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Figure 5. Immunofluorescence staining of semithin sections from explants cocultured with the mononuclear fraction. Antibody against glial
fibrillary acidic protein (GFAP; red) and DAPI dye (blue) were used. At 3 (A), 6 (B), and 9 (C) days of culture, the Miiller cells were wider
and more positive for GFAP than controls. After 9 days in culture (C), numerous Miiller cell GFAP+ processes invaded the subretinal space,
distributed in several fibrous layers (arrows). Scale bar: 20 um. Abbreviations: GCL is ganglion cell layer; ILM is inner limiting membrane;
INL is inner nuclear layer; NFL: nerve fiber layer; ONL is outer nuclear layer.

Immunofluorescence microscopy—
Immunohistochemical labeling of semithin sections revealed
increased GFAP+ reactivity and significant changes in the
Miiller cells at all culture periods. In the presence of MNF, it
was apparent that more Miiller cells were wider and were more
immunoreactive than the controls (Figures SA-C). In addition,
at culture day 9 (Figure 5C), multiple labeled processes
invaded the subretinal space and were distributed in several
fibrous layers. There was also an increase in GFAP labeling
intensity in the NFL and GCL.

Cryosections of explants cocultured with MNF for 6 days
were examined by confocal microscopy (Figure 6).
Colabeling with both anti-GFAP and anti-CRALBP revealed
an increased expression of GFAP and a decreased CRALBP
expression in the neuroretinal external layers. Additionally,
Miiller cell processes crossed the OLM. The cell bodies of
GFAP+ astrocytes remained in the NFL, but the extensions
crossed the neuroretinal thickness to reach the outer layers.

DISCUSSION

While the organotypic culture of the neuroretina was
originally described to follow cellular and cytoskeletal
changes during the culture period [5,27], this model also
reproduced some of the cellular changes revealed in
experimental RD [2]. Thus, we have used it to analyze the in
vitro response of Miiller cells to a mononuclear blood fraction
as a source of macrophages. The porcine neuroretina was
selected because it has many similarities with the human one.
These include retinal size, extension, structure, and
ultrastructure [28]. Additionally, the holoangiotic vasculature
pattern and the distribution of immunocompetent cells [29,
30] are quite similar to that of the human eye.

In control cultures, the most important light microscopy
findings were early OS degeneration, ganglion cell layer
vacuolization, plexiform layer shortening, cellular death, and
finally cellular debris and nuclei appearing over the OLM.
These changes were similar to the development of subretinal
membranes found in RD [2]. Noticeable retinal thinning also

occurred during the culture. Similar observations have also
been found in other models of RD, both in vivo and in vitro
[2,5,31,32]. At 3 and 6 days of culture, OS fragments present
in the subretinal space were diminished, similar to that which
occurs during longer term RD. In vivo, this is probably the
result of phagocytosis by RPE cells and macrophages that
invade the subretinal space [31]. The thickening of the ONL
can be attributed to regional differences of the explants.
Additionally, it could be due to Miiller cell gliosis and growth
of processes that fill the space left by dying neurons. This
gliosis causes a disorganization of the ONL that reduces the
packing density of the cells and results in ONL thickening.
Immunofluorescence staining of freshly detached
samples was consistent with previous studies [2,27,32,33].
However, another porcine neuroretinal study found that
GFAP+ staining was distributed from the NFL to the ONL
[5]- We found rapid increases in GFAP expression during the
first 3 days of culture, reaching the ONL. These changes were
probably associated with photoreceptor cell death that occurs
after RD [34]. Subsequently, the expression of the GFAP IF
proteins continued to increase in the Miiller cell cytoplasm,
but the rate of increase diminished. At 6 days, GFAP
expression in our cultures was similar to that seen in other
studies [2,5]. Finally, cytoplasmic extensions of the Miiller
cells surrounded photoreceptors IS and invaded the subretinal
space, establishing a newly formed tissue at 9 days of culture.
This tissue appeared similar to the subretinal membranes
developed between 7 and 28 days after experimental RD in
cats [2,4] and in porcine neuroretina organotypic culture after
10 days [5]. Previous studies of human specimens [6,8,10]
revealed the same increases in GFAP throughout Miiller cells.

In explants cocultured with MNF, the glial cell thickness
appeared to increase. This needs to be confirmed in
quantitative follow-up studies. In addition to the elongation
and overgrowth, Miiller cells underwent a greater degree of
hypertrophy and hyperplasia in the subretinal space when the
explants were cocultured with MNF. This response was likely
due to interactions of Miiller cells with lymphocytes as well
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Figure 6. Immunofluorescence staining
of cryosections from 6 day cocultured
explants. Antibodies against glial
fibrillary acidic protein (GFAP; red) and
cellular retinaldehyde-binding protein
(CRALBP; green) were used. Confocal
images revealed an  increased
expression of GFAP and a decreased
CRALBP expression in the neuroretinal
external layers. Miiller cell processes
crossed the outer limiting membrane
(OLM; arrows). The cell bodies of
GFAP+ astrocytes remained in the
nerve fiber layer (NFL; asterisk), but the
extensions crossed the neuroretina,
reaching the outer layers (arrowheads).
Scale bar equals 20 um. Abbreviations:
ganglion cell layer (GCL); inner
limiting membrane (ILM); inner nuclear
layer (INL); outer nuclear layer (ONL).

as macrophage-like cells [13] that can induce a retinal reactive
gliosis. In this model, MNF was the most likely source of the
macrophages as these cells are abundant when MNF were
cultured alone. Besides Miiller cell modifications, astrocytes
also underwent some changes, such as growth of extensions
that invaded the neuroretinal outer layers by 6 days of culture.

At 9 days of culture, growth of immunoreactive Miiller
cells processes occupied the space left by dying neurons. At
this time, cells seemed to adhere to one another, forming a
protective whole that included the rest of surviving neurons.
The immunofluorescence and histology images at 9 days of
culture with the MNF mimicked the findings obtained in
human PVR retinectomy specimens [7,9], showing greater
retinal structure disorganization, loss of neuronal nuclei, and
GFAP+ reactive gliosis than prior RD models [2,5,31,32].

Previous studies indicated that the breakdown of the
blood-ocular barrier and the separation between OS and RPE
that occurs in RD are the principal stimuli for the migration
of macrophage-like cells into the retina [35-37]. These cells
probably originated from blood monocytes [9] and RPE
dedifferentiation [36,38]. Furthermore, apoptotic
photoreceptors attract macrophages [39], and in vitro studies
demonstrated that macrophage-like cells could be activated

after interaction with the RPE [17,40]. In the activated state,
these inflammatory cells can release multiple proangiogenic
and proinflammatory cytokines. One of these cytokines,
TNFa, binds to receptors on Miiller cells [41] and probably
activates them [13]. In addition, TNFa activates microglia and
astrocytes in the central nervous system [42].

In summary, we developed an in vitro neuroretina model
of Miiller cell gliosis that is enhanced by external addition of
macrophages. The cellular interactions present in this model
could be used for pharmacological assays, testing the efficacy
of drugs that can inhibit the retinal scarring process. Cytokines
released by activated macrophages will be a target for future
studies.
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