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PURPOSE. Proliferative vitreoretinopathy (PVR) is the most common cause of failure of
surgically repaired rhegmatogenous retinal detachment (RRD). Chemically induced and
cell injection PVR models do not fully simulate the clinical characteristics of PVR in the
post-RRD context. There is an unmet need for translational models in which to study
mechanisms and treatments specific to RRD-PVR.

METHODS. RRD was induced in adult Dutch Belted rabbits. Posterior segments were fixed
or processed for RNA sequencing at 6 hours and 2, 7, 14, and 35 days after induc-
tion. Histochemical staining and immunolabeling for glial fibrillary acidic protein, alpha
smooth muscle actin, vascular endothelial growth factor receptor 2, CD68, and RPE 65
kDa protein were performed, and labeling intensity was scored. Single cell RNA sequenc-
ing was performed.

RESULTS. Acute histopathological changes included intravitreal and intraretinal hemor-
rhage, leukocytic vitritis, chorioretinitis, and retinal rarefaction. Chronic lesions showed
retinal atrophy, gliosis, fibrotic subretinal membranes, and epiretinal fibrovascular prolif-
eration. Fibrillar collagen was present in the fibrocellular and fibrovascular membranes
in chronic lesions. Moderate to strong labeling of glia and vasculature was detected in
chronic lesions. At day 14, most cells profiled by single cell sequencing were identified as
Mϋller glia and microglia, consistent with immunolabeling. Expression of several fibrillar
collagen genes was upregulated in chronic lesions.

CONCLUSIONS.Histological and transcriptional features of this rabbit model simulate impor-
tant features of human RRD–PVR, including the transition to chronic intraretinal and
periretinal fibrosis. This animal model of RRD with features of PVR will enable further
research on targeted treatment interventions.

Keywords: epithelial–mesenchymal transition, epiretinal membrane, tractional retinal
detachment, vitrectomy, gliosis, fibrosis, collagen, GFAP, αSMA, RPE65, VEGFR2, CD68

P roliferative vitreoretinopathy (PVR), characterized by
retinal contraction and periretinal proliferation, is the

most common cause of failure after rhegmatogenous reti-
nal detachment (RRD) repair.1–6 There is currently no effec-
tive pharmacological treatment or prophylaxis agent avail-
able for this postoperative complication, and the cellular
components and molecular drivers of PVR are incompletely
elucidated. However, inflammation, the release of cytokines,
altered expression of growth and transcription factors, and
induction of epithelial-to-mesenchymal transition (EMT) of

RPE cells, fibroblasts, and glia have all been suggested as key
factors.7–20 Proposed targets for intervention include ligands,
agonists, and inhibitors of cytokine and growth factor signal-
ing pathways, but there remains an unmet need for effective
PVR therapies and appropriate animal models of disease in
which to evaluate them.12,18,21–29

The pathogenesis of RRD–PVR has historically been
characterized by five developmental stages. The stages are
disruption of the blood–retinal barrier, resulting hypoxia,
leukocyte chemotaxis and migration to the site of injury,
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EMT, and proliferation of epiretinal, intraretinal, and subreti-
nal cells, critically, involving a substantial role of activated
Müller glial cells in the remodeling of the extracellular matrix
(ECM) with membrane production and fibrotic contrac-
tion.2–4,6,17,18,25,30–34 However, the proportion and distribu-
tion of specific cell types involved, and temporal and spatial
regulation of these processes, are poorly understood. The
objective of the current study was to more comprehensively
identify pertinent cell populations and describe the histolog-
ical progression in a refined rabbit model of RRD. Here we
present the cell types and ECM features of disease progres-
sion in RRD with features of PVR and demonstrate acute
changes (primarily inflammation and hemorrhage) through
the transition to epiretinal fibrovascular and subretinal fibro-
cellular membranes and chronic gliosis.

