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PURPOSE. To evaluate Müller cells as a potential source of
fibrocontractive cells in proliferative diabetic retinopathy.

METHODS. Temporal changes in glial fibrillary acidic protein
(GFAP), vimentin, glutamine synthetase, and alpha smooth
muscle actin (�SMA) expression in cultures of freshly isolated
porcine Müller cells were evaluated by indirect immunofluo-
rescence and Western blotting. A similar evaluation was per-
formed on freshly isolated Müller cells maintained in high- and
low-glucose culture. Cryosections of six diabetic epiretinal
tissues were evaluated for the same antigens.

RESULTS. Müller cell changes in culture included loss of glu-
tamine synthetase and GFAP, with coincident gains in �SMA
immunoreactivity. Vimentin immunoreactivity persisted with-
out obvious change. Similar changes were observed when the
cells were maintained in high- or low-glucose culture medium.
All six diabetic epiretinal membranes contained positively iden-
tified Müller cells with vimentin, GFAP, and glutamine syn-
thetase immunoreactivities. There was a progressive loss of
glutamine synthetase and GFAP content and a coincident in-
crease in �SMA content as the cells assumed an elongated,
fibroblastlike morphology.

CONCLUSIONS. Continuous culture in high- versus low-glucose
medium does not influence Müller cell phenotype changes.
Positively identified Müller cells are present in diabetic epireti-
nal tissues and appear to undergo the same progression of
phenotype changes observed in culture. Cells capable of gen-
erating tractional forces associated with proliferative diabetic
retinopathy can arise from Müller cells. (Invest Ophthalmol Vis
Sci. 2009;50:1929–1939) DOI:10.1167/iovs.08-2475

Proliferative diabetic retinopathy (PDR) is a common late or
end-stage complication of diabetes, the frequency of which

increases with disease duration and severity.1 Fibrovascular
tissue emerges from the retina into the vitreal space, and
tractional forces originating within this tissue threatens the
retinal anatomy, necessitating surgical intervention. PDR is a
cellular disorder in that its pathogenesis involves an identifiable
progression of activities including cell translocation from the
retina, increase in cell number through mitosis, and tractional
force generation through extracellular matrix contraction.2

Immunocytochemical studies performed in the past two
decades have identified a number of different cells in diabetic

epiretinal tissues, including retinal glia,3–5 macrophages,6 mi-
croglia,7 and retinal pigment epithelial cells.8 Interestingly,
despite the information available, the identities of the principal
effector cells—those actually causing traction retinal detach-
ments—are still unknown. Effective tractional force generation
requires expression of the myoid marker alpha smooth muscle
actin (�SMA).9 Consistent with this mechanistic requirement, a
number of investigators reported detecting �SMA-positive cells
in diabetic epiretinal tissue.10–12 However, because of the
superficial similarity to connective tissue fibroblasts, these cells
were described as fibrocytes, fibroblasts, or myofibro-
blasts.3,10–14 To date, no experimental evidence has been of-
fered to support a connective tissue origin for these cells,
making their identification as myofibroblasts speculative.

Studies from this laboratory reported that primary Müller
cells, maintained in tissue culture, develop the capacity to
generate tractional forces.15 This activity arises during a pro-
gression of immunochemical changes that include loss of GFAP
content and de novo expression of �SMA, resulting in a fibro-
blastlike cell that is unrecognizable as of glial origin.16 The
pathogenic relevance and contributions of Müller cell-derived
fibroblasts to diabetic traction retinal detachment are uncertain
because the presence of these cells in diabetic epiretinal tis-
sues has not yet been evaluated experimentally. This study
tested the hypothesis that Müller cell-derived fibroblasts con-
tribute to the population of cells capable of generating trac-
tional forces in PDR. Systematic comparisons of Müller cells in
culture and diabetic epiretinal membranes were performed to
examine early phenotype changes in culture and to better
define temporal intermediates using a broader panel of anti-
gens. These data were used to evaluate the presence of immu-
nochemically identifiable Müller cells in diabetic epiretinal
membranes and to determine if a similar progression of phe-
notype changes occurs in disease.

