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Ocular trauma and surgery are considered the most common cause for proliferative vitreoretinopathy 
(PVR). Many retinal cell types are thought to be the cellular source for PVR although most risk factors 
for PVR are associated with intravitreal dispersion of the retinal pigment epithelium (RPE) cells. Major 
PVR animal models are rabbit and swine with an artificial implantation of exogenous cells into the 
vitreous to form epiretinal membrane (ERM) which does not recapitulate a real PVR pathology. To 
clarify and validate the participation of RPE cells, to mimic ocular trauma in situ, and to reveal the 
related macromolecule changes in PVR pathology, we utilized a dispase treatment to damage the 
retina in establishment of a reliable RPE-tagged PVR mouse model with ERM-like tissues formed 
within and on both surface of the retina. The immunostaining of patient epiretinal membranes with 
lineage markers confirms RPE is involved in PVR development. Quantitative PCR analysis indicates 
the dedifferentiation of RPE cells switches RPE from epithelial to mesenchymal phenotype to re-enter 
a proliferative and mobile state underlying PVR. Gene expression results of the mouse PVR model 
retinas are consistent with the microarray gene expression profile of human PVR retinas, validating 
that our mouse PVR model resembles human PVR and is thereby suitable for molecular mechanism 
and pharmaceutical studies.
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Proliferative vitreoretinopathy (PVR) occurs in approximately 5–10% retinal detachment cases and remains 
the most common cause of failure for surgical intervention of retinal detachment1,2, leading to recurrent retinal 
detachment; but the pathophysiology underlying PVR is not fully understood3. The cause of PVR is the damage 
of the retina including retinal tears, eye trauma or surgeries, choroidal detachment, so that ectopic cells can 
opportunistically situate in and/or on the retina4. According to the clinical observation, these cells secrete matrix 
proteins to form fibrotic membranes/bands on/in the retina5. As abnormal cell proliferation and fibrotic tissue 
formation are the major pathological features of PVR, inhibiting the ectopic cell growth and impeding potential 
fibrosis-related molecular pathways are considered the therapeutic solutions to prevent PVR6,7. PVR epiretinal 
membrane (ERM) formation is a complicated process possibly involving various cell types and inflammation-
inducible factors. The ERM either surgically removed from patients or harvested from animal PVR experimental 
models are mainly composed of myofibroblasts with the origin of the RPE, Müller and microglial cells, that 
produce a large quantity of smooth muscle actin alpha (SMAα), thereby causing retinal contraction and recurrent 
retinal detachment8–11. Moreover, in vivo studies show that under certain circumstances, RPE, Müller and 
microglial cells can transdifferentiate into myofibroblasts upon an epithelial to mesenchymal transition (EMT), 
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enabling cell migration, invasiveness, resistance to apoptosis and secretion of large quantity of extracellular 
matrix (ECM)11–13.

RPE cells are considered as a key source in pathogenesis of PVR mainly because of their capability to 
proliferate, to migrate and to produce fibrotic tissues such as the ERM8, although their participation in ERM 
formation of non-rhegmatogenous retinal detachment remains debatable, as no conceivable cleavage can be 
found in diseases such as idiopathic retinal membrane14. Yet, how RPE cells are detached from the quiescent 
RPE layer and migrate to the epiretinal surface are not fully clarified. Furthermore, RPE cells are difficult to trace 
because their specific cell markers like RPE65 are likely to lose after the EMT12. In contrast, the myofibroblast-
like RPE cells would express SMAα, vimentin and even microglial cell marker GFAP in the ERM8. The 
expression of multiple markers makes it more difficult to identify the cellular origin of the ERM. In order to 
make sure RPE origin, several animal models injected RPE cells into the vitreous to artificially create PVR15–17. 
In these models, RPE cells have been proved to undergo EMT and to possess myofibroblast-like features thereby 
facilitating the formation of the PVR-like retinal membranes18. However, the grafted RPE cells are heterologous 
to the host, which in fact do not represent the natural PVR formation in human eyes and spark a host immune 
rejection response that is not present in PVR pathology. In tracing RPE functionality and activity during PVR 
development without intravitreally injecting exogenous RPE cells, we developed an RPE-tagged mouse PVR 
model in which the RPE cells constantly and specifically express the red fluorophore tdTomato. Compared to 
the human ERMs and PVR retinas, our mouse PVR model likely recapitulates most features of human PVR, 
providing a straightforward and reliable method in studying roles of RPE cells in PVR development and their 
underlying molecular mechanisms.