METHODS

Model Induction

This study was approved by the Johns Hopkins Univer-
sity’s Institutional Animal Care and Use Committee (proto-
col number: RB20M263). All animal experiments were
performed in accordance with the guidelines for the Use of
Animals in Ophthalmic and Vision Research of ARVO and in
adherence with the ARRIVE 2.0 Guidelines.35 Adult female
Dutch Belted rabbits (1.5–2.5 kg) obtained from Robin-
son Services Inc (Mocksville, NC, USA) were maintained
in a temperature-controlled, 12-hour light cycle environ-
ments with ad libitum food and water. Briefly, animals were
anesthetized with ketamine (35 mg/kg intramuscularly) and
xylazine (5 mg/kg intramuscularly), intubated, and main-
tained on isoflurane. A refined approach to unilateral induc-
tion of RRD with feature of PVR was achieved via lensec-
tomy, pars plana vitrectomy, large retinotomy, and iatro-
genic retinal detachment induction by subretinal injection
of saline, followed by retinal cryotherapy and intravitreal
autologous platelet-rich plasma injection (n = 3 rabbits/time
point); contralateral globes, receiving only enrofloxacin
(5 mg/kg subconjunctivally once postoperatively), lido-
caine (1 mg/kg subconjunctivally once postoperatively), and
dexamethasone SP (0. 5mg/kg subconjunctivally once post-
operatively), served as controls.36

In Vivo Grading

In vivo retinal assessments were performed using indirect
ophthalmoscopy at 6 hours and 2, 7, 14„ and 35 days after
RRD induction and scored using standardized PVR scoring
schemes as shown in Supplementary Table S1.37–39

Histology and Immunocytochemistry

Animals were humanely euthanized 6 hours and 2, 7, 14,
and 35 days after RRD induction. Posterior segments of
enucleated globes were harvested and then either fixed
in 10% neutral-buffered formalin or 4% paraformaldehyde
in PBS or stored at −80°C for later processing. Routine
hematoxylin and eosin staining of 5-μm-thick formalin-
fixed, paraffin-embedded and paraformaldehyde-fixed, OCT-
embedded sections were used to evaluate full-thickness reti-
nal morphology and morphology of the inner retina with
associated fibrovascular membranes, respectively. Masson’s
trichrome staining, performed on all formalin-fixed, paraffin-
embedded sections by the JHMI Reference Histology Labo-

ratory, was used to localize collagen expression. Immuno-
histochemical staining for RPE 65 kDa protein (RPE65)
was performed on all formalin-fixed, paraffin-embedded
sections, and immunofluorescent staining for glial fibrillary
acidic protein (GFAP), alpha smooth muscle actin (αSMA),
vascular endothelial growth factor receptor 2 (VEGFR2), and
CD68 was performed on all frozen sections using standard
protocols and details as presented in Supplementary Table
S2. Tissue sections were evaluated using an Olympus BX50
(Tokyo, Japan) and an Olympus AX70, respectively. The
percentage of cells with positive labeling was estimated, and
labeling intensity was evaluated to generate a semiquan-
titative staining score (0, absent; 1, weak, focal; 2, moder-
ate, multifocal; and 3, strong, diffuse) independently by two
pathologists (CP, CGE).

RNA Sequencing

Extracted retinas (n = 2 per time point) were dissociated
into single cells and processed to evaluate transcription
profiling using single cell RNA-Seq (10X Genomics, Pleasan-
ton, CA, USA); UMAP analysis was performed to profile
cell populations at day 14 after induction and compared
with controls, as described elsewhere.40 For heatmap anal-
ysis, collagen expression z-scores were obtained from log-
transformed and pseudobulked transcript counts in control
retina and lesions harvested at days 14 and 35, respectively.
All rabbit sequencing data can be accessed at GEO accession
numbers GSE217333. Code used to analyze the data sets
in this study can be found at https://github.com/csanti88/
pvr_singlecell_vs_singlenucleiRNAseq_2022.

Statistical Analyses

The median PVR grade was determined using Prism 8
GraphPad (v. 9.2.0; San Diego, CA, USA) and recorded over
time. Correlation of median PVR grades with collagen stain-
ing was analyzed by Fisher’s exact test and two-tailed t tests.
The mode of semiquantitative immunolabeling scores was
determined and recorded over time. The single cell RNA
sequencing (scRNA-seq) data were analyzed using R statisti-
cal language (R Core Team v. 4.1.0; Vienna, Austria). Default
parameters in Seurat’s FindMarkers function was used to
find differentially expressed genes using a non-parametric
Wilcoxon rank sum test, and adjusted P values were obtained
from Bonferroni corrections applied to all genes in the
dataset (α = 0.05).

