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A Mouse Model of Proliferative Vitreoretinopathy Induced
by Intravitreal Injection of Gas and RPE Cells
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Results: We report that mice that received gas before retinal pigment epithelial injection
developed more severe PVR. In the 1 x 10* retinal pigment epithelial cell group, after
1 week, 0 of 11 mice in the no gas group developed grade 4 or greater PVR compared
with 5 of 13 mice in the SF¢ gas group (P = 0.02); after 4 weeks, 3 of 11 mice in the
Citation: Heffer A, Wang V, Sridhar J, no gas group developed grade 5 or greater PVR compared with 11 of 14 mice in the

Feldon SE, Libby RT, Woeller CF, SFe gas group (P = 0.01). We were able to visualize contractile membranes both on the
Kuriyan AE. A mouse model of retinal surface as well as within the vitreous of PVR eyes, and demonstrated through
proliferative vitreoretinopathy immunohistochemical staining that these membranes expressed fibrotic markers alpha
induced by intravitreal injection of smooth muscle actin, vimentin, and fibronectin, as well as other markers known to be
gas and RPE cells. Trans Vis Sci Tech. found in human PVR membranes.
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Conclusions: This mouse PVR model is reproducible and mimics aspects of PVR pathol-
ogy reported in the rabbit PVR model and human PVR. The major advantage is the
ability to study PVR development in different genetic backgrounds to further elucidate
aspects of PVR pathogenesis. Additionally, large-scale experiments for testing pharma-
cologic agents to treat and prevent PVR progression is more feasible compared with
other animal models.

https://doi.org/10.1167/tvst.9.7.9

Translational Relevance: This model will provide a platform for screening poten-
tial drug therapies to treat and prevent PVR, as well as elucidate different molecular
pathways involved in PVR pathogenesis.

. detachments, resulting in poor visual outcomes and the
Introduction need for recurrent surgical interventions.! 3 A major
component of PVR pathophysiology involves migra-

Proliferative vitreoretinopathy (PVR) is a condition  tion of retinal pigment epithelial (RPE) cells into the
that occurs in 5% to 10% of rhegmatogenous retinal vyitreous cavity after a retinal tear.*”’ Subsequently, the
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RPE cells are exposed to growth factors and cytokines
that promote proliferation and epithelial-mesenchymal
transition (EMT) to fibrotic cells.* © These fibrotic cells
with contractile properties are the main component of
tractional membranes that form on the surfaces of the
retina and within the vitreous which pull on the retina,
leading to retinal folds and detachments and eventually
damage to underlying photoreceptors.® 1

Several in vivo studies attempted to reproduce
various aspects of PVR disease progression in different
animal systems.!! Experimental models in animals with
larger eyes, including those in nonhuman primates, '
cats,’’ and pigs'* have used surgical techniques to
promote retinal detachments, followed by injection
of different cell types. Because preretinal tractional
membranes are commonly found in patients with PVR,
many other studies attempted to induce the formation
of these PVR membranes and tractional retinal detach-
ments through injection of cells from various sources
including RPE cells,'*"!7 fibroblasts,'®-'° Miiller cells,”
blood,?! and macrophages.”” In most cases, tractional
PVR membranes developed within 1 to 4 weeks
after injection that were similar to human PVR
membranes.!!

The rabbit PVR model has emerged as the most
widely used animal model of PVR. The rabbit eye has
a relatively large vitreous cavity and small lens, which
allows for the use of human surgical and examination
tools.!! In this model, gas is placed in the vitreous cavity
by intravitreal injection to induce a posterior vitre-
ous detachment, followed by a subsequent intravitreal
injection of RPE cells.'®-1%-23-26 The collapsed vitreous
and development of tractional membranes are similar
to those seen in human PVR.!%:1%-23 A shortcoming
of this model is the inability to use genetic manipula-
tion to gain a better understanding of PVR pathophys-
iology. Furthermore, the cost and space requirements
for rabbits, compared with mice, limits the ability to
perform experiments with a large sample size.