Methods
Ethics statement
This study was approved by the Institutional Review Board of University of Louisville and adhered to the tenets 
of the Declaration of Helsinki. Adult human eyes were obtained from the eye bank of Kentucky Lions Eye 
Center at Louisville. The epiretinal membrane (ERM) samples were collected at the time of surgeries. Written 
informed consent was obtained. The ERM samples were stored in PBS at − 80 °C and processed to be fixed in 
4% paraformaldehyde (PFA) and then immunostaining with desired antibodies. Animal surgery procedures 
were approved by the Institutional Animal Care and Use Committee (IACUC) of the University of Louisville. 
All animal experiments were conducted in accordance with the guidelines of Association for Research in Vision 
and Ophthalmology (ARVO) and the Animal Research Reporting of In Vivo Experiments (ARRIVE) on the use 
of animals in research.

Animals
C57BL/6.Cg-Gt(ROSA26Sortm14(CAG-tdTomato)Hze>/J mice (CAG-STOPf/f-td Tomato, Jackson Laboratory, 
stock #: 007914) harbor a targeted mutation of the Gt(ROSA)26Sor locus with a loxP-flanked STOP cassette 
(STOPf/f) preventing transcription of the CAG promoter-driven red fluorescent protein variant tdTomato. 
The CAG promoter is a strong synthetic promoter frequently used to drive high levels of gene expression in 
mammalian cells. C57BL/6-Tg(BEST1-cre)1Jdun/J (BEST1-Cre, Jackson Laboratory stock #: 017557) mice 
express the Cre recombinase under the control of human bestrophin 1 (BEST1) gene promoter. BEST1 gene is 
specifically expressed in RPE cells. We crossbred CAG-STOPf/f-tdTomao mice with BEST1-Cre mice to generate 
RPE lineage tracer CAG-tdTomato mice where the red Fluorescence tdTomato was constantly expressed in the 
RPE following Cre-mediated recombination. All C57BL/6 and BALB/c mice were inbred in the animal facility 
of the University of Louisville.

Mouse PVR induction and therapeutical treatment
Eight-week-old mice with C57BL/6 background and BALB/c of both sexes were anesthetized by an intra-
peritoneal (IP) injection of 100 mg/kg ketamine and 5 mg/kg xylazine. Four methods were used to induce PVR: 
(1) 23 mice were intravitreally injected 3 µL of 0.6 U/mL dispase (Roche Diagnostics cat. #: 295 825) in PBS in 
one eye and 3 µL of PBS as a sham control in the other eye; (2) 11 mice with one retina carefully scrapped (or 
so-called “massage”) 5–10 times with a 34G blunt needle until bleeding was seen to physically compromise its 
histological structure and the other retina not scrapped by the needle as a sham control; (3) 28 mice with one 
eye treated with the dispase and the physical massage and the other eye served as a PBS sham control; (4) 9 mice 
with one eye treated with the dispase and the physical massage plus 0.3 µM dasatinib as reported19 and the other 
eye served as a PBS sham control. The concentration of dispase, i.e., 0.6 U/mL, was selected based on our initial 
test range, i.e., 0.3, 0.6, 1.2 and 2.4 U/mL, because all concentrations, except for 0.2 U/mL, resulted in more than 
80% induction of PVR-like retina (data not shown). Two and seven weeks late, the treated mice were checked 
by two lab trained persons blinded to the mouse treatments for a possible retina tears or folds as a clinical sign 
of PVR formation under a Zeiss surgical microscope. All studied eyes were enucleated after euthanasia by CO2 
in a sealed container right after the last microscope examination, fixed in formalin, embedded in paraffin and 
sectioned at 10 μm for H&E histological staining for a microscopic retinal folding assessment, a histological sign 
of retinal folds and PVR formation.

Primary RPE cell isolation and culture
Mouse eyeball enucleation, RPE tissue isolation, and primary RPE cell culture were all based on the procedures 
previously reported20. Briefly, the posterior portion of eyecups separated from the enucleated eyeballs were 
digested with 0.25% trypsin solution at 37 °C for 5 min. The RPE sheets were scraped off the choroid into a 
culture dish coated with 0.1% gelatin and were then cultured in 5% CO2 at 37 °C in DMEM with 10% FBS and 
1% antibiotics (Invitrogen). Monolayer-cultured primary RPE cells were passaged when confluent at 1:1 ratio.
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Immunohistochemistry
Eyeball isolation, fixation and immunohistochemistry were performed as previously reported20. All primary 
antibodies used are listed in Supplementary Table S1.