RESULTS

In Vivo Grading

The median grades of PVR severity for all classification
schemes used increased over time with the exception of
day 14 after induction, when scored using the Blumenkranz
model, as shown in the Table.

No classification schemes were significantly correlated
with collagen deposition.

Distinct Histopathological Features of Acute,
Subacute, and Chronic Lesions

We classified histopathological changes as acute (6 hours
to 2 days), subacute (7 days), and chronic (14 days
and beyond) based on classical histological features of
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TABLE. Median PVR Severity Grades Over Time

Time Point (n) Hida Blumenkranz Fastenberg

Control (3) 0 0 1
H6 (2) 5.5 2.5 3.5
D2 (3) 6 3 4
D7 (3) 6 3 4
D14 (2) 6.5 2 4
D35 (3) 7 3 5

immune response and tissue remodeling (acute inflam-
mation, subacute proliferation, chronic remodeling) used
broadly at multiple sites in the body.41 Retinas obtained from
control animals demonstrated no significant hemorrhage,
necrosis, or inflammation (Figs. 1A, B). Acute histopatho-
logical changes (hour 6 and day 2) included intravit-
real, intraretinal, and choroidal hemorrhage, and infil-
tration of the vitreous, retina, choroid, and orbital soft
tissues by large numbers of both degenerate and nonde-
generate heterophils and fewer numbers of macrophages.

Heterophils are leukocytes in rabbits, which are func-
tionally similar to neutrophils in humans.42–45 Rarefac-
tion, edema, and fibrin deposition of the inner nuclear
layers was also observed in the acute phase (Figs. 1C–F).
Sections of necrotic foci were present with swollen, hyper-
eosinophilic ganglion cells containing pyknotic nuclei and
disruption of photoreceptor outer segments in regions over-
lying subretinal fibrinosuppurative exudates.

Subacute changes observed on day 7 included full-
thickness retinal folds and persistent edema and rarefaction
of the inner retina admixed with infiltrating microglia. Vitreal
hemorrhage had nearly resolved at this time point; however,
a mixed population of inflammatory cells remained in the
vitreous and subretinal space, and erythrophagocytosis was
observed. Early atrophic change, particularly of the outer
retina, and gliosis were also present by day 7 (Figs. 2A, B).
Chronic lesions (days 14 and 35) included panretinal atro-
phy and progressive gliosis, highlighted by prominent radial
Müller glia (Supplementary Fig. S1). Subretinal fibrocellu-
lar membranes, often with anterior dispersion of single RPE
cells through the inner retina, and epiretinal fibrovascular

FIGURE 1. Representative histology of the normal control retina and acute histopathological lesions following unilateral induction of RRD–
PVR. No significant hemorrhage, inflammation, or rarefaction were observed within the control neural retina (A) or the medullary streak (B;
arrows indicate surface vasculature). Moderate to severe vitreal hemorrhage (asterisk) and fibrin exudation (arrows) (C) and moderate to
severe choroidal hemorrhage (asterisks) (D) were observed at 6 hours after induction. Acute heterophilic inflammation within the subretinal
space (arrows) (E) with inflammatory cells shown at higher magnification (inset) and foci of necrosis of the neural retina (asterices) (F)
were observed 2 days after induction. Scale bar, 50 μM.
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FIGURE 2. Representative histology of subacute and chronic histopathological lesions after unilateral induction of RRD–PVR. Progressive
rarefaction of the inner neural retinal layers along with full-thickness retinal folds (asterisk) (A) and moderate infiltration of the vitreous
by a mixed population of inflammatory cells (arrows) (B) were present at day 7 after induction. Resolving hemorrhage, moderate to severe
atrophy, and full-thickness folding of the neural retina with anterior migration of pigmented RPE cells (boxed area) (C) and the formation
of subretinal fibrocellular membranes (asterisk) with intramembranous hemorrhage (arrows) (D) were observed at day 14 after induction.
At day 35 after induction, progressive, dense fibrous subretinal membranes (asterisk) were attached to the RPE and Bruch’s membrane
posterior to the detached and atrophic retina (arrows) (E). Dense epiretinal fibrovascular membranes (asterisks) were also observed in the
region of the medullary streak (F). Scale bar, 50 μM.

membranes in the region of the medullary streak were also
observed at later time points (Figs. 2C–F).

