZ) as described previously with minor modifica-
tions.6 Tissue sections were enhanced for antigenicity,21 and protein
localization was visualized using DAB. For double-labeling experi-
ments, the FRA antibody was used in conjunction with a monoclonal
antibody to vimentin, which was detected using an alkaline phosphatase–
based red reaction product, easily distinguishable from the dark brown
DAB precipitate (identifying FRA immunolabeling). After rinsing with
water, the slides were dehydrated into xylenes, and a coverslip was
applied with Permount (Fisher Scientific). Sections were photo-
graphed using Nomarski optics.

Immunoprecipitation

Fifty micrograms (50 ml) of each Triton X-100 extracted cat retinal
homogenate was added to 50 ml of 100 mM Tris/1% SDS (pH 7.2),
boiled for 2 minutes, chilled on ice, and mixed with 100 ml of 100 mM
Tris/5% Triton X-100 (pH 7.2). Ten microliters (20 mg) of agarose beads
conjugated to anti-phosphotyrosine antibodies was added, and the
tubes were tumbled for 24 hours at 4°C. Beads were washed with
homogenization buffer (three times for 5 minutes), mixed with 50 ml
of 100 mM Tris/2% SDS/25% glycerol (pH 7.5; for 5 minutes), vortexed
briefly, and spun at 16,600g for 5 minutes. The supernatant was
removed and added to fresh tubes containing 1 ml BME and 2 ml DTT
(100 mM). The samples were then boiled for 90 seconds and loaded
onto a 9% polyacrylamide SDS gel. Electrophoresis and immunoblot-
ting were performed as described below (Western blot analysis) using
a primary antibody to FGFR1.

Western Blot Analysis

Western blotting was done according to standard SDS-PAGE protocol.
Briefly, 25 mg of each homogenate was loaded onto a 10% polyacryl-
amide gel. After transfer to nitrocellulose, the separated proteins were

treated with 0.5% ponceau S (Sigma, St. Louis, MO) to observe the
loading and electrophoretic separation of each homogenate, and all
lanes appeared to be evenly loaded. The blots were incubated with
antibodies to pERK or c-Jun at 1:1000 overnight in a sealed bag,
followed by an HRP-conjugated secondary antibody and detected with
Supersignal West Pico chemilluminescent reagents (Pierce) using
Hyperfilm ECL film (Amersham Pharmacia Biotech, Inc., Piscataway,
NJ).

In Situ Hybridization

Digoxygenin-labeled riboprobes were synthesized from a human c-fos
EST cloned into Bluescript pBSK2 (a gift from Steve Benson, UCSF;
ATCC 135445). Sense and antisense riboprobes were synthesized using
the T3 and T7 RNA polymerases. All riboprobes were subsequently
precipitated, resuspended, quantified, and resuspended in hybridiza-
tion solution22 at 1 mg/ml. Eight-micrometer-thick wax sections of
retinal and RPE tissues were cleared with xylenes and rehydrated
stepwise into PBS. Sections were treated according to published pro-
cedures for prehybridization treatment,22 dehydrated, and air-dried.
Prehybridization solution was applied and allowed to incubate for 2
hours at 59°C, followed by addition of sense or antisense digoxygenin-
labeled riboprobes at 59°C overnight. Tissue sections were stringently
washed with 0.13 SSC at 60°C for 2 hours, blocked with 3% BSA, and
incubated with an anti-digoxygenin antibody (Boehringer Mannheim)
conjugated to alkaline phosphatase at 1:1000 for 2 hours. NBT (nitro
BT; Fisher Scientific) and BCIP (5-bromo-4-chloro-3-indolyl phosphate;
Fisher Scientific) in Tris buffer (pH 9.4) was added, and the sections
were incubated for up to 24 hours in the dark.