RNA extraction and real-time quantitative PCR
Four total RNA samples were prepared from 3 dispase-induced PVR-like retinas of our mouse PVR model, 
3 control retinas, 2 patient epiretinal membranes (ERM) and 2 human RPE tissues using TRIzol solution 
(Invitrogen). SYBR green real-time quantitative PCRs (qPCR) were performed as previously reported20. PCR 
primer sequences were generated by the web-based program “Prime3” and shown in Supplementary Table S2. 
The PCR amplicons were validated by size on 1.5% agarose gels.

Microarray analysis
The microarray data set on 3 human normal and 3 PVR retinas were downloaded from the NCBI database 
(GSE41019) and analyzed for selected genes. The raw intensity reads of all genes/spots were first log2-transformed 
and then normalized to the median values across genes/spots and to the values of the house keeping gene ACTB 
across samples following background subtraction.

Statistical analysis
Experimental data including the microarray data were analyzed and compared the PVR retinas to the control 
retinas, or patient ERMs to human RPE tissues by a two-tailed equal variation t-test. The rates (%) of PVR 
induction by dispase, massage, and their combination and after dasatinib treatment were analyzed by the chi-
squared test. The significant levels were set * p ≤ 0.05, ** p ≤ 0.01 and *** p ≤ 0.001.

Results
Retinal pigment epithelial (RPE) cells are the cellular component involved in proliferative 
vitreoretinopathy (PVR) development
Ocular trauma or surgery is the most common cause for PVR that is characterized by the growth and 
contraction of cellular membranes on either side of the retinal surface or in the retina (i.e., intraretinal bands)4. 
RPE, Müller and microglia cells are considered as a cellular source for PVR4. To validate this, we collected 14 
patient epiretinal membrane (ERM) samples and checked them under a fluorescent microscope. We found 10 
out of 14 samples were highly pigmented and with many DAPI-stained nuclei (Fig. 1A, B) whereas the other 4 
samples were not pigmented and with very few DAPI -stained nuclei. To clarify which cell types are contained 

Fig. 1.  Cellular and molecular analyses on patient epiretinal membrane (ERM) samples. A More patient ERM 
samples are pigmented and RPE65+, suggesting a RPE origin. B Some ERM samples are GS+, suggesting a 
Müller cell origin. C Some ERM samples are GFAP+, suggesting a microglial cell origin. D Three technical 
replicates of a mixed normal RPE tissue RNA sample from a pair of adult human eyeballs or a mixed ERM 
RNA sample from 2 patients were used for qPCR to detect expression of genes involving in the epithelial to 
mesenchymal transition (EMT), cyclin-dependent kinase inhibition (CDKI), RPE and fibroblast (Fib) cell 
viability. *, p ≤ 0.05; **, p ≤ 0.01.
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in these 10 pigmented ERM samples, we immunostained them with the antibody against RPE65 for RPE cell, 
the GS antibody for Müller cell, and the GFAP antibody for microglial and Müller cells. As expected, most of the 
pigmented cells were RPE65+ (Fig. 1A) whereas a few of them were GS+ (Fig. 1B) or GFAP+ (Fig. 1C), suggesting 
the RPE cell is involved in ERM formation of PVR patients.