METHODS

Isolation and Culture of Porcine Müller Cells

Müller cells were isolated from normal porcine retina and main-
tained in culture using previously published methods.15 The meth-
ods used to secure animal tissues complied with the ARVO State-
ment for the Use of Animals in Ophthalmic and Vision Research and
were approved by the Institutional Review Board at the University
of Alabama at Birmingham. Briefly, eyes removed from anesthetized
animals were maintained in ice-cold saline until dissection. Retinas
were digested sequentially with papain and DNase, and the cells
were released by repeated trituration. Supernatants enriched with
morphologically recognizable Müller cells were combined and
plated in growth medium composed of Dulbecco’s minimum essen-
tial medium (DMEM) supplemented with 20 mM N-2-hydroxyeth-
ylpiperazine-N-2-ethanesulfonic acid and 10% fetal bovine serum.
The cells were permitted to adhere for 30 to 60 minutes at 37°C,
after which the nonadherent population was removed and the
medium was replaced with fresh growth medium. Müller cell phe-
notypes in culture were evaluated by indirect immunofluorescence
of fixed, permeabilized cells attached to glass coverslips using
polyclonal rabbit anti–GFAP and mouse monoclonal anti–�SMA an-
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tibodies, as described previously.16 Cultures were maintained in a
humidified incubator at 37°C with growth medium changes every 3
to 4 days until confluence, when they were released with 0.05%
trypsin and 0.53 mM EDTA and replated in fresh growth medium.

An additional Müller cell isolation was performed using two retinas
harvested from the same animal. Cells were isolated as described but
were maintained in DMEM formulations that were identical except for
high (5 g/L; #1288–017; Invitrogen, Carlsbad, CA) and low (1 g/L;
#31600–034; Invitrogen) glucose. Both formulations were supple-
mented with 20 mM N-2-hydroxyethylpiperazine-N-2-ethanesulfonic
acid and 10% fetal bovine serum. Cell phenotypes were evaluated by
indirect immunofluorescence as described after 2 hours, 7 days, and 14
days in culture.

Cell and Tissue Processing for
Immunofluorescence Microscopy

Cells attached to coverslips were fixed with 2% paraformaldehyde
in phosphate buffer (0.1 M Na2 HPO4, pH 7.0) for 1 hour at room
temperature, washed with phosphate-buffered saline (PBS; 0.01 M
Na2HPO4, 0.15 M NaCl, pH 7.4), and permeabilized by 10-minute
treatment with PBS containing 0.1% Triton X-100. Normal porcine
ocular tissue was harvested and prepared using previously pub-
lished methods.16 Intraocular scar tissue was removed during the
normal course of surgery to correct PDR. Informed consent was
obtained from all persons involved in this project, in accordance
with the tenets of the Declaration of Helsinki. Tissue was fixed for
1 hour at 4°C with 2% paraformaldehyde in phosphate buffer, rinsed
with additional phosphate buffer, infiltrated for 1 hour on ice with
1 part frozen tissue-embedding media (FisherDiagnostics, Fair Lawn,
NJ) and 2 parts 30% sucrose in phosphate buffer, and quick frozen
with cryospray. All specimens were sectioned in their entirety, with
four 5-�m cryosections placed on each slide. Every tenth slide (4 – 6

FIGURE 1. Indirect immunofluorescence evaluation of Müller cell changes in culture. Cryosections of normal porcine retina (A–D) and freshly
isolated Müller cells maintained in culture for 1 (E–H) and 7 (I–L) days were double probed with antibodies against GFAP (A, E, I) and glutamine
synthetase (B, F, J) or GFAP (C, G, K) with �SMA (D, H, L) and were detected using fluorochrome-conjugated secondary antibodies. Scale bars:
100 �m (A–D); 50 �m (E–L).