RESULTS

FGFR1 Phosphorylation

Immunoprecipitating tyrosine-phosphorylated proteins from
cat retinal homogenates, followed by Western blotting for
FGFR1 shows no detectable FGFR1 phosphorylation in the four
normal retinas (Fig. 1). Distinctive bands at approximately 110
kDa (cat 1) and 110/118 kDa (cat 2) are observed in retinas
detached for 15 minutes, whereas no immunoreactivity was
observed in either of the retinas detached for 2 hours (cats 3
and 4). In a longer exposure of the same blot, a band at
approximately 110 kDa was visualized in one 2-hour RD (cat 3,
data not shown), indicating that a low level of FGFR1 phos-
phorylation occurs for at least a couple of hours after RD.

p42/p44 MAP Kinase (ERK)
Immunohistochemistry

Sections treated with secondary antibodies alone show no
immunoreactivity (Fig. 2A). ERK immunohistochemistry in nor-

FIGURE 1. FGFR1 becomes phosphorylated in response to RD. Ho-
mogenates were immunoprecipitated with anti-phosphotyrosine, elec-
trophoresed, and probed with an antibody to FGFR1. Right four lanes:
FGFR1 is phosphorylated at 15 minutes after RD (right eyes, cats 1 and
2), and dephosphorylated by 2 hours after RD (right eyes, cats 3 and 4).
Left four lanes: paired control (left eyes) eyes showed no immunore-
activity. Apparent kDa of the bands are 110 (cats 1 and 2) and 118 kDa
(cat 2).
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mal retina (Fig. 2B) shows a low level of labeling primarily
restricted to the inner retina: the ganglion cell layer (GCL),
inner plexiform layer (IPL), and inner nuclear layer (INL). In
retinas detached for 2 hours, labeling increases in INL cell
bodies and nuclei (arrowheads, Fig. 2C), as well as in Müller
cell endfeet in the GCL. INL (arrowheads, Fig. 2D) and Müller
cell endfoot (arrow, Fig. 2D) labeling continues at 1 day and
returns to near normal levels by 7 days (data not shown).

Phosphorylated-ERK Immunohistochemistry

Very light pERK labeling is apparent throughout the normal
retina, with slightly elevated immunoreactivity in some Müller
cell endfeet (arrowhead, Fig. 3A). pERK labeling increases
within 15 minutes in INL cell bodies (arrowheads, Fig. 3B) and
Müller cell endfeet (arrows, Fig. 3B). A further increase in
staining intensity occurs in the same pattern at 2 hours (Fig.
3C). pERK labeling decreases and returns to near normal levels
by 28 days after RD (Figs. 3D through 3G). Anti-pERK does not
label normal cat RPE cells (Fig. 3H); however, 15 minutes after
RD (arrowheads, Fig. 3I), many RPE cells become immunopos-
itive. Normal rabbit retina shows a very light, diffuse labeling
(Fig. 3J), and Müller cell–specific labeling (arrows, Fig. 3K)
appears 15 minutes after RD, similar to the cat. Immunoblot-
ting with anti-pERK (Figs. 3L, 3M, upper panels) reinforces the
finding that ERK activation occurs within minutes of RD in
both the cat (Fig. 3L) and the rabbit (Fig. 3M). Reprobing the
blots with an antibody to ERK indicates even loading of the gels
(lower panels).

c-fos In Situ Hybridization and c-Fos
Immunohistochemistry

Normal (Figs. 4A, 4C) and 2 hours’ detached (Figs. 4B, 4D)
retinal sections were hybridized with sense or antisense
digoxygenin-labeled c-fos riboprobes. Labeling is absent except

for a distinct antisense hybridization signal in the INL, 2 hours
after RD (arrows, Fig. 4D). Antisense hybridization in sections
of cat RPE (Figs. 4E through 4J) shows increased c-fos mRNA
expression at 15 minutes (arrowheads, Fig. 4H) and above
normal expression 2 hours after RD (arrowheads, Fig. 4J).

Normal retina shows very low levels of c-Fos immunolabel-
ing (Fig. 5A). Increased c-Fos immunoreactivity is apparent in
INL cells at 2 hours (Fig. 5C). The intensity and number of
labeled cells peaks in retinas detached for 1 day (arrows, Fig.
5D), with a progressive decline at later time points (Figs. 5E
through 5G). Increased c-Fos immunoreactivity is apparent in
some GCL cells (arrows, Fig. 5F) but only the rare photorecep-
tor shows any labeling with the c-Fos specific antibody (arrow-
head, Fig. 5D).