The separation of RPE cells from the RPE layer, the basal matrix and their neighbor cells after an ocular 
traumatic and/or inflammatory injury, would transdifferentiate them into a mesenchymal cell phenotype (EMT) 
with proliferative, mobile and fibrotic properties, which reflects the cellular characteristics of PVR. To clarify the 
molecular bases underlying ERM formation, we extracted total RNA from 2 patient pigmented ERMs for qPCR 
analysis. Compared to the normal human RPE tissue sample, the ERM sample showed loss of expression of EGF 
(a growth factor for maintaining viability of epithelial cells including RPE), CDH1 (also known as epithelial 
cadherin and a common epithelial cell–cell connector), and DCT (an enzyme involved in RPE cell pigment 
synthesis) (Fig. 1D), suggesting the RPE cells in the ERMs intend to lose their original RPE epithelial properties. 
At the same time, the ERM cells have increased the expression of FGF (a growth factor for fibroblasts), CDH2 (also 
known as neural cadherin and a common mesenchymal cell–cell connector), and COL1A2 (a major extracellular 
matrix protein in the ERM) (Fig. 1D), suggesting the ERM cells have gained the properties of mesenchymal cells 
like fibroblasts. Loss of CDH1 and gain of CDH2 and a group of EMT transcription factors such as SNAI, TWIST 
and ZEB families (Fig. 1D) are the signature for the EMT in development and tumorigenesis21. These molecular 
changes together with the loss of the expression of a group of cyclin-dependent kinase inhibitors (CDKIs) such 
as P15, P18 and P27 (Fig. 1D) indicate that ERM cells have regained a proliferative capacity – a critical property 
for PVR4. In addition to the presence of RPE cells in the ERMs, the high expression of both COL1A2 and 
FGF (Fig. 1D) indicates that fibroblasts and/or myofibroblasts may also exist in the ERMs and they are likely 
converted from the RPE cells through EMT.

Establishment of a mouse model of PVR by an intravitreal injection of dispase
To mimic human PVR, several animal models including rodents, rabbit and swine have been created either by 
directly injecting exogenous cells, e.g., RPE, glia, fibroblast and macrophage, or matrix degrading enzymes, e.g., 
dispase and collagenase, into the vitreous, or by mechanically damaging the retina22. As PVR often occurs after 
an ocular trauma/surgery due to an excessive wound healing response, an artificial implantation of exogenous 
cells into the vitreous to form ERM does not recapitulate a real PVR pathology. To clarify which endogenous 
cells are truly the major cellular source to form ERM based on published literature23,24, we created a mouse 
PVR model either by intravitreally injecting 3 µL of 0.6U/mL dispase into 8-week-old mice or by carefully 
scraping (also known as “massaging”) the retina using a 35G blunt needle until the retina is bleeding (Fig. 2A) 
or by combining both methods, i.e., dispase together with retinal massage. Based on the clinical assessments 
and compared to the sham control eyes (Fig. 2B), 100% C57BL/6 mice of the dispase-treated eyes developed a 
PVR-like phenotype in 7 weeks (Fig. 2C–E) whereas no such PVR was discovered in the retinal “massaged” eyes 
(Fig. 2E), suggesting that the dispase treatment is effective to induce PVR-like phenotype in mice.

To clarify whether the retinal massage contributes to the PVR formation, we combined both the dispase and 
the retinal massage to damage the retina for the development of the PVR-like phenotype. It appeared that the 
retinal massage had a negative effect on induction of PVR as only 43% of the eyes treated by both the dispase and 
the retinal massage developed the PVR-like phenotype (Fig. 2E). To see whether the above results also apply to 
another mouse strain, we treated BALB/c mice in the same way as with the above C57BL/6 mice for developing 
PVR. As a result, 53% and 40% of BALB/c mice were induced to exhibit PVR-like phenotype in the eyes treated 
with dispase only or dispase plus massage, respectively (Fig. 2E). Again, this result validates that the dispase 
method is effective to induce mouse PVR-like phenotype whereas the massage has no or even negative effect on 
the induction of mouse PVR-like phenotype.

The small molecule dasatinib inhibits the dispase-induced mouse PVR
Dasatinib, an ATP-competitive protein tyrosine kinase inhibitor to inhibit the tyrosine kinase receptors such as 
BCR/Abl, Src and c-Kit, has been reported to reduce traction retinal detachment in a swine model of PVR19. To 
determine whether the above discovery would also apply to our mouse model of PVR we intravitreally injected 
3 µL of 0.6 U/mL dispase and 0.3 µM dasatinib to reduce the dispase-induced mouse PVR-like phenotype. 
Similarly, no PVR-like phenotype was observed both clinically and histologically (Fig.  2E), suggesting the 
administration of dasatinib is effective to inhibit the development of the dispased-induced PVR-like phenotype 
in mice.