FIGURE 2. Evaluation of Müller cell changes by Western blotting.
Detergent-extracted proteins from normal porcine retina (lane 1) and
freshly isolated Müller cells maintained in culture for 1 day (lane 2), 7
days (lane 3), and 35 days (lane 4) were probed in Western blots using
antibodies against vimentin (A), GFAP (B), glutamine synthetase (C),
and �SMA (D).
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slides per specimen) was stained with hematoxylin to evaluate cell
distribution and to identify the regions of interest presented in the
Results (see Fig. 3). Cryosections and coverslips were blocked with
20% nonimmune goat serum (The Binding Site, Ltd., Birmingham,
UK) in PBS for 60 minutes at room temperature. Primary and
secondary antibody treatments were for 60 minutes at room tem-
perature using 2% goat serum in PBS with three 5-minute washes in
between. Four slides immediately above the region of interest were
stained with individual antibodies against GFAP, vimentin, glu-
tamine synthetase, and �SMA. Double-staining experiments were
performed on the three slides immediately below the region of
interest. Photomicrographs were taken with a microscope
equipped with epifluorescence illumination and phase-contrast op-
tics (Optiphot; Nikon, Tokyo, Japan) and with a digital camera
(RETIGA EXi; QImaging Corp., Burnaby, BC, Canada). Images were
assembled into composite photographs with image management
software (Photodeluxe; Adobe Systems, Inc., San Jose, CA).

Changes in tissue-associated pixel intensities associated with the
different immunoprobes were evaluated using unaltered images taken

with the same 40� objective under exposure conditions specific for
each immunoprobe. Tissue sections were masked, and mean tissue-
associated pixel intensities above background were calculated using
the histogram statistics function in commercial software (Adobe Pho-
toshop C2; Adobe Systems, Inc.). At least three exposures for each
antigen were evaluated for each sample.

Western Blot Analysis

Western blot analysis was performed on detergent-extracted proteins
from Müller cell cultures and porcine retina, separated on 5% to 15%
SDS-PAGE gels under reducing conditions, and transferred to polyvi-
nylidene difluoride membranes (Hybond-P; GE Healthcare) for 60 min-
utes at 100 V.17 The membranes were blocked with 5% nonfat dry milk
(Bio-Rad, Hercules, CA) in PBS with 0.1% Tween-20 (PBST, pH 7.5) and
probed with primary and secondary antibodies diluted in PBST for 60
minutes each with three 10-minute washes in between. Insulin-like
growth factor binding protein (IGFBP) Western blot membranes were
blocked with 3% nonfat dry milk in TBST for 60 minutes at room

FIGURE 3. Indirect immunofluorescence evaluation of Müller cell changes in high- and low-glucose culture medium. Freshly isolated Müller cells
in high- (A, B, E, F, I, J) and low- (C, D, G, H, K, L) glucose medium were incubated for 2 hours (A–D), 7 days (E–H), and 14 days (I–L). Coverslips
were double probed with antibodies against GFAP (A, C, E, G, I, K) and �SMA (B, D, F, H, J, L) and were detected using fluorochrome-conjugated
secondary antibodies. Scale bar, 50 �m.

TABLE 1. Differential Müller Cell Changes in Response to High- and Low-Glucose Medium

High Glucose Low Glucose P

7 Days 14 Days 7 Days 14 Days 7 Days 14 Days

GFAP 94.0 � 3.5 42.8 � 10.3 93.6 � 1.4 52.6 � 5.0 0.25 0.19
Vimentin 95.2 � 3.4 96.4 � 5.2 96.4 � 5.2 99.1 � 1.6 0.24 0.13
Glutamine synthetase 3.7 � 3.4 0.0 � 0.0 2.0 � 1.9 0.0 � 0.0 0.25 0.21
�SMA 90.2 � 4.5 89.1 � 7.8 86.9 � 2.5 93.6 � 5.8 0.19 0.37

Values are presented as % positive cells � SD. P values for high- versus low-glucose medium at both time points were calculated using the
Student’s t-test.
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temperature, and IGFBP was detected with primary and horseradish
peroxidase-conjugated secondary antibodies diluted in blocking solu-
tion for 60 minutes each. Chemiluminescence detection was con-
ducted (Super Signal West Femto; Pierce, Rockford, IL) according to
the manufacturer’s instructions, and the membranes were exposed to
autoradiographic film (Super Rx; Fuji Film Company Ltd., Tokyo, Ja-
pan).