Although the mouse provides a plethora of genetic
tools, it has not been used extensively as a model for
PVR, largely owing to its small eye with a large lens
and small vitreous relative to other animal models.?’
Currently, the most popular mouse PVR model
uses injection of the proteolytic enzyme dispase.”® 3!
Although dispase injection may trigger events that lead
to PVR formation, such as cells invading the vitreous
cavity, retinal folds, and the appearance of intravit-
real membranes,?® the integrity of the retina is severely
affected. The dispase enzyme breaks down the retina
structure, producing marked hemorrhage, which does
not mimic human PVR pathogenesis or progression.

The successful development of a mouse model,
using the techniques of gas and RPE injection as used
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in the widespread rabbit PVR model, would poten-
tially allow the manipulations of genetically identical
strains to study in vivo PVR pathogenesis. Addition-
ally, the practicality of using large numbers of animals
to evaluate candidate drugs to treat PVR could be
tested in a more cost-effective manner, given the
lower cost for purchasing and housing mice compared
with rabbits. Here, we present a new mouse model
of PVR that replicates aspects of the rabbit PVR
model (intravitreal gas and RPE injection), with
resultant development of preretinal membranes and
tractional retinal detachments. We have also estab-
lished, for the first time in a murine model, a PVR
grading scheme. This model and grading scheme can
be useful for future testing of different therapeu-
tic molecules to treat and prevent PVR, as well as
different genetic backgrounds to further probe PVR
pathogenesis.

Animals

A total of 80 8- to 10-week old female C57BL/6J
mice were purchased from Jackson Laboratory (Bar
Harbor, ME). All experiments adhered to the ARVO
Statement for the Use of Animals in Ophthalmic and
Vision Research and were approved by the University
Committee of Animal Resources of the University of
Rochester.

PVR Induction

Mice were divided into four groups (n = 15 for
each group, total of 60): (1) no gas/l x 10* RPE
cells injected, (2) SFg gas/l1 x 10* RPE cells injected,
(3) no gas/5 x 10* RPE cells injected, and (4) SFs
gas/5 x 10* RPE cells injected (Fig. 1). As
controls, mice were injected with (1) no gas/PBS
(vehicle; n = 5) and (2) SF¢ gas/PBS (n = 15). After
injection, eyes were evaluated by weekly fundus and
optical coherence tomography (OCT) imaging at
4 weeks to monitor the development and progression
of PVR and assigned a PVR grade (described in
Results; Fig. 2). PVR grades were assigned at 1 and
4 weeks. If, during imaging, media opacities
prevented a clear view of the retina, the image
was deemed ungradable and excluded from this
analysis.

SF¢ Injection
Mice were anesthetized with 100 mg/kg ketamine
(Par Pharmaceuticals, Chestnut Ridge, NY) and
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Imaging to monitor changes in vitreous and retina
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Fundus ocT

Method for inducing and monitoring PVR in mice. (A) We injected 0.5 L of 100% SFs gas into the vitreous cavity of a subset of

mice to induce a posterior vitreous detachment. Another subset of mice did not receive the SF¢ gas injection. (B) In mice that received the
intravitreal injection of 100% SF¢ gas, after 3 to 4 days of expansion of the gas in the vitreous cavity results in a posterior vitreous detachment,
which can be visualized as reflective spots in a fundus image, which correspond to the vitreous detachment as seen in the OCT image (yellow
arrows). This was not present in mice that did not receive the intravitreal injection of SF¢ gas and only PBS. (C) One week later, RPE cells were
injected into the vitreous cavity of mice that did and did not receive prior intravitreal injection of 100% SFs gas. (D) PVR progression was
monitored for up to 4 weeks using fundus and OCT imaging, with histologic analysis as an endpoint to confirm the presence of retinal folds

and detachments.

10 mg/kg xylazine (Akorn Inc, Lake Forest, IL). The
eye being injected was sterilized using a 5% strength
betadine/saline solution. An initial puncture through
the sclera into the vitreous cavity was performed with
a 30G needle, just posterior to the cornea-scleral
junction. Subsequently, SF¢ gas (Alcon Laboratories,
Ft. Worth, TX) was loaded into an air-tight 10 pL
Hamilton syringe (Hamilton, Reno, NV) in which the
needle had been removed. The syringe containing SFg
gas was placed flush against the Hamilton syringe, and
gas was pushed into the Hamilton syringe; success-
ful loading of SFg gas was indicated by the plunger
moving backward. A 33G needle was immediately
screwed onto the Hamilton syringe and the plunger
was adjusted to 0.5 pL. Immediately afterwards, the
0.5 uLL SF¢ gas in the Hamilton syringe was injected
into the vitreous cavity through the scleral puncture
wound made by the 30G needle, with special care not
to damage the lens. The total volume of gas injected
was approximately 10% to 13% of the total volume of
the vitreous, because the vitreous of the mouse eye has
been reported to be 4.4 & 0.7 uL.*>> After SF injection,
the needle was left in the eye for 10 seconds to prevent