Immunolabeling with the pan-Fos antibody (FRA) demon-
strates a similar time course and cell specificity, but the label-
ing is routinely more intense than with the c-Fos–specific
antibody, indicating that other Fos family members may also be
expressed in the retina (data not shown). FRA expression is
increased both in the cat RPE (Figs. 5H, 5I) and rabbit retina

FIGURE 2. Immunohistochemical analysis of cat retina probed with an
antibody to ERK indicates a translocation of ERK to the nuclear com-
partment. (A) No labeling with secondary antibody alone (negative
control; NC) in normal cat retina. Normal retina (B) shows light ERK
labeling throughout, with slightly more immunoreactivity in the inner
retina (GCL, IPL, INL). Both 2 hours (C) and 1 day (D) detachments
cause ERK to be localized in nuclei (arrowheads; C, D) and cytoplasm
of Müller cells (arrow; D). CH, choriocapillaries; OS, photoreceptor
outer segments. Scale bar, (A through D) 30 mm.

FIGURE 3. ERK becomes phosphorylated in retina and RPE in both cat
and rabbit after RD. In normal cat retina (A), very light pERK immu-
nolabeling is restricted to Müller cell bodies and endfeet (arrowhead).
After RD (B through G), pERK immunoreactivity is observed in Müller
cell endfeet (arrows; B) and cell bodies (arrowheads, B) within 15
minutes and becomes more intense at 2 hours (C). An increase in pERK
immunoreactivity is also seen at 1 (D), 3 (E), and 7 days (F) after RD
but declines to near normal levels by 28 days (G). pERK immunoreac-
tivity is also present in cat RPE within 15 minutes of RD (arrowheads;
I) but not in normal RPE (H). Detached rabbit retina demonstrates a
similar response with pERK immunolabeling appearing in Müller cells
within 15 minutes (arrows; K). (L and M) Western blot analysis of
pERK induction after RD in cat and rabbit, respectively. In the cat (L),
ERK is phosphorylated at both 15 minutes and 2 hours in experimental
(right) eyes but not in the paired control (left) eyes (top panel). In the
rabbit (M), ERK is phosphorylated above normal levels (left 2 lanes,
top panel) at all time points between 5 minutes and 3 days of RD. Scale
bar, (A through G, J, and K) 30 mm; (H and I) 25 mm.
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(Figs. 5J, 5K; arrowheads indicate photoreceptor labeling) 2
hours after RD.

Double labeling of normal and detached (Figs. 5L, 5M)
rabbit retinas with anti-FRA and anti-vimentin, an intermediate
filament protein whose expression increases in Müller cells in
response to RD,23 confirms that Müller cells become FRA
positive. Vimentin labeling (arrows, Fig. 5M) increases and
surrounds FRA-positive Müller cells (arrowheads, Fig. 5M) 4.5
hours after RD. By direct observation, the antibodies were
distinguished using differently colored chromagen substrates.

c-Jun Immunohistochemistry

c-Jun Immunolabeling (Fig. 6) shows a nearly identical time
course and pattern of induced immunoreactivity as that seen
for c-Fos (Fig. 5). INL cells show increased c-Jun immunoreac-
tivity 2 hours after RD (arrowheads, Figs. 6C, 6D). Prominent
c-Jun labeling continues in the INL through 7 days, and some
ganglion cells also show higher than normal immunoreactivity
after RD (arrow, Fig. 6E). Labeling in detached rabbit retina
(Figs. 6H, 6I) is comparable to that in the cat, including the
frequent INL cells (arrowheads, Fig. 6I) and the occasional
ganglion cell (arrow, Fig. 6I). Cat RPE responds similarly, show-
ing no labeling in normal RPE (Fig. 6J) and distinct labeling 2
hours after RD (arrowheads, Fig. 6K).