Reagents

Tissue culture media and serum were obtained from Life Technologies
(Rockville, MD). Antibodies were obtained from commercial suppliers
and included rabbit anti–GFAP (Dako, Glostrup, Denmark), mouse
anti–�SMA (clone 1A4; Sigma Chemical Co., St. Louis, MO), mouse
anti–vimentin (clone V9; Dako), mouse anti–glutamine synthetase
(MAB302; Chemicon International, Inc., Temecula, CA), rhodamine-
conjugated goat anti–mouse IgG (Jackson ImmunoResearch Laborato-
ries, West Grove, PA), Cy2-conjugated goat anti–rabbit IgG (Jackson),
horseradish peroxidase-conjugated goat anti–mouse IgG (Jackson), and
horseradish peroxidase-conjugated goat-anti–rabbit IgG (Jackson) anti-
bodies. Normal goat serum was obtained from Jackson ImmunoRe-
search Laboratories, and other chemicals and reagents were obtained
from Sigma.

RESULTS

Müller Cell Phenotype Changes in Culture

To examine glutamine synthetase expression in relation to
GFAP, vimentin, and �SMA, freshly isolated porcine Müller

cells were maintained in culture for varying lengths of time
and then probed with the use of indirect immunofluores-
cence. As we reported previously, Müller cells in retina and
all tissue culture stages were strongly positive for vimentin
(not shown).15,16 Normal retina probed with antibodies
against GFAP revealed astrocytes and radially oriented Mül-
ler cells (Fig. 1A), whereas glutamine synthetase labeling
was limited to Müller cells alone (Fig. 1B, same field as 1A).
In contrast, the adjacent section probed for GFAP and �SMA
was similarly positive for GFAP (Fig. 1C) but negative for
�SMA except for vascular myocytes (Fig. 1D, same field as
1C). Freshly isolated Müller cells maintained in culture for 1
day had similar patterns of immunoreactivity in that all cells
were positive for GFAP and glutamine synthetase (Figs. 1E
and 1F, same fields) and negative for �SMA (1H, same field
as 1G). Cells maintained in culture for 7 days were of an
intermediate phenotype in that the cells were less strongly
positive for GFAP and had little or no glutamine synthetase-
associated signal (Figs. 1I and 1J, same field). In contrast, the
cells were now variably positive for �SMA and, in some
cases, had prominent stress fibers (Figs. 1K and 1L, same
field). Finally, as previously reported, Müller cells at 35 days
in culture (passage 5) were uniformly negative for GFAP and
positive for �SMA (not shown).15,16 These cells were also
negative when probed for the presence of glutamine syn-
thetase (not shown).

In parallel studies to confirm the immunocytochemical
observations, protein extracts from normal porcine retina
and Müller cells at the different culture stages were evalu-
ated in Western blots using the same immunoprobes. Müller
cells in retina and all cell cultures were strongly positive for
vimentin, and cell extracts were normalized to produce
vimentin staining of comparable intensity (Fig. 2A). A similar
evaluation using antibodies against �-actin produced com-
parable results (not shown). Retinal and Müller cell extracts
from 1-day cultures were strongly positive for GFAP, with
significant signal loss apparent by 7 days (Fig. 2B). Similarly,
retina and 1-day lysates were strongly positive for glutamine
synthetase, but this protein could not be detected after 7
days in culture (Fig. 2C). In contrast, only trace quantities of
�SMA could be detected in normal retina, but the cultures
were positive by 7 days with additional increases in longer
term cultures (Fig. 2D). These results revealed a temporal
progression of antigen changes in Müller cells in that glu-
tamine synthetase loss precedes that of GFAP. In turn, �SMA
expression was not pronounced until after glutamine syn-
thetase loss, and vimentin expression appeared to remain
unchanged in all phenotypes.

High-Glucose Culture Medium on Müller Cell
Phenotype Changes

In response to reviewer concerns about the effects of high-
glucose culture medium on Müller cell phenotype changes,

FIGURE 4. Evaluation of Müller cell changes in response to high- and
low-glucose medium by Western blotting. Detergent-extracted proteins
from normal porcine retina (lanes 1, 5) and freshly isolated Müller cells
maintained in high- (lanes 2–4) and low- (lanes 6–8) glucose medium
after 2 hours (lanes 2, 6), 7 days, (lanes 3, 7), and 14 days (lanes 4, 8)
were probed in Western blots using antibodies against vimentin (A, B),
GFAP (C, D), glutamine synthetase (E, F), and �SMA (G, H).