Progressive Accumulation of Fibrillar Collagen in
Epiretinal and Subretinal Membranes

To assess the location and extent of epiretrinal and subreti-
nal membranes containing collagenous components, we
conducted trichrome staining. Retinas with acute and suba-
cute lesions were trichrome negative; however, trichrome-
positive strands of fibrillar collagen were observed within
the vitreous at day 2 and day 7. Semiquantitative analy-
sis showed that moderate trichrome positivity began at day
14 and progressed by day 35 (Figs. 3A–G). Chronic lesions
exhibited trichrome-positive fibrillar collagen in the subreti-
nal fibrocellular and epiretinal fibrovascular membranes.

We hypothesized that multiple collagen species were
involved in periretinal membrane formation. To interrogate

gene expression of diverse collagen species, we used scRNA-
seq. A heatmap analysis for fibrillar collagen revealed that
COL1A1 was upregulated in Müller glia at day 14 after
injury relative to control samples, whereas COL5A1 and
COL5A2 were upregulated at day 35 after induction rela-
tive to controls (Fig. 4A). These data suggest that multiple
collagen species may be involved in the formation of patho-
logical PVR membranes in promoting periretinal membrane
contractility.

Temporal Expression of VEGFR2 in Fibrovascular
Lesions

We observed early epiretinal membrane formation along the
posterior face of the vitreous and inner retina in the dorsal
and ventral quadrants and more densely organized fibrovas-
cular proliferation in the region of the medullary streak in
chronic RRD with features of PVR. To assess the extent and
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FIGURE 3. Expression of fibrillar collagen in the rabbit retina follow-
ing unilateral induction of RRD–PVR. No collagen was observed in
the vitreous, retina, or subretinal space in the control tissue (A)
(Masson’s trichrome stain; scale bar, 50 μM). Thin strands of fibrillar
collagen (blue) were observed in the vitreous in association with
acute heterophilic vitritis by day 2 (arrows) (B) (scale bar, 25 μM).
By day 14, the subretinal space was expanded by fibrillar collagen
that abutted the folded and gliotic neural retina (C) (scale bar, 100
μM). Higher magnification demonstrating intraretinal gliosis and
subretinal fibrosis (asterisk) (D) (scale bar, 50 μM). By day 35, the
subretinal membranes (asterisk) contained increasing amounts of
fibrillar collagen with fewer cellular components (E) (scale bar, 100
μM), and the epiretinal fibrovascular membranes of the medullary
streak (asterisk) comprised a dense collagenous matrix (F) (scale
bar, 50 μM). The intensity of trichrome staining increased over time
(G) (n = 3 per time point).

temporal pattern by which VEGF signaling may play a role in
cell proliferation in the context of these lesions, we stained
acute, subacute, and chronic specimens for VEGFR2. In acute
and subacute specimens, VEGFR2 was weakly expressed.
However, expression of VEGFR2 associated with epiretinal
fibrovascular membranes in the medullary streak peaked at
day 14 (Figs. 5A–D). There was only moderate expression at
day 35.

Microglia and Gliotic Changes

To assess the abundance of microglial cells, we combined
CD68 immunolabeling and morphological features, with a

small proportion of cells having abundant cytoplasm and
a larger eccentric nucleus, a morphology supportive of
circulating macrophages; however, the majority of these
cells were smaller, with rarefied processes, consistent with
microglia. In acute and subacute lesions, CD68 expres-
sion, associated with increased numbers of retinal microglia,
peaked at days 2 and 7. CD68+ cells were located primarily
in the inner retinal layers and epiretinal membranes of the
medullary streak (Figs. 5E–H). At chronic time points, CD68+

cells were observed at an intensity and proportion similar
to controls. We assayed upregulated expression of GFAP to
evaluate Müller glia hypertrophy. GFAP+ Müller glia were
restricted to the neural retina (Figs. 6B–E). At day 14 after
induction, relatively few neurons were captured by UMAP
analysis, and the majority of cells profiled were identified as
Müller glia and microglia (Figs. 4B, C).