egress of the gas. Very rarely, a small amount of gas
was noted to egress after removal of the needle.

RPE Injection

One week later, RPE cells (ARPE-19, ATCC,
Manassas, VA) that had been grown to confluency
per the manufacturer’s instructions were harvested
and counted using a TC-20 Automatic Cell Counter
(BioRad, Hercules, CA). RPE cells were resuspended
in an appropriate volume of sterile 1x phosphate-
buffered saline (PBS) such that 1 uL total cells was used
for injection. All RPE cell injections were performed
within 1 hour of cell collection. Mice were anesthetized
and prepared for injection as described elsewhere in this
article. RPE cells were carefully resuspended by gentle
agitation and 1 puL was loaded into a 10-uL. Hamilton
syringe with a 33G needle. To minimize scarring, the
scleral site used previously for gas injection the prior
week was repunctured using a 30G needle and used
for RPE injection. The RPE cells were injected slowly
and the needle was left in the eye for 30 seconds after
RPE injection to prevent cells from leaking upon needle
removal.
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MOUSE PVR GRADING SCALE
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Figure 2.

« Vitreous is clear

* Retinal structures normal; no
retinal folds or points of
detachment

« Vasculature appears normal

« Hazy vitreous due to the
presence of cells

+ Retinal is normal, no points of
detachment

« Cells in vitreous and around blood
vessels on retinal surface

«+ Retinal is attached, but thickened
due to traction without detachment

« Cells in vitreous and on retinal
surface forming tractional
membranes

« Focal retinal folds with very
localized detachments (asterisks)

+ Tractional membranes in vitreous
and on retina surface, often above
points of detachment

+ Localized areas of
folding/detachments (asterisks)

+ <25% retina detached

+ Tractional membranes in vitreous
and on retinal surface

* Many retinal folds

+ Large regions of retinal
detachment (25-75%), often near
optic nerve (arrows)

+ Tractional membranes in vitreous
and on retinal surface

+ Retina completely detached with
numerous retinal folds (arrows)

PVR grading scheme for our mouse model of PVR. A PVR grading scheme appropriate for our mouse model was developed from

reproducible phenotypes observed in mice after injection with RPE cells. Fundus, OCT and histology (hematoxylin and eosin staining) were
used to define aspects of PVR pathology also seen in humans. Characteristics that define each grade are noted and described in the text.

Imaging

Fundus Examination and Photography

PVR development and progression was monitored
weekly by fundus imaging. Mice were anesthetized with
100 mg/kg ketamine and 10 mg/kg xylazine. The pupil
being imaged was dilated with an ophthalmic solution
of phenylephrine 2.5% (Paragon Bioteck Inc, Portland,
OR) and tropicamide 1% (Akorn Inc, Lake Forest,
IL). The mouse was positioned and GenTeal lubri-
cation gel (Alcon, Fort Worth, TX) was applied to
prevent ocular surface drying. Eyes were imaged using
the bright-field view of the Micron III (Phoenix Instru-
ments, Naperville, IL). The camera was placed just
above the surface of the cornea and images were taken
using StreamPix software (Norpix, Montreal, Quebec,
Canada).

OCT Retinal Imaging
The presence of vitreous and preretinal
cellss/membranes and changes in retinal structure were

monitored by OCT imaging of the retina. Mice were
anesthetized and the pupil was dilated as described
elsewhere in this article. The mouse was positioned
in a holder with a bite-bar for stabilization of the
head, and a small contact lens was placed on the eye
to improve the optics and prevent the ocular surface
from drying. OCT images were captured using the
Heidelberg Spectralis HRA+OCT imaging system
(Heidelberg Engineering, Franklin, MA).