TABLE 2. Clinical Demographics of Patients

Diagnosis Diabetic traction retinal detachment
Mean diabetes duration 19 years (range, 6–32)
Diabetes

Type 1 IDDM 4
Type 2 NIDDM 2

Mean age 62 years (range, 42–76)
Sex

Male 4
Female 2

IDDM, insulin-dependent diabetes mellitus; NIDDM, non-insulin-
dependent diabetes mellitus.
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we performed another Müller cell isolation and character-
ization using two retinas harvested from the same animal.
After dissection and papain digestion in glucose-free L15
medium, the freshly dissociated Müller cells were sus-
pended and maintained in DMEM containing high (5 g/L) or
low (1 g/L) glucose. After 2 hours of incubation, cells under
both conditions were fixed, permeabilized, and probed with
the same antibody combinations used in Figure 1. The cells
were uniformly positive for GFAP (Figs. 3A, 3C), negative for
�SMA (Figs. 3B, 3D; same fields as 3A and 3C), and positive
for glutamine synthetase (not shown) and vimentin (not
shown). A similar evaluation performed after 7 days in cul-
ture revealed that the now well-spread cells were heteroge-
neous in GFAP expression in high-glucose (Fig. 3E) and
low-glucose (Fig. 3G) media. Expression of �SMA and assem-
bly into stress fibers was also evident in high-glucose (Fig.
3F, same field as 3E) and low-glucose (Fig. 3H, same field as
3G) media. Cells under both conditions were uniformly
negative for glutamine synthetase (not shown) and positive

for vimentin (not shown). Yet another evaluation performed
after 14 days in culture revealed that the cells maintained in
high-glucose (Fig. 3I) and low-glucose (Fig. 3K) media were
still heterogeneous for GFAP content though the staining
was considerably less intense. Cells and associated stress
fibers were also heterogeneously positive for �SMA (Figs. 3J
and L, same fields as 3I and 3K), though in this case the
staining was more intense. In addition, as earlier, the cells
were homogeneously negative for glutamine synthetase and
positive for vimentin. Müller cell changes were quantified by
an observer (JLK) masked to the experimental conditions,
grading the cells as either positive or negative during a north
to south transit of each coverslip counting a minimum of
100 cells in three complete fields. The results, presented in
Table 1, are consistent with the progressive loss of GFAP,
gain in �SMA, and loss of glutamine synthetase expression
presented in Figure 3.

Finally, in parallel studies to confirm the immunocyto-
chemical observations, protein extracts from normal retina

FIGURE 5. Photomontages of human epiretinal membranes. Cryosections of human epiretinal scar were probed with hematoxylin and were
photographed and assembled into low-magnification photomontages. Arrows: regions of intensely stained cells in high density. Scale bar, 500 �m.
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and these same cultures were evaluated in Western blots
using equal lysate volumes from the paired high- and low-
glucose cultures and the same immunoprobes. Müller cells
in retina, from high-glucose and low-glucose cultures, were
strongly positive for vimentin. Retinal and Müller cell ex-
tracts from both cultures were also strongly positive for
GFAP, with significant signal loss apparent by 7 and 14 days
(Figs. 4C, 4D). Similarly, retina and 2-hour lysates were
strongly positive for glutamine synthetase, but this protein
could not be detected after 7 days in culture under either
condition (Figs. 4E, 4F). In contrast, under these conditions,
�SMA was not detected in normal retina or 2-hour cultures,
but the cultures were positive by 7 days (Figs. 4G, 4H).
Taken together, these data indicate that continuous culture
in media containing high or low glucose does not influence
stress fiber formation or the previously described changes in
Müller cell phenotype.

Müller Cells in Fibrocontractive
Epiretinal Membranes

Epiretinal scars removed during corrective surgery (Table 2)
were first evaluated for cell density and distribution. Sam-

ples were fixed, cryopreserved, and sectioned, and every
tenth slide (4 – 6 slides per sample) was stained with hema-
toxylin and evaluated by light microscopy. Photomicro-
graphs were taken of the slides with the highest apparent
cell densities and, to permit direct comparisons, were as-
sembled into photocomposites (Fig. 5). Although the overall
organization and distribution of cells varied, every specimen
contained one or more regions of darker staining, tightly
packed cells (Fig. 5, arrows) and areas of lower cell densi-
ties.