Subretinal RPE DeDifferentiation and
Proliferation

We used RPE65 as a marker of differentiated RPE cells.
RPE65+ cells were attenuated (weak to absent) at day
14 relative to controls, with expression loss correspond-
ing to regions of subretinal fibrosis and foci of pigmented
cells observed migrating anteriorly through the subretinal
membranes toward the interface with the gliotic neural
retina (Figs. 7A–D). On day 14, upregulated expression of
αSMA within the subretinal fibrocellular membrane indi-
cated dedifferentiation and EMT of RPE cells (Fig. 6C).

DISCUSSION

Both the vasculature and myelinated nerve fibers of the
lagomorph retina are confined to the medullary streak, a
broad horizontal band ventral to the optic nerve head with a
high density of photoreceptors, ganglion cells, and amacrine
cells.46,47 Although the meriangiotic rabbit retina differs from
the holangiotic pattern in humans, the distribution of the
vessels in the nerve fiber layer are similar to humans, and the
number of main arterial branches crossing the disc margin
is similar between the two species.48 As such, despite some
differences in vasculature, the rabbit is commonly accepted
as an efficient and cost-effective animal model of ophthalmic
disease owing to the large globe and inducible proliferation,
with dozens of published PVR studies using the rabbit over
the past decade.16,29,49–67

The epiretinal fibrovascular membranes demonstrated
here seem to simulate similar lesions that are commonly
found in clinical PVR, and although the subretinal fibrocel-
lular membranes are less commonly encountered in human
PVR, they are an important pathological feature, because
they alter the capacity for retinal reattachment.68–70 Exist-
ing rabbit models have not consistently demonstrated both
epiretinal and subretinal membranes, the key histological
features of human PVR.16,29,52,53,55–57,63,64,67 Our data also
demonstrate the involvement of multiple collagen species in
the development of collagenous membranes, suggesting that
multiple profibrotic signaling pathways may be involved.
These rabbit data also validate the presence of additional
features of human PVR, that is, increased microglial inva-
sion into epiretinal membranes, Müller glia activation, and
RPE dedifferentiation.71

Cryotherapy to stimulate local, acute inflammatory
responses and the use of PRP to stimulate platelet-secreted
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FIGURE 4. scRNA-seq of the rabbit retina following unilateral induction of RRD-PVR. Heatmap for differentially expressed fibrillar collagen
produced by Müller glia demonstrating upregulation in chronic lesions (A) (n = 2 per time point). UMAP plots for single cell RNA-seq of
control rabbit retinas (B) and day 14 after unilateral induction of RRD–PVR (C). Note the change in the number of cells (Müller glia and
microglia) over time.

FIGURE 5. Expression of VEGFR2 and CD68 in the rabbit retina after unilateral induction of RRD–PVR. No labeling of vessels was observed
within the neural retina (A; red, VEGFR2; blue, DAPI; scale bar, 25 μM) in the control tissue or at day 2 or day 7 in any region other than
the medullary rays (B) (scale bar, 10 μM). By day 14, there was a marked increase in the number or small vessels within the inner layers of
the medullary streak and in association with epiretinal fibrovascular membranes (C) (scale bar, 25 μM). VEGFR2 staining was increased at
day 14 and but began to decrease at day 35 (D) (n = 4 per time point). Weak labeling of microglia was observed within the neural retina in
the control tissue (E; red, CD68; blue, DAPI; scale bar, 25 μM). By day 2, there was moderate expression of CD68 by cells morphologically
consistent with microglia within the inner layers of the neural retina (F) (scale bar, 25 μM). At day 14, there was moderate expression of
CD68 by microglia associated with epiretinal fibrovascular membranes in the medullary streak (G) (scale bar, 25 μM). CD68 staining peaked
at day 2 and day 7 (H) (n = 3 per time point).

growth factors and cytokines are further advantages of
the animal model presented here. We included PRP injec-
tion because we, and others, have found that it promotes
the development of PVR features in animal models, lead-
ing to a more reproducible extent and severity of lesions
in our animal cohort. Notably, retinal exposure to blood
components in the context of vitreous hemorrhage is recog-
nized as a major risk factor for PVR development in
humans. With the majority of human PVR cases develop-
ing between 30 and 45 days postoperative, the relatively
fast disease progression (subacute to chronic histopatho-
logical features by day 7 after induction) represents one
discordant feature of our rabbit model.3,6 The risk of intra-
operative hemorrhage with excessive exudation of proin-

flammatory signals and bias toward subretinal pathology
are potential limitations of a surgical model of RRD with
features of PVR in the rabbit.72 The degree of hemorrhage
is more than is standard for a routine retinal detachment,
and the somewhat traumatic nature of this model is also a
limitation.