Histologic Analysis

Hematoxylin and Eosin Staining

Whole eyes were dissected and immediately fixed
in 4% paraformaldehyde for 24 hours at 4°C. Eyes
were dehydrated through a series of ethanol and xylene
washes before embedding in paraffin. Paraffin sections
of 5 to 10 microns were obtained using a Microm
HM310 and dried on SuperFrost Plus slides (Fisher,
Waltham, MA). For hematoxylin and eosin staining,
slides were deparaffinized and rehydrated in a series of
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xylenes/ethanol washes and then stained with Mayer’s
Hematoxylin Solution (Sigma, St. Louis, MO) for 2 to
3 minutes. Slides were then incubated in Bluing Reagent
(0.1% sodium bicarbonate) for 30 seconds, rinsed twice
in ethanol, and counterstained with Eosin Y (Sigma)
for 2 minutes. Extra stain was rinsed with ethanol
washes and slides were cleared in xylenes before mount-
ing with Permount (Electron Microscopy Biosciences,
Hatfield, PA).

Immunohistochemical Staining

Whole eyes were fixed and sectioned as
described elsewhere in this article. Slides were
deparaffinized and rehydrated in xylenes and

cthanol washes, followed by several washes in
water. Antigen retrieval was performed by gently
boiling slides in Citrate-based Antigen Unmask-
ing Solution (Vector Laboratories, Burlington,
Ontario) for 5 minutes in the microwave. Slides were
washed in Tris-buffered saline/Triton-X, blocked
in 10% goat serum/1% bovine serum albumin for
2 hours at room temperature, and then incubated
overnight in primary antibody diluted in 1% bovine
serum albumin/Tris-buffered saline. After rinsing in
Tris-buffered saline/Triton-X, slides were incubated
in 0.3% H,O; for 15 minutes to block endogenous
peroxidase activity before incubation in an horseradish
peroxidase-conjugated secondary antibody diluted
in 1% bovine serum albumin for 2 hours at room
temperature. After washing, slides were stained
with diaminobenzidine (Vector Laboratories) until
color reaction was visible. Slides were counterstained
with hematoxylin, then dehydrated, cleared, and
mounted using Permount. All imaging was done on
an Olympus BX51 microscope (Olympus, Shinjuku,
Tokyo, Japan). Primary antibodies and dilutions used
were alpha smooth muscle actin (1:400, rabbit, Abcam,
Cambridge, UK), fibronectin (1:500, rabbit, Abcam),
vimentin (1:400, rabbit, Cell Signaling Technologies,
Danvers, MA), glial fibrillary acidic protein (1:200,
rabbit, Cell Signaling Technologies), CD3 (1:200,
rabbit, GeneTex, Irvine, CA), and CD20 (1:200, rabbit,
LSBio, Seattle, WA). For the secondary antibody,
an horseradish peroxidase-conjugated secondary
antibody (1:500, goat, Jackson ImmunoResearch,
West Grove, PA) was used.

Statistical Analysis

Fundus and OCT images of mice (n = 15 for each
gas/RPE condition described elsewhere in this article
and n = 20 for PBS control mice, total N = 80) collected
at 1 and 4 weeks after RPE injection were indepen-
dently graded by two retinal specialists (AEK, JS) who
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were blinded to the experimental conditions at the time
of grading. Any grades that differed were discussed and
a consensus PVR grade was decided upon. The distri-
bution of grades for each injection group are presented
as violin plots and x? analyses were used to compare
the severity of PVR grade between the groups.

Intravitreal Injection of 100% SF4 Gas
Induces a PVD in Mice

Injection of 0.5 pL 100% SF4 gas into the vitre-
ous cavity of 45 of 45 mice (100%, Fig. 1A) resulted
in the detachment of the vitreous from the retina near
the optic nerve 3 to 4 days after injection, as visualized
by fundus and OCT imaging (Fig. 1B, yellow arrows).
A posterior vitreous detachment was not present in
30 of 30 (100%) mice who did not receive a gas injec-
tion before RPE injection or 5 of 5 (100%) mice who
received only PBS injection. We are confident that
the reflective band visualized by OCT is the vitre-
ous detachment, because gas creates a characteristic
shadowing that was not present in our OCTs. Addition-
ally, we would be able to visualize the gas meniscus
using fundus photography if it were in the plane of the
OCT that was taken.