RPE lineage tracer CAG-tdTomato mice express the red fluorophore in their RPE cells both in 
vivo and in vitro
RPE lineage tracer CAG-tdTomato mice were generated by crossing the CAG-STOPf/f-tdTomato mice with 
the BEST1-Cre mice. In CAG-STOPf/f-tdTomato mice, the STOP cassette prevents the transcription of the 
red fluorescence tdTomato gene. BEST1 gene is ubiquitously expressed in RPE cells. After crossbred with the 
BEST-Cre mice, the STOP sequence in the CAG-STOPf/f-tdTomato cassette was removed in the RPE cells by 
the Cre recombinase in the hybrid pups, the CAG-tdTomato was thereby constantly expressed in the RPE cells 
thereafter (Fig. 3A) as CAG promoter is a strong synthetic promoter to drive high levels of gene expression 
in mammalian cells. To check whether the red fluorophore is specifically and efficiently tagged with the RPE 
cells in the adult RPE lineage tracer CAG-tdTomato mice, we enucleated their eyeballs to make cryosections. 
No red fluorescence was detected in their parental BEST1-Cre or CAG-STOPf/f- tdTomato mice, while the 
red fluorescence exclusively expressed along the RPE layer in all hybrid RPE lineage tracer CAG-tdTomato 
mice (100%) (Fig. 3B, C), suggesting that the BEST1 promoter-driven Cre recombination was highly efficient. 
We next isolated the tdTomato-tagged RPE cells from the RPE lineage tracer CAG-tdTomato mice. In early 
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primary cultures, the RPE cells retained their hexagonal shape with the intracellular pigment as well as the 
red fluorescence (Fig. 3D, E). However, as the RPE cells were passaged in culture, they underwent EMT and 
transdifferentiated from the originally pigmented epithelial cell phenotype into non-pigmented fibroblast-like 
cell phenotype despite their red fluorescence was sustained (Fig. 3F, G), suggesting that the RPE lineage tracer 
CAG-tdTomato mice are a stable and feasible model for tracking RPE cells, regardless of their in vivo or in vitro 
morphological and physiological status.

In situ RPE cells travel through the neuroretina and form the epiretinal membrane (ERM)
After the intravitreal dispase treatment, mouse eyes could develop a funnel-like retinal detachment and fibrotic 
membranes (Fig. 2C) as compared to the sham control eyes with no PVR-like phenotype (Fig. 2D). Based on 
cryosections, we observed that RPE cells detached from the RPE layer and became larger size and round shape 
(Fig. 4A). A few of the detached RPE cells re-attached on the outer side of the retina and formed a single-cell 
layer PVR-like membrane on the surface of the retina (Fig. 4A). Some detached RPE cells migrated through the 
neural retina and formed an intraretinal membrane-like band (Figs. 2C and 4B) as the structure of the retina 
might have been compromised by the dispase treatment. These RPE cells remained their round shape after 
passing through the retina (Fig. 4C). We next stained these cryosections with the myofibroblast marker smooth 
muscle actin alpha (SMAα) and found no such a RPE cell positive for SMAα in the intraretinal band (Fig. 4B). 

Fig. 2.  Establishment of a mouse model of PVR. A is a massaged eye. Arrow indicates bleeding. B is the sham 
control eye. C is a H&E histological image of a PVR-like retina with a typical funnel-shape morphology. The 
yellow arrow indicates a pigmented intraretinal membrane whereas the white arrow indicates a pigmented 
epiretinal membrane (ERM). Arrowheads: a retinal break. D is a sham control retina. E is a bar graph depicting 
the efficacies of PVR-like retinas induced by 0.6 U/mL dispase, massage, and combined treatments, and effect 
of 0.3 µM dasatinib treatment on reducing the PVR in two different mouse strains. *, p ≤ 0.05; ***, p ≤ 0.001.
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No RPE lineage tracer CAG-tdTomato RPE cell was detected to be for SMAα+ when it was in the RPE layer (data 
not shown), or in the retina (Fig. 4B). However, when these detached RPE cells attached to the retinal surface, 
regardless of the inner or outer surface of the retina, they started to express the myofibroblast marker SMAα and 
could form a surface PVR-like membrane on either side of the retina (Fig. 4A, C), suggesting these RPE cells 
might undergo EMT and gain myofibroblast properties.

Fig. 4.  The detached tdTomato-tagged RPE cells re-attached to the inner surface of the retina and travel 
through the intraretina to form an ERM on the outer surface of the retina. PVR-like retinal cryosections were 
immunostained with the antibody SMAα. A refers to the subretinal PVR membrane. B refers to the intraretinal 
area where the tdTomato-tagged RPE cells were migrating through the dispase-damaged retina. C refers the 
epiretinal area where the tdTomato-tagged RPE cells formed an ERM-like membrane marked by SMAα. 
Arrows: tdTomato-tagged RPE cells.