This manuscript also addresses two main knowledge
gaps in the rabbit PVR models, namely, acute changes (6
hours and 2 days) and epiretinal versus subretinal fibrosis.
We focused on acute time point analysis because the early
pathological changes represent potential treatment targets
to prevent more severe retinal damage. Regarding subreti-
nal fibrosis, we feel this key feature has received inadequate
attention despite being an important—and surgically chal-
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FIGURE 6. Expression of GFAP and αSMA in the rabbit retina after unilateral induction of RRD–PVR. Weak expression of GFAP by Müller
glia within the neural retina was observed in the control globes. αSMA was not expressed in controls (A; red, αSMA; green, GFAP; blue,
DAPI; scale bar, 50 μM). By day 2, increased GFAP expression by Müller glia was observed within the neural retina (B) (scale bar, 50 μM).
At day 14, GFAP was strongly expressed by proliferating and hypertrophied Müller glia within the neural retina, and αSMA was strongly
expressed within subretinal fibrocellular membranes (C) (scale bar, 50 μM). At day 35, gliosis and GFAP expression were diffuse wtihin the
neural retina (D) (scale bar, 50 μM). The staining of both GFAP and αSMA increased over time (E) (n = 4 per time point).

FIGURE 7. Expression of RPE65 in the rabbit retina following unilateral induction of RRD–PVR. RPE65 expression was observed in the RPE
in the control retinas with normal cuboidal architecture (A; red, RPE65; scale bar, 25 μM). At day 14, RPE65 expression was largely absent in
the region of the subretinal membrane (arrow) and in foci of migrating pigmented cells (asterisk), consistent with dedifferentiation of RPE
(B) (scale bar, 100 μM). Higher magnification highlighting the loss of RPE65 expression in RPE that have undergone EMT and transitioned
from normal cuboidal epithelial cells and assumed a flattened, fibroblastic appearance (arrow). Moderate numbers of subretinal heterophils
and macrophages are present, several of which contain red bloods cells within the cytoplasm (erythrophagocytosis) (C) (scale bar, 25 μM).
RPE65 staining decreased over time (D) (n = 4 per time point).

lenging, in terms of curative intervention—component in the
most severe cases of human PVR.68–70,73,74

Earlier studies have primarily focused on epiretinal
membrane formation. Chen et al.16 reported disruption of
the inner limiting membrane and epiretinal fibrosis in their
model after 10 days after lesion induction. In their dataset,
critical acute changes occurring earlier than 10 days could
not be identified, and data on subretinal membrane forma-
tion were not presented.16 Similarly, histological sections
presented in Hirose et al.63 and Khoroshilova-Maslova et
al.64 demonstrated tractional retinal folds with epiretinal
membranes at 4 and 8 weeks after induction. Epiretinal

membranes and RPE proliferation were reported at 30 days
after induction, but the presence of these histomorpho-
logical features was not evaluated at earlier points, and
subretinal membranes were also not targeted for analy-
sis.63,64

Other investigators report variable degrees of retinal
thickening, gliosis, and atrophy.29 Elevated αSMA expres-
sion in epiretinal membranes at time points ranging from
22 days to 11 weeks after induction have been reported,
but subretinal data are unavailable.29,52,53,55,56,67 Khanum et
al.57 reported evaluation of their rabbit model one and 30
days after induction; however, it is unclear from their figures
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from which time points their photomicrographs of hema-
toxylin and eosin–stained or immunolabeled sections were
obtained. Our 6-hour and 2-day data broadly align with the
findings of Zahn et al.61 at days 3 and 7 after induction, in
which they assayed Müller glia, microglia, and macrophages.