We evaluated the presence and distribution of glia using
slides adjacent to those presented in figure 5, double probed
with antibodies against GFAP and vimentin. Presented in
Figure 6 are composite photomicrographs of the large,
darkly stained mass demonstrated in Figure 5 (top left
panel). At this magnification, all cells in the high-density
mass appeared to be intensely positive for GFAP (Fig. 6A)
and vimentin (Fig. 6B). Although many cells peripheral to
the high-density mass were also positive for both antigens,
GFAP reactivity appeared to be less intense. These differ-
ences were most easily detected in merged images in which
the reduced GFAP fluorescence yielded orange to red cells

FIGURE 6. Indirect immunofluorescence evaluation of GFAP and vimentin distribution in epiretinal scar. Cryosections adjacent to that presented
in Figure 3 were probed with antibodies against GFAP (A, D, G) and vimentin (B, E, H) and detected with fluorochrome-conjugated secondary
antibodies. Nuclei were labeled with DAPI. Merged images (C, F, I) contain three color channels representing DAPI (blue), GFAP (green), and
vimentin (red). Scale bars: 250 �m (A–C); 50 �m (D–I).
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(Fig. 6C, arrow). Higher magnification views of the same
sample confirmed these observations at the level of individ-
ual cells. Although the distribution and intensity of GFAP
and vimentin fluorescence varied in the high-density mass,
evaluation of individual (Figs. 6D, 6E) and merged (Fig. 6F)
images revealed that all cells in these areas were positive for
both antigens. However, this was not the case for the elon-
gate, fibroblastlike cells in the periphery. Although many
cells were variably positive for GFAP (Fig. 6G), vimentin-
positive cells (Fig. 6H) with little or no GFAP reactivity were
also detectable in the same field (Fig. 6I, arrow), a finding
consistent with cells in transition.

To distinguish between Müller and astrocytic glia, slides
were also double probed with antibodies against GFAP and
glutamine synthetase. As before, in low-magnification pho-
tocomposites, GFAP reactivity was present in high- and
low-cell density zones (Fig. 7A). In contrast, glutamine syn-
thetase reactivity was more restricted, limited to regions of
high cell density (Fig. 7B). Evaluation of the merged images
was also suggestive of cells in transition, with progressive
loss of glutamine synthetase reactivity in cells peripheral to
the high-density mass (Fig. 7C, arrow). High-magnification
views of the transition zone supported this premise in that
all cells in the image were positive for GFAP (Fig. 7D)
whereas glutamine synthetase reactivity was most evident in
the centrally located cells (Fig. 7E). As earlier, regional
differences in cell-specific antigen intensity were more ap-
parent in merged images (Fig. 7F).

To determine which, if any, of the cells were capable of
generating tractional forces, slides from these same regions
were also double probed with antibodies against �SMA and
GFAP. As earlier, GFAP reactivity was present in the high-
density cell mass and in occasional cells in the periphery
(Fig. 8A). In contrast, intense SMA reactivity was limited to
peripheral cells and was only weakly detected in the high-
density mass (Fig. 8B). Merged images at this magnification

revealed no obvious overlap in the intensely labeled cells
(Fig. 8).

High-magnification views of these specimens revealed a
more complex relationship. Müller cells in the high-density
mass were intensely positive for GFAP (Fig. 9A), but were also
positive for �SMA in the form of punctate staining and occa-
sional circular structures (Fig. 9B, arrow). Merged images with
DAPI-labeled nuclei revealed the circular structures to be pe-
rinuclear rings (Fig. 9C). Cells in the glutamine synthetase
transition zone (demonstrated in Fig. 7F) were still positive for
GFAP (Fig. 9D) and had generally increased �SMA content (Fig.
9E) in that virtually all cells had �SMA-positive perinuclear
rings that were also apparent in merged images (Fig. 9F).
Scrutiny of the low-density zones revealed regions of elongate,
fibroblastlike cells positive for both antigens. In this case GFAP
labeling was comparatively weak (Fig. 9G), and �SMA reactiv-
ity occurred in the form of short, intensely positive stress
fiberlike structures aligned on only one side of the nucleus (Fig.
9H). Merged images with DAPI-labeled nuclei confirmed the
localization of both antigens to individual cells (Fig. 9I). Finally,
the most common �SMA-positive phenotypes observed were
fibroblastlike cells in linear arrays similar to those presented in
Figure 9I, which were completely negative for GFAP (Fig. 9J).
In addition, in this case, the �SMA-positive structures were
larger, fibrillar (Fig. 9K), and aligned on both sides of the nuclei
(Fig. 9L).