 

Fig. 3.  Breeding for tdTomato-tagged RPE mice. A is a schematic diagram showing the generation of the RPE 
lineage tracer CAG-tdTomato mice. B, C Refer to the normal red fluorescent RPE layer of the RPE lineage 
tracer CAG-tdTomato mice. D and E refer to passage 2 (P2) whereas F and G refer to P10 primary culture of 
the RPE lineage tracer CAG-tdTomato mouse RPE cells.
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Gene expression profile of the mouse PVR model retinas resembles that of human PVR 
retinas
PVR is thought to be the result of abnormal retinal wound healing4. To clarify its underlying molecular changes 
over normal retinas we downloaded a set of microarray data (GSE41019) that include three human PVR retinas 
and three normal human retinas from the National Center for Biotechnology Information (NCBI) database. 
The raw intensity reads of all genes/spots were first log2 transformed and then normalized to the median values 
across all genes/spots and to the housekeeping gene ACTB values across samples following a background 
subtraction. Compared to the normal retinas, the PVR retinas show a downregulation of genes expressing in the 
RPE (e.g. RPE65, MITF and CDH1), the neuroretina (e.g. NRL), the vascular endothelium (e.g. ENG and VEGF) 
and inhibition of mitotic cells (e.g. P27 and P57), and a upregulation of genes in cell migration (e.g. COL1A1, 
COL3A1, MMP7, MMP9, ITGA2, ITGA3, TGFB2 and PDGFC) and immune cell infiltration (e.g. CCL2, CCL3 
and CD11B) (Fig. 5A). These gene expression profiles suggest that human PVR retinas have decreased their 
epithelial and endothelial cell features and increased their proliferative and mobile features, i.e., phenotypical 
EMT events (Fig. 5A), which seemingly are required for the PVR development.

To validate if the gene expression profile of the mouse PVR model retinas resembles the human PVR retina 
microarray data, we performed qPCR analyses on the retinal samples of mouse PVR model in comparison to 
mouse normal retina samples and found a very similar pattern (Fig. 5B) to the human’s (Fig. 5A), suggesting that 
our mouse PVR model not only histologically and cellularly, but also molecularly resembles the human PVR 
retina.

Discussion
PVR as a blinding ocular complication is featured by the fibrosis on the surface of or inside the retina, resulting in 
fibrotic membrane formation and contraction, leading to recurrent retinal detachment4. The fibrotic membrane 
is reported to be consisted by various cell types together with an excessive deposition of the extracellular matrix 
(ECM)4. For years researchers have been trying to figure out the origin of membrane, to date the major culprit 
is pointed to RPE cells6. With surgically removed retinal membranes, the RPE cells are clearly marked out by 
cytokeratin 18 and RPE65 retinal flat-mount immunohistochemistry11,25–27, the structure is also identified by 

Fig. 5.  Expression profiles of genes involving in PVR retinal wound healing. A Human PVR retinal gene 
expression profile (GSE41019). B Mouse PVR model retinal gene expression profile. RPE retinal pigment 
epithelial cell; NC neural cell; VEC vascular endothelial cell; EMT epithelial to mesenchymal transition; 
Mac macrophage; *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001. The number of retinal samples of both human and mouse 
is N = 3.
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electron microscope28. An in vitro study found that RPE cells transform their epithelial phenotype to mesenchymal 
phenotype to increase their proliferative ability and mobility when they have lost cell–cell contact29. It is reported 
that only half of SMAα+myofibroblast cells in the ERMs are derived from the cytokeratin positive RPE cells11. 
Therefore we should keep in mind that ERMs also contain other lineages like Müller and microglial cells in 
addition to RPE when comparing ERMs with hRPE (Fig. 1D). Besides, RPE cell is also considered as a potential 
stem cell for restoring retinal function20. Researchers reported that under human amniotic fluid culture, the 
RPE cell is able to differentiate into a rod photoreceptor and ganglion neural cell30. Such a multifaceted cell 
type could lose their original gene expression pattern and turn into other unknown expression patterns. For 
example, the expression of the RPE marker RPE65 decreases over culture passages. However, the expression of a 
cell marker is not constant and stable for tracking the origin of RPE cells during PVR pathogenesis. In contrast, 
our study on the genetically modified mouse RPE cells tagged with the red fluorophore tdTomato had shown the 
red fluorescence was not influenced by cell morphological or physiological changes after a cell identity switch 
of the original RPE. The red fluorophore seems to be a genetic imprinting to the starting RPE cells and exerts its 
tagging function in tracing the RPE origin. The tdTomato-tagged RPE cells did not decrease their fluorescence in 
our in vivo and in vitro studies. We showed for the first time that migrated RPE cells had gained a myofibroblast 
feature by expressing SMAα. It is of note that this mouse PVR model has its limitation, the origin of the excreted 
ECM is not traceable by adding a genetic tag to the mice although it has been suggested that the ECM proteins 
like collagen I and collagen II could be excreted by both RPE and Müller cells11.