Immunoblotting cat retinal homogenates indicates c-Jun
induction in two eyes with 2-hour RD’s (Fig. 6L). Immunola-
beling with an antibody specific to the phosphorylated (acti-
vated) form of c-Jun (pJun) appears within 2 hours of RD in the

INL (arrow, Fig. 6N). Although the intensity of pJun labeling is
light, the pattern of immunolabeling is virtually identical with
that for c-Jun immunohistochemistry (Fig. 6D).

pSTAT3, pCREB, and Active NF-kB
Immunohistochemistry

Labeling with the phospho-STAT3 (pSTAT3) antibody shows
no immunoreactivity in normal cat RPE (Fig. 7A), whereas 3
days after RD (arrowheads, Fig. 7B), some RPE cells are
pSTAT3 immunopositive. Although normal cat retina shows no
immunoreactivity for pSTAT3 (Fig. 7C), very light pSTAT3
labeling is seen in some INL cells by 1 day (Fig. 7D), with more
intense labeling at 3 days (Fig. 7E). pSTAT3 immunolabeling
declines at 7 days after RD (Fig. 7F), and by 28 days (Fig. 7G)
the labeling is comparable to that seen in normal retina. The
phospho-CREB (pCREB) antibody labels cells in the INL and
GCL of normal and detached retina (Figs. 7H through 7L). At
both 1 and 3 days after RD there are occasional scattered
pCREB immunopositive photoreceptors (arrowheads), and in-
creased labeling is apparent in some INL cells (Figs. 7I, 7J). An
antibody to activated NF-kB shows a low level of labeling in all
layers of normal retina (Fig. 7M). At 1 and 3 days (Figs. 7N, 7O),
there is increased immunolabeling of activated NF-kB in a
subset of cells in the INL and GCL. Labeling intensity decreases
at 7 days (Fig. 7P) and approaches control levels by 28 days
(Fig. 7Q).

FIGURE 4. c-fos mRNA expression increases in RPE and INL cells
within 15 minutes and 2 hours of retinal detachment, respectively. The
digoxygenin-labeled sense riboprobe (A, C, E, G, I) shows no hybrid-
ization, whereas the antisense riboprobe (B, D, F, H, J) hybridizes
specifically to cells in the INL at 2 hours (arrows; D) and to RPE cells
at 15 minutes (H) and 2 hours (J) after RD (arrowheads; H, J). Scale
bar, (A through J) 30 mm.

FIGURE 5. c-Fos immunolabeling increases in response to RD. Normal
(A) and 15 minutes detached cat retina (B) show very light labeling
throughout the retina. Dramatically increased c-Fos labeling is detected
at 2 hours (C), 1 day (D), and 3 days (E) after RD in the INL. Even at
7 (F) and 28 days (G) after detachment, some increased c-Fos labeling
is observed. c-Fos immunoreactivity peaks around 1 day (D), where a
continuous string of cells (arrows) is labeled in the INL, and a posi-
tively labeled photoreceptor cell is identified in the ONL (arrowhead).
Arrows in (E) identify cells likely to be migrating Müller cells; arrows
in (F) identify c-Fos–positive cells in the GCL. An antibody that detects
all members of the Fos family (c-Fos and Fos-related antigens, FRAs)
was used in (H) through (M). FRAs are induced in RPE cells within 2
hours after RD (I). (J through M) Rabbit retina shows a similar re-
sponse as that seen in the cat. Induction of FRAs is apparent in both the
INL and in some photoreceptor cells (arrowheads; K). Double labeling
(L, M) for FRA (arrowheads) and vimentin (arrows) demonstrates FRA
induction in Müller cells after RD. Scale bar, (A through G, J through
M) 30 mm; (H and I) 20 mm.
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DISCUSSION

Data presented here suggest that Müller and RPE cells respond
immediately to experimental RD. These nonneuronal retinal
cells signal in response to RD via the ERK (p42/p44 MAP
kinase) pathway and rapidly induce expression of AP-1, a
critical transcription factor for numerous cellular processes.

Our data implicate FGF-2 and FGFR1 as candidate molecules
for initiating reactive cellular changes, which often lead to
both gross and microscopic structural reorganization through-
out the retina.