Establishing a PVR Grading Scheme
Appropriate for Our Mouse Model

There was a proportional increase in the severity
and rate of progression of PVR with an increase in
the number of RPE cells injected into the vitreous,
as seen by fundus and OCT imaging and confirmed
by histology. The variation was documented and used
to create a grading scheme of PVR severity based on
previous grading schemes, !> but specific to the repro-
ducible phenotypes that we observed in the mouse
model (Fig. 2). The grading scheme was designed
based off the visual differences observed in the RPE-
injected eyes recorded with OCT imaging and histol-
ogy. Grade 0 PVR was observed in all control eyes
(20 of 20, 100%). Fundus and OCT imaging show no
anomalies in retinal thickness and appearance, and no
cells were detected in the vitreous; histology confirms
all layers of the retina appear normal and there are no
epiretinal or vitreous contractile membranes. Grade 1
PVR is characterized by a slightly hazy fundus image,
which was confirmed by OCT imaging and histology
to be due to the presence of RPE cells in the vitre-
ous and on the inner retinal surface. In grade 2 PVR,
the RPE cells migrate to the blood vessels on the inner
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retinal surface and exert a small degree of traction: the
fundus image shows hypopigmented membranes along
the retinal blood vessels and the OCT image shows
thickening of the retina without detachment. Histol-
ogy confirms the presence of cells around the vascula-
ture and a thickened retina. Grade 3 PVR is charac-
terized by cells along the vasculature and small pockets
of subretinal fluid and/or retinal folds traction, often
adjacent to a retinal blood vessel. Fundus photog-
raphy shows hypopigmented membranes around the
retinal vasculature with a focal area of elevation. OCT
images and histology demonstrate small pockets of
subretinal fluid. In grade 4 PVR, there are multiple
focal retinal detachments. These appear as numerous
hypopigmented areas deep to the retinal vessels by
fundus imaging, which correspond with small pockets
of subretinal fluid by OCT. Histology also shows multi-
ple focal areas of retinal detachment, which are in close
proximity to tractional membranes on the surface of
the retina. Less than 25% of the retina is detached
in grade 4 PVR. In grade 5 PVR, there are larger
areas of retinal detachment. These areas are visual-
ized by fundus imaging as regions that are elevated
and therefore seem to be out of focus. OCT images
demonstrate larger pockets of subretinal fluid with
traction. Histologic analysis confirms that there are
larger regions of detachment; the areas of retinal
detachments often occur around the optic nerve. In
grade 5 PVR, 25% to 75% of the retina is detached.
Grade 6 PVR is a complete retinal detachment with a
prominent tractional membrane. On fundus imaging,
a central hypopigmented area is seen, which corre-
sponds with the optic nerve with a large membrane.
The retina is poorly visualized as it is elevated 360°
and is therefore out of focus. OCT imaging demon-
strates the presence of subretinal fluid without areas of
retina attachment. Histology confirms that the retina
is completely detached from the underlying RPE layer,
with a prominent preretinal tractional membrane.

Effects of Intravitreal Gas Injection on PVR
Development

Intravitreal gas injection before RPE injection
resulted in more severe PVR development when a lower
number of RPE cells was injected at both 1 and 4
weeks and when a higher number of RPE cells was
injected at 4 weeks (summarized in Table). After 1
week, there was a significant difference in the number
of eyes that developed grade 4 or worse PVR when gas
was injected before 1 x 10* RPE cells (P = 0.01; Fig. 3).
After 4 weeks, gas injection before both 1 x 10* and
5 x 10* RPE cells resulted in a significant difference in
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Table. Gas Injection Before RPE Cell Injection
PVR > Grade 4 P Value
1 week after RPE
No gas/1 x 10% RPE 0/11 (0%) 0.02
SF¢ gas/1 x 10* RPE 5/13 (38%)
No gas/5 x 10% RPE 5/12 (42%) 0.32
SFs gas/5 x 10* RPE 8/13 (62%)
PVR > Grade 5
4 weeks after RPE
No gas/1 x 10* RPE 3/11 (27%) 0.01
SFs gas/1 x 10* RPE 11/14 (79%)
No gas/5 x 10* RPE 7/13 (54%) 0.03
SFs gas/5 x 10* RPE 11/12 (92%)