For PVR models, rabbits are commonly used because their lens is relatively small and they have a larger 
vitreous cavity comparing to rodents. However, mouse genes are more conservative and comparable to human’s31, 
although its small eye with relatively large lens does not mimic the human eye structure and interferes with 
intraocular procedures. Many researchers had tried to induce PVR in animal experiments. For instance, injecting 
RPE cells into the swine and rabbit vitreous would produce abundant fibrotic membranes, the injected RPE cells 
would proceed EMT and mainly turn into myofibroblasts in about two weeks no matter whether the RPE cells 
are autologous or homologous18,32. However, the procedure does not imitate the natural development of human 
PVR. Human PVR formation is a complicated process that involves a series of events that are not yet completely 
understood, animal models with intravitreal exogenous cells are unlikely recapitulate human PVR pathogenesis. 
Although lensectomy, vitrectomy and retinoctomy are used in mice to keep constant retinal detachment for 
developing EMT and fibrous cellular membrane24, the corneal incision is huge for lens extraction thus leads to 
extensive damage to the eye structure. The procedure of injecting dispase into the vitreous is relatively easier 
and reproducible, but a high concentration of dispase destructs the lens and retina extensively33. Dispase was 
reported to induce ERMs without RPE-derived cells34. We tried to scrape mouse epiretinal surface or produced 
bullous retinal detachment by subretinally injecting PBS, but the affected retinas healed very soon, they were 
flattened even in the next day (data not shown). The major reason behind the quick heal is likely that the big 
mouse lens can easily push the deform retina back to its normal location. Therefore, to spontaneously induce 
PVR by producing long term retinal detachment in mice without extensive damages or exotic cells, we injected 
diluted dispase to stimulate traumatic retinal detachment as dispase would keep the retina from reattachment as 
dispase is a protease that causes inflammation through the retina. The relatively longer period for PVR formation 
(7 to 8 weeks rather than 2 weeks) is more alike human PVR formation. Although dispase, unlike massage or 
tear to physically damage the retina, the compromised retina either physically by a surgery or enzymatically by 
dispase allows RPE cells depart from the retinal epithelium and migrate through the damaged retina like from a 
tear to potentially form ERM on the surface of the retina, mimicking partly the process of human PVR.

The EMT procession, which we expected to occur inside and outside the retina right after RPE cells lost their 
cell–cell contact and left the RPE layer, occurs in human ERMs (Fig. 1D) and human PVR retinas (Fig. 5A). 
The EMT might also occur in our mouse PVR model retinas as the RPE, neural and vascular endothelial cells 
appeared to loss their identify and to gain proliferative and mobile abilities based on their gene expression 
profiles (Fig. 5B) although two typical EMT genes (i.e., Cdh1 and Cdh2) did not change their expression level 
accordingly (Fig. 5B). In fact, in our study we showed some RPE cells migrating to the surface of the retina with 
transforming into mesenchymal like cells (Fig. 4C). The RPE cell migration is not uncommon in ocular disease, 
such as in the development of retinal pigmentosa (RP), RPE cells invade the neuroretina and turn out to be 
‘bone spicule’ like pigment change35. We suppose that the migration might result from the microenvironmental 
difference between Bruch’s membrane, the place where RPE cells initially stay, and the surface of the neuroretina, 
where RPE is exposed to the vitreous and lack of blood supply. However, what triggered the RPE to express 
myofibroblast marker and induced contraction of retina is still a question and needs to be investigated.

Conclusion
Our mouse PVR model not only histologically and cellularly, but molecularly resembles human PVR and is 
suitable for molecular mechanism and pharmaceutical studies.

Data availability
The datasets used and/or analyzed in this current study are available from the corresponding author on reason-
able request.
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