After retinal detachment and disruption of the blood–
retinal barrier with subsequent vitreal traction, early
immune responses, characterized by leukocyte infiltration
of the retina and vitreous and local cytokine and growth
factor production, are the nidus for vascularized epireti-
nal membrane formation in PVR, with mononuclear cells
and histiocytes more often implicated in traumatic etiolo-
gies.75–78 In the current study, we demonstrate fibrinohe-
morrhagic and necrotizing vitritis and chorioretinitis with
subsequent heterophilic infiltration by hour 6 and day 2
after induction, respectively. Increasing expression of CD68
within the inner retinal layers of the medullary streak
was observed in the subacute period, peaking at days
2 and 7 after induction, with a lag before the develop-
ment of neovascularization in the fibrovascular epiretinal
membranes observed at day 14. Collectively, these results
suggest that early damage or ischemia is characterized
initially by acute infiltration by heterophils, the subse-
quent release of proinflammatory cytokines and growth
factors, which then, in turn, promote microglial recruitment
and neovascularization. Under hypoxic conditions, reduced
ubiquitination or TNF-α–mediated induction of hypoxia
inducible factor 1α promotes transcriptional activation of
hypoxia responsive elements, leading to increased expres-
sion of VEGFR2 to restore tissue perfusion.79,80 The contri-
bution of microglia to the retinal inflammatory response
and regulation of retinal and choroidal vasculature has been
well-documented, further supporting a role in neovascular-
ization for the microglia observed in association with the
fibrovascular epiretinal membranes in the current study.19,81

Jin et al.31 described a key transition in the course of
human PVR at day 30 when highly cellular, loosened ECM
becomes more densely fibrotic. In the current study, we vali-
date this transition in ECM remodeling of both the epiretinal
and subretinal membranes at day 35 after induction with
compaction and paucicellularity of the membranes when
compared with day 14. Our scRNA-seq data confirm this
differential expression of fibrillar collagens over time with
upregulation of COL1A1, COL5A1, and COL5A2 at days
14 and 35 after induction, respectively. Further, this tran-
sition corresponds with an increase in αSMA and fibril-
lar collagen expression in both the epiretinal and subreti-
nal membranes as demonstrated with immunolabeling and
Masson’s trichrome staining, respectively. The transition also
correlates with increased Müller glia proliferation and hyper-
trophy as demonstrated by GFAP immunolabeling when
compared with controls. GFAP and vimentin are commonly
used as markers of retinal gliosis in the context of PVR, and
Eastlake et al.17 reported that numerous inflammatory medi-
ators are expressed by Müller glia in vitro and upregulated
in the gliotic retina.18,82

In the current study, we demonstrate loss of RPE65
expression by RPE cells by day 14 after induction, corre-
sponding with the same time point that subretinal fibrocellu-
lar membrane formation was earliest observed. Additionally,
rare, pigmented cells, which were negative for RPE65 label-
ing and therefore likely to correspond with dedifferentiated
RPE cells or possibly choroidal melanocytes, were observed
at the anterior margin of these subretinal membranes, abut-
ting the gliotic neural retina. Together, these findings suggest
dedifferentiation of RPE cells in response to chronic injury

before transforming to a more mesenchymal cell type, and
support the notion that the migration of proliferative RPE
cells not only contributes to epiretinal membranes, but also
subretinal fibrocellular membranes, in PVR.83

Failure to adequately sample RPE and subretinal tissue
for dissociation and RNA isolation precluded this critical
cell population from subsequent sequencing analyses and
the opportunity to confirm the dedifferentiation during EMT,
observed histologically at day 14 after induction, and repre-
sents a limitation of the current study. A further limita-
tion is that the layer-specific distribution (i.e., epiretinal vs.
subretinal membrane) of collagen expression is unclear from
the current dataset because retinal specimens, including all
membranes, were processed together for scRNA-seq.

CONCLUSIONS

We demonstrate the cellular and ECM features throughout
the time course of lesion development using a rabbit model
of RRD with features of PVR. Additionally, using RNA-Seq,
we confirm the relevant cell populations present at a critical
transition presented at day 14 after induction and identified
fibrillar collagen species that are differentially expressed by
Müller glia. Development of high-fidelity in vivo models for
RRD–PVR are essential for future investigations of targeted
treatment interventions.
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