Gas injection before RPE cell injection resulted in signifi-
cantly more severe PVR development at both 1 week and 4
weeks when 1 x 10% RPE cells were injected and at 4 weeks
when 5 x 10% cells were injected. At 1 week, the PVR cutoff
for analysis was grade 4 or worse and for 4 weeks it was grade
5 or worse.

the number of eyes that developed grade 5 or higher
PVR (P = 0.01 and 0.03, respectively; Fig. 3). Impor-
tantly, none of the control eyes injected with gas and
PBS (n = 15) or only injected with PBS (n = 5) devel-
oped any characteristics of PVR (all grade 0; Fig. 3).

Gas Facilitates the Migration of RPE Cells to
the Retina Surface

Injection of the gas promotes detachment of the
posterior vitreous, which allows for the cells to migrate
more rapidly to the inner retinal surface. Indeed, we see
through histologic analysis that, at 1 week after RPE
injection, eyes that did not receive SF¢ gas had many
cells in the vitreous, whereas those that received SF¢
gas injection had more cells along or near the surface
of the inner retina (Fig. 4, top panels; observed in 5 of
5 eyes analyzed for each condition). At 4 weeks after
RPE injection, eyes that were not injected with gas had
more contractile membranes in the vitreous, whereas
eyes that had first received gas injection had more
membranes along the retina (Fig. 4, bottom panels;
observed in 5 of 5 eyes analyzed for each condition).
Together, these results suggest that injection of SF¢ gas
helped to promote RPE cell migration to the surface of
the inner retina.

PVR Membranes in Vitreous and on Retina
Surface Express Fibrotic Markers

Immunohistochemical analysis of cells on the
retinal surface and in the vitreous of our mouse
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Fundus

4w post-RPE 4w post-RPE OCT

Intravitreal injection of SF¢ gas before RPE injection resulted in more rapid PVR development with less overall variation in PVR

grades. Eyes were injected with 1 x 10% or 5 x 10* RPE cells with or without prior SFs gas injection, or PBS with and without gas as controls.
(A) Eyes that received gas injection showed more severe PVR and less variability of PVR grade distributions at 1 week compared with eyes
that did not receive a prior gas injection. At 4 weeks, there was both a higher average PVR grade and less variation in overall scores for those
eyes that received the gas injection. (B) Fundus photography of representative eyes injected with gas/PBS, and 1 x 10* or 5 x 10* RPE cells
with or without gas injection first at 1 and 4 weeks after RPE injection. Eyes that received the gas injection first develop more severe PVR, on
average, over 4 weeks than those that just received injection of RPE cells. For each group of PVR mice, 15 eyes were injected and analyzed at
1 and 4 weeks; for PBS controls, 15 eyes were injected with gas before PBS and none developed PVR over 4 weeks. A x? analysis using grade
4 or greater PVR as a cutoff for 1 week analysis and grade 5 or greater PVR for 4 week analysis. *P < 0.05. ns, not significant.

PVR eyes showed that the cells that comprised the
membranes along the inner retinal surface and within
the vitreous expressed fibrotic markers, including alpha
smooth muscle actin, fibronectin, and vimentin (Fig. 5;
observed in 5 of 5 eyes analyzed for each condition).
Although there is some physiologic expression of these
markers within the retina, there was a clear upregu-
lation and difference in expression patterns of these
markers near the inner retinal surface and within the
vitreous cavity in the mouse PVR eyes. Additionally,
other cell types, including glial cells and macrophages,
have been found to be components of human PVR
membranes.*>3* We also found increased expression
of the glial marker glial fibrillary acidic protein and
macrophage markers CD3 and CD20 in our mouse
PVR membranes in the vitreous and on the inner
retinal surface (Fig. 6; observed in 5 of 5 eyes analyzed
for each condition). Together, these results show the
RPE cells injected our mouse eye have undergone EMT
and the contractile matrices of cells present both in
the vitreous and along the retina surface are similar in
composition to human PVR membranes.