All six specimens contained cells with the same colocaliza-
tion patterns. Specifically, every specimen contained dual-pos-
itive cells reactive for GFAP and vimentin, GFAP and glutamine
synthetase, and GFAP and �SMA. Similarly, every sample con-
tained regions of GFAP-negative/�SMA-positive cells, GFAP-
negative/vimentin-positive cells, and evidence of cells in tran-
sition. In response to the reviewer’s concerns about the
nonquantitative nature of this study, three images from each
sample judged to be of high density and transitional and fibro-
blastic phenotypes were evaluated for tissue-associated differ-

FIGURE 7. Indirect immunofluorescence evaluation of GFAP and glutamine synthetase distribution in human epiretinal scar. Cryosections adjacent
to those presented in Figure 3A were probed with antibodies against GFAP (A, D) and glutamine synthetase (B, E) and were detected using
fluorochrome-conjugated secondary antibodies. Nuclei were detected using DAPI. Merged images (C, F) contain three color channels representing
DAPI (blue), GFAP (green), and glutamine synthetase (red). Scale bars: 250 �m (A–C); 50 �m (D–F).
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ences in pixel intensity. Results of this analysis (Table 3) are
consistent with the expression changes apparent in Figures 6,
7, and 9.

DISCUSSION

Previously published studies from this laboratory demon-
strated that primary cultures of freshly isolated Müller cells

porcine or human retina undergo phenotype changes that
include loss of the glial intermediate filament protein GFAP
and de novo expression of the myoid marker �SMA.15,16,18

These changes result in fibroblastlike cells that are immuno-
chemically unrecognizable as of Müller cell origin. The
present study extends our understanding of this phenome-
non by reporting changes in glutamine synthetase content
relative to the glial and myoid markers and the rapid, early
changes that occur in the first week after isolation. With the
use of immunochemical techniques, we improved our un-
derstanding of the three distinct stages of phenotype change
that follow the isolation of Müller cells from the normal
retina.2 Early reactive Müller cells are positive for normal
Müller cell marker proteins, including glutamine synthetase,
GFAP, and vimentin and remain negative for �SMA. Late
reactive Müller cells lack glutamine synthetase, are positive
for GFAP and vimentin, and begin expressing �SMA. Myofi-
broblastic Müller cells are completely negative for glu-
tamine synthetase and GFAP and are strongly positive for
vimentin and �SMA. Immunochemical studies of diabetic
scar identified Müller cells with the same immunochemical
staining patterns and intermediate or transitional pheno-
types. These observations confirmed the previously re-
ported presence of immunochemically identifiable Müller
cells in diabetic fibrocontractive disease19,20 and the func-
tional relevance of phenotype plasticity in culture16,18 and
confirmed that the fibroblastlike cells responsible for gener-
ating tractional forces can be derived from phenotypically
altered Müller cells.

These observations are consistent with most of the pre-
viously published studies in this field. A number of investi-
gators examined diabetic scar with the goal of identifying
the causal cell types. Ultrastructural studies beginning
nearly three decades ago reported the presence of glia and
other cell types in diabetic epiretinal membranes.13 The
development of immunochemical techniques with antibod-
ies against GFAP permitted positive identification of glia in
these tissues by a number of different laboratories.3,4,7,19 –22

However, glia were reported to have minor roles with re-
spect to tractional force generation,23 a conclusion that was
supported by several lines of evidence. In the study by
Sramek et al.,3 the investigators reported that GFAP reactiv-
ity in the epiretinal tissues examined correlated inversely
with clinical contractility, leading the investigators to con-
clude that glia are unlikely to contribute to tractional force
generation in these disorders. Yet another study from the
same group evaluated regional variations in retinal traction
compared with immunochemical characterization of the cell
types in the adjacent epiretinal tissues and yielded the same
general conclusion.24 Most studies of diabetic epiretinal
membranes also described the presence of fibrocytes or
myofibroblasts and more recent studies confirmed these
observations using antibodies against �SMA.10 –12 Based on
the mechanistic association between �SMA expression and
tractional force generation, there is little doubt that these
cells represented the source of diabetic traction.