FGF-2 is expressed in the retina24–26 and has been shown to
stimulate gliosis and protein expression changes27 after RD.9

FGFR1 is present in both Müller and RPE cells,28,29 and exog-
enous in vivo addition of FGF-2 leads to FGF receptor internal-
ization, Müller cell proliferation, and increased expression of
two intermediate filaments, glial fibrillary acidic protein and

FIGURE 6. c-Jun immunolabeling increases in both RPE and INL cells
after RD. The time course is virtually identical with that for c-Fos (Fig.
5). Normal (A) and 15 minutes detached (B) cat retina show essentially
no immunoreactivity. c-Jun immunolabeling dramatically increases in
INL cells at 2 hours and 1 day after RD (arrowheads; C, D). This
labeling peaks around 1 day (D), remains highly induced at 3 (arrow,
E) and 7 days (F), and declines to near normal levels by 28 days of RD
(G). c-Jun immunolabeling of 2 hours detached rabbit retina (H and I)
shows c-Jun induction in the INL (arrowheads; I) and the occasional
ganglion cell (arrow; I). (J and K) c-Jun induction in cat RPE cells
within 2 hours (arrowheads; K). Immunoblotting (L) confirms that
c-Jun is induced by 2 hours of RD. An antibody to phospho-c-Jun (M,
N) lightly labels INL cells (arrow; N) in a pattern that parallels in-
creased c-Jun immunoreactivity (I). Scale bar, (A through I, M, and N)
30 mm; (J and K) 25 mm.

‹

FIGURE 7. Immunohistochemical analysis of secondary signaling
changes in response to RD in the cat; STAT3 and CREB are phosphor-
ylated (pSTAT3 and pCREB, respectively), and NF-kB is activated after
RD. (A through G) pSTAT3 immunohistochemistry. (A) No labeling in
normal RPE, whereas (B) shows some pSTAT3 labeled RPE cells 3 days
after RD (arrowheads; B). Normal retina (C) shows virtually no
pSTAT3 immunoreactivity. Within 1 day (D), modest pSTAT3 immu-
noreactivity is detected some INL and GCL cells. INL cells are clearly
immunopositive by 3 days (E); however, pSTAT3 labeling decreases at
7 day (F) and returns to near normal levels by 28 days after RD (G). (H
through L) pCREB immunohistochemistry. Normal retina (H) shows
pCREB immunoreactivity in both INL and GCL cells. At 1 (arrowhead;
I), 3 (arrowhead; J), and 7 days (K) after RD, some photoreceptors are
pCREB immunopositive. pCREB immunoreactivity returns to near nor-
mal levels by 28 days after RD (L). (M through Q) Activated NF-kB
immunohistochemistry. Light immunoreactivity is seen throughout the
normal retina (M), and by 1 day after RD (N) some INL cells show
increased immunoreactivity. This trend continues at 3 (O) and 7 days
(P), and returns to normal levels of activation by 28 days after RD (Q).
Scale bar, (A through Q) 30 mm.
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vimentin.9 We show that FGFR1 becomes phosphorylated
within 15 minutes and largely dephosphorylated 2 hours after
RD (Fig. 1), suggesting that endogenous FGF-2 acts immedi-
ately in response to injury.

MAPK pathways are highly conserved intracellular signal
transduction pathways that communicate information be-
tween the plasma membrane and nucleus.30,31 Here we show
that ERK is present in the retina, and it changes its cellular
localization from the cytoplasm to the nucleus after RD (Fig. 2).
ERK is rapidly phosphorylated (Fig. 3) in both Müller and RPE
cells and persists in Müller cells for .7 days, indicating that
these cells remain reactive for some time after injury. Indeed
some components of the Müller cell gliotic response (hyper-
trophy, migration, and increased expression of intermediate
filaments) remain dynamic for as long as the retina is de-
tached,23 while responses such as proliferation decrease to
near background levels after 7 days.4,6

Concomitant with ERK phosphorylation, c-fos mRNA ex-
pression increases in both retina and RPE (Fig. 4). Shortly
thereafter, both protein subunits of the AP-1 complex (c-Fos
and c-Jun) become highly expressed in Müller cells (Figs. 5, 6).
This increase in c-fos mRNA in the INL has also been shown in
a model of penetrating focal injury.17 Members of the Fos and
Jun families frequently become activated and up-regulated in
response to mitogenic stimuli and often serve as early-respond-
ing global regulators of gene expression.32 Although we have
not shown a direct link between AP-1 expression and the
cellular changes induced by RD, it is known that AP-1 induc-
tion is necessary for proliferation to occur in other cell types,32

and we have identified AP-1 induction in both Müller and RPE
cells before they enter the cell cycle.4,6 Other studies have
suggested similar relationships among these molecules: FGFR1
signaling, ERK activation, and c-fos induction33,34 have all been
linked with a proliferative response.35