Discussion

PVR is a condition that arises in 5% to 10% of
patients after retinal detachment repair surgery and
can lead to blindness.” RPE cells that have migrated
into the vitreous and onto the inner retinal surface are
exposed to growth factors and cytokines and undergo
EMT to contractile fibrotic cells. It is the contrac-
tion of these PVR membranes that results in subse-
quent retinal detachment, damaging the photorecep-
tors in the process. The standard treatment for PVR
is surgery to remove the membranes or remove some
retinal tissue to reattach the retina.>* PVR is associ-
ated with poor visual outcomes.”* There are currently
no pharmacologic agents approved to prevent or treat
PVR. Animal models of disease processes are essen-
tial to understanding disease pathogenesis and study-
ing the ability of candidate pharmacologic agents to
prevent or treat diseases. Mouse models in particular
provide the ability to study various aspects of disease
pathways and pharmacologic agent mechanism using
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+ SFg gas

Intravitreal gas injection resulted in migration of RPE cells to the inner retinal surface. Injection of SFs gas followed by injection

of 1 x 10* RPE cells promoted RPE cells migration to the blood vessels and inner retinal surface, whereas eyes that received no gas injection
had more RPE cells in the vitreous 1 week after RPE injection (top). At 4 weeks after RPE injection, those eyes that received no gas injection
had more membranes in the vitreous cavity, whereas those that received gas injection had more contractile membranes on the surface of
the retina (bottom). Images are representative of five eyes from each experimental condition.

genetically modified animals. A reproducible mouse
PVR model that recapitulates key aspects of PVR
pathology without compromising retinal integrity can
potentially help to provide a platform for furthering
our understanding of PVR pathogenesis and testing
candidate agents that inhibit or treat PVR.

In this study, we present a new mouse model of PVR
induction adapted from a technique used in rabbits
in which intravitreal gas followed by RPE cell injec-
tions mimic several key pathologic features of human
PVR, including RPE cell migration and EMT, contrac-
tion of preretinal and vitreous membranes, and resul-
tant retinal traction and detachments. Using fundus
photography, OCT, and histologic analysis, we demon-
strated the ability to induce highly reproducible PVR
phenotypes in the mouse eye (Fig. 1). Based on these
findings, a PVR grading scale that is specific to the
mouse eye was created to distinguish the severity of
PVR findings and provide the ability to quantitatively
compare PVR severity (Fig. 2). This PVR grading
scheme was applied in the current study to assess differ-
ences in the rapidity and severity of PVR develop-
ment when comparing the impact of intravitreal gas
injections before RPE cell injection (Fig. 3). In other

PVR animal models, the timing of PVR development
and overall severity is correlated with the concentra-
tion of cells injected into the vitreous.!® In the current
study, we found that the concentration of RPE cells
injected had a mild impact on the severity of PVR. Of
note, there was a high rate of severe PVR formation in
both RPE cell concentration groups. It is possible that
a difference with prior intravitreal SF¢ gas injection
would be apparent with injections of lower concentra-
tions of RPE cells.

Future studies using this model can use the PVR
grading scale to study the efficacy of candidate thera-
peutic agents and their ability to inhibit the develop-
ment of PVR. Additionally, the rapidity and severity of
PVR development can be compared between wild-type
mice and mice with specific genetic mutations associ-
ated with PVR development or in mice with overex-
pression or knockout of potential regulators of PVR
(e.g., tumor necrosis factor o).

In humans, posterior vitreous detachments are
associated with aging and are often a precursor to
retinal detachment.?®> We have demonstrated the induc-
tion of a posterior vitreous detachment using an intrav-
itreal injection of SFg gas results in more severe PVR
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FN1 Vim

Preretinal and vitreous membranes express EMT markers. RPE cells that have undergone EMT to contractile, fibrotic cells express

markers known to be upregulated in differentiated fibroblasts, including alpha smooth muscle actin (@-SMA), fibronectin (FN1), and vimentin
(Vim), which are seen with brown staining. Compared with control eyes, mouse eyes that develop PVR and have contractile membranes on
the retinal surface and in the vitreous express these makers of EMT. Images are representative of five eyes from each experimental condition.