To our knowledge, this is the first study offering positive
experimental evidence indicating that contractile, myofibro-
blastlike cells can be of local origin. However, it is also
important to acknowledge an important limitation of this
study. Although the different Müller cell phenotypes and
transitional stages in diabetic scar are now documented, we
are aware of no glial-specific markers that persist in the
myofibroblastic phenotype. As a result of this limitation, we
cannot exclude the possibility that some portion of the
myofibroblastlike cells with the same immunochemical pro-
file originated from other cells or tissues. Similarly, despite

FIGURE 8. Indirect immunofluorescence evaluation of GFAP and
�SMA distribution in human epiretinal scar. Cryosections adjacent to
those presented in Figure 3A were double probed with antibodies
against GFAP (A) and �SMA (B) and were detected with fluorochrome-
conjugated secondary antibodies. (C) Merged image contains two
color channels representing GFAP (green) and �SMA (red). Scale bar,
250 �m.
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FIGURE 9. High-magnification indirect immunofluorescence evaluation of GFAP and �SMA distribution in human epiretinal scar. Cryosections
were double probed as described in Figure 6 with antibodies against GFAP (A, D, G, J) and �SMA (B, E, H, K) and detected using
fluorochrome-conjugated secondary antibodies. Nuclei were labeled using DAPI. (C, F, I, L) Merged images contain three color channels
representing DAPI (blue), GFAP (green), and �SMA (red). Scale bar, 50 �m.

TABLE 3. Changes in Protein-Specific Fluorescence Intensity Associated with Phenotype

Cell Density High Density Transitional Fibroblastic

GFAP 50.1 � 17.2 37.3 � 17.6 15.9 � 10.4
Vimentin 50.4 � 19.1 30.7 � 17.5 57.9 � 29.3
Glutamine synthetase 43.1 � 11.9 41.7 � 12.5 1.3 � 0.3
�SMA 25.1 � 9.8 46.9 � 10.9 73.1 � 34.0

Values are mean tissue intensities minus background � SD.
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the proximity and obvious regional changes in Müller cell
phenotype, an astrocytic lineage for some of the GFAP-
positive cells lacking glutamine synthetase reactivity also
cannot be excluded completely.

What then is the role of Müller cells in proliferative diabetic
retinopathy? These cells are known to be capable of translo-
cating to the vitreous and have been positively identified in
PDR epiretinal scar. Ample evidence indicates that Müller cells
represent a functional source of several important growth
factors, such as VEGF and bFGF,25–28 and, as such, can drive
the progression of fibrovascular events. It is also clear that
Müller cells have the capacity to assume a myofibroblastic
phenotype in disease and have the documented capacity to
generate tractional force in vitro and in vivo.15,18 Finally, the
latter activity occurs in response to growth factors now known
to be present in biologically active quantities in human diabetic
vitreous that correlate with disease type and severity.15,18,29

When considered together, these data constitute compelling
evidence in support of myofibroblastic Müller cells as the
effector population in PDR.

Finally, a PubMed search using the terms Müller and
glucose yielded nine published papers examining Müller cell
responses to high-glucose culture medium.30 –35 Six were
studies of rMC-1, an SV40 virus-immortalized cell line estab-
lished from light-damaged rat retina,36 and reported high
glucose–induced increases in apoptosis, oxidative stress,
protein nitration, and protein production.30 –35 The rMC-1 is
reported to be a phenotypically stable cell line36 and is of
limited relevance to our studies of early phenotype changes
in primary Müller cells. Three other published studies used
established cultures of primary rat and mouse Müller cells
and reported high glucose–induced apoptosis mediated
through Akt,37 increases in monocyte chemotactic protein-1
secretion,38 and, when combined with hypoxia, downregu-
lation of VEGF production.39 Again, these studies were of
established rather than freshly isolated cells and were of
limited relevance to our studies of Müller cell phenotype
change. However, in most of them, cells were maintained in
low-glucose medium, and glucose-induced changes were
examined in response to an abrupt shift to a fivefold higher
concentration. In light of the apparent absence of deleteri-
ous effects associated with continuous culture in high glu-
cose, one cannot help but wonder to what extent the high
glucose–associated responses arose from magnitude of
change rather than from glucose concentration.
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