Additional signaling pathways also become activated in re-
sponse to RD. Activation-specific antibodies to STAT3, CREB,
and NF-kB, each demonstrate increased immunoreactivity
within 3 days after RD, in a time frame consistent with their
potential for contributing to secondary cellular changes. All
three of these proteins have the capacity to respond to multi-
ple stimuli, including growth factors and cytokines, and all are
implicated in regulating a vast array of cellular responses.36–40

The phosphorylation of STAT3 occurs in INL cells at 1 and 3
days after RD, a time that correlates temporally with Müller cell
proliferation and intermediate filament expression.4,5,41 CREB
has been shown previously to become phosphorylated after
penetrating retinal injury42 and has been linked with c-Fos
expression.15 In this study, pCREB labeling is observed not
only in INL cells, but also in some photoreceptors in a pattern
reminiscent of apoptotic cell death after RD, that is, sparse and
seemingly randomly scattered cells throughout the ONL.7 Fur-
thermore, we find increased NF-kB activation 1 to 3 days after
RD in INL cells. NF-kB is known to become activated in re-
sponse to a variety of stimuli including oxidative stress;43,44; a
phenomenon that undoubtedly occurs rapidly in detached
retina once it is separated from the choroidal circulation.45,46

The dedifferentiation and proliferation of the RPE, intra- and
subretinal Müller cell proliferation (proliferative vitreoreti-
nopathy, subretinal fibrosis), and loss of photoreceptors and
their connectivity47 may all contribute to abnormal informa-
tion processing and blindness in the affected area.8,47,48 In this
study we aimed to identify components of signaling pathways
that may be responsible for initiating the multi-facetted cellular
responses to RD. Based on current evidence, we hypothesize
that RD causes the rapid release of FGF-2 from intra- and/or
extra-cellular stores, leading to the activation of FGFR1 and
ERK, and proximate induction of c-Fos and c-Jun protein ex-
pression in both RPE and Müller cells. Based on numerous

studies of AP-1, it is likely that increased AP-1 expression
regulates a variety of secondary genetic and cellular responses.
Furthermore, the activation of secondary signaling events sug-
gests that a variety of stimuli contribute to the retina’s longer-
term responses to RD. Targeting such early signaling and tran-
scriptional events with pharmaceutical intervention after RD in
humans may help to reduce downstream cellular effects such
as proliferation and apoptosis, before and/or after surgical
correction.
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the neurotrophin brain-derived neurotrophic factor in an experi-
mental model of retinal detachment. Invest Ophthalmol Vis Sci.
1999;40:1530–1544.

13. Wahlin KJ, Campochiaro PA, Zack DJ, Adler R. Neurotrophic
factors cause activation of intracellular signaling pathways in Mül-
ler cells and other cells of the inner retina, but not photoreceptors.
Invest Ophthalmol Vis Sci. 2000;41:927–936.

14. Curran T. The fos oncogene. In: Reddy EP, Skalka AM, Curran T,
eds. The Oncogene Handbook. Amsterdam: Elsevier; 1988:307–
325.

15. Sheng M, McFadden G, Greenberg ME. Membrane depolarization
and calcium induce c-fos transcription via phosphorylation of
transcription factor CREB. Neuron. 1990;4:571–582.

16. Sagar SM, Edwards RH, Sharp FR. Epidermal growth factor and
transforming growth factor alpha induce c-Fos gene expression in
retinal Müller cells in vivo. J Neurosci Res. 1991;29:549–559.

1368 Geller et al. IOVS, May 2001, Vol. 42, No. 6



17. Yoshida K, Muraki Y, Ohki K, et al. c-fos gene expression in rat
retinal cells after focal retinal injury. Invest Ophthalmol Vis Sci.
1995;36:251–254.

18. de Juan E Jr, Loewenstein A, Bressler NM, Alexander J. Transloca-
tion of the retina for management of subfoveal choroidal neovas-
cularization ii: a preliminary report in humans. Am J Ophthalmol.
1998;125:635–646.

19. Lewis H, Kaiser PK, Lewis S, Estafanous M. Macular translocation
for subfoveal choroidal neovascularization in age-related macular
degeneration: a prospective study. Am J Ophthalmol. 1999;128:
135–146.
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