formation (Fig. 3). One way in which a posterior vitre-
ous detachment may promote PVR formation is that
it allows for easier cell migration to the inner retina
surface and allows for important cell-to-cell interac-
tions to occur, which may otherwise be dampened
by the vitreous. We are clearly able to show that
injection of SF¢ gas promotes faster migration of
RPE cells to the inner retina surface and favors the
formation of contractile membranes on the surface
of the retina (Fig. 4). Importantly, these contractile
membranes that form on the retinal surface after RPE
cell injection highly resemble human PVR membranes,
because they stain positive for expression of the fibrotic
markers alpha smooth muscle actin, fibronectin, and
vimentin (Fig. 5). All of these markers have been
identified in human PVR membranes and are upreg-
ulated in the samples from patients with PVR.3® We
also find the recruitment of other cells types, includ-
ing macrophages and glial cells to the PVR membranes
(Fig. 6). These cells have been found in human PVR
membranes as well.*® All together, these results show
that we are able to initiate and monitor PVR devel-
opment in the mouse eye, and that the phenotypes
and membranes observed in the vitreous and retina are
similar to those seen in human PVR.

Although our model replicates many aspects of
PVR pathology, including RPE cell migration and
EMT to fibrotic cells that induce traction on the
retina resulting in retinal folds and detachments, this
model also has potential limitations. In humans, retinal

tears provide a point of entry for RPE cells into
the vitreous cavity and precede retinal detachments
and PVR development.*” In our model, we consis-
tently observe retinal detachments in our PVR eyes,
but they are only secondary to injection of RPE
cells and the subsequent development of tractional
membranes. Although others have reported methods
to induce retinal detachment in the mouse eye,’’-*
these models do not consistently result in a retinal
tear. Our model likely accelerates the PVR process,
compared with the time course of PVR development
in humans, by injecting a large number of RPE cells
directly into the vitreous cavity. However, depending
on the number of RPE cells injected, our model can
show very fast development of high-grade PVR or
a slower progression to high-grade PVR over many
weeks. Of note, a risk factor for PVR development is
a giant retinal tear, which can potentially result in a
greater number of RPE cells being dispersed in the
vitreous.*

One other limitation to this model is that we inject
human RPE cells, which may result in some degree
of inflammation from the presence of foreign cells. Of
note, other investigators have injected RPE cells from
both humans'® and nongenetically identical rabbits'*
into the commonly used rabbit PVR model and shown
the development of PVR; both of these types of foreign
cells would be expected to generate a degree of inflam-
mation as well. We chose to use ARPE-19 cells owing to
their ease of availability in large numbers and, because
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Figure6. Preretinal and vitreous membranes express markers of other cellular components of PVR membranes. In addition to RPE cells, PVR
membranes are comprised glial cells and macrophages. Compared with control eyes, mouse PVR eyes have increased levels of expression of
the glial marker glial fibrillary acidic protein along the retinal surface and in the vitreous (brown staining). CD3 (a marker of T cells) and CD20
(a marker of B cells) are also both present along the inner retinal surface and in the contractile membranes of the vitreous (brown staining).
Images are representative of five eyes from each experimental condition.

the cells are immortalized, we expect little variation
from different passages, which would limit variability.*
Additionally, inflammation is a key characteristic of
PVR and inflammatory cytokines are present in the
vitreous of patients with PVR.*#! Of note, another
group has used intravitreal injection of ARPE-19 cells
without gas to study the role of Notch signalingin PVR
in the mouse eye.'*#!

In summary, we have presented a novel mouse
model of PVR that combines gas injection to promote
vitreous detachment, followed by intravitreal injection
of RPE cells. This model is able to reproduce many
aspects of human PVR pathogenesis and results in the
development of a reproducible PVR phenotype with
preretinal tractional membranes and retinal detach-
ments. Although similar models have been devel-
oped in the rabbit, a mouse model allows for genetic
manipulations, including looking at the role of certain
genes and pathways and their role in PVR develop-
ment. Additionally, potential pharmacologic agents for
preventing and treating PVR can more easily tested
with a larger number of animals when using a mouse
model, compared with a rabbit model, owing to practi-
cal factors such as cost and space. We are hopeful that

this mouse model of PVR will provide a platform to
advance research in PVR, both on the pharmacologic
and molecular levels.
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