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PURPOSE. Primary vitreous regression is a critical event in mammalian eye development
required for proper ocular maturity and unhindered vision. Failure of this event results in the
eye disease persistent hyperplastic primary vitreous (PHPV), also identified as persistent fetal
vasculature (PFV), a condition characterized by the presence of a fibrovascular mass adjacent
to the lens and retina, and associated with visual disability and blindness. Here, we identify
ephrin-A5 to be a critical regulator for primary vitreous regression.

METHODS. Wild-type and ephrin-A5�/� eyes were examined at various developmental stages to
determine the progression of PHPV. Eye tissue was sectioned and examined by H&E staining.
Protein expression and localization was determined through immunohistochemistry. Relative
levels of Eph receptors were determined by RT-PCR.

RESULTS. Ephrin-A5�/� animals develop ocular phenotypes representative of PHPV, most
notably the presence of a large hyperplastic mass posterior to the lens that remains
throughout the lifetime of the animal. The aberrant tissue in these mutant mice consists of
residual hyaloid vessels surrounded by pigmented cells of neural crest origin. Labeling with
bromodeoxyuridine (BrdU) and detection of proliferating cell nuclear antigen (PCNA)
expression shows that the mass in ephrin-A5�/� animals is mitotically active in embryonic and
postnatal stages.

CONCLUSIONS. Ephrin-A5 is a critical factor that regulates primary vitreous regression.

Keywords: ephrin, Eph receptor, primary vitreous, persistent hyperplastic primary vitreous,
persistent fetal vasculature

The primary vitreous is a transient collection of cells
encompassing the vitreous humor in the early stages of

ocular development. Composed of cells originating from the
neural crest and mesoderm,1,2 this structure eventually gives
rise to the hyaloid vasculature, which provides nutrients to the
early eye tissues.3–5 While important in the early formative
periods of eye development, the regression of the structures
derived from the primary vitreous is a critical event important
for the formation of the crystalline vitreous, allowing for light to
travel unimpeded to the retina and ensuring proper vision.

Failed regression of the primary vitreous has severe
consequences, the most prominent resulting in the eye disease
persistent hyperplastic primary vitreous (PHPV), more recently
named as persistent fetal vasculature (PFV).4,6,7 The PHPV and
PHPV-like conditions are characterized by the presence of an
aberrant retrolental mass consisting of fibrovascular tissue and,
in some instances, surrounded by pigmented tissue.4,6–12 This
disease often is classified into an anterior form, posterior form,
or combination of both depending on whether the uncharac-
teristic vascular mass extends from the back of the lens or
attaches to the retina, respectively.4,7 The human form of this
disorder often occurs unilaterally, although bilateral cases have
been reported previously.7,12 In addition, PHPV often is
associated with other ophthalmologic disorders, including

microphthalmia, retinal folding, intraocular hemorrhage, and
cataracts.6,7 This disorder also has been reported prominently
in other mammalian species, most notably in several breeds of
dogs.8,13–15 Previous studies have revealed several genetic and
cellular factors that contribute to the primary vitreous
regression, using transgenic mouse models that develop
PHPV-like phenotypes. These include knock-out models for
the Arf tumor suppressor gene,16–19 p53,20 and Frizzled-5,21

along with an overexpression model for VEGF.22,23 However,
the molecular and cellular mechanisms underlying formation of
PHPV remain under-studied.

In the current study, we have identified a ligand of the Eph
family of receptor tyrosine kinases, ephrin-A5, to be critical in
the regression of the primary vitreous. The Eph receptors are
the largest group of receptor tyrosine kinases; in mammals, this
family consists of 14 receptors, divided into the EphA and EphB
subgroups, and eight ligands, segregated into the ephrin-A and
ephrin-B types.24 Binding between ligand–receptor pairs
occurs promiscuously, with EphA receptors primarily binding
to most ephrin-A ligands, while EphB receptors interact with
most ephrin-B ligands with certain exceptions, such as
interactions between the A-class ligand ephrin-A5 and the B-
class receptor EphB2.25,26 Ephrin ligands are bound to the cell
surface, with the ephrin-As attached by a glycosylphosphati-
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dylinositol (GPI) anchor and the ephrin-Bs having a short
transmembrane segment. Receptor activation by membrane-
bound ligands allows for signals to the receptor-expressing cell
(forward signaling), ligand-expressing cell (reverse signaling),
or bidirectional signaling.27–29 The GPI-anchored ephrin-As
also have the capacity to be cleaved,30 and soluble ephrin-As in
monomeric and oligomeric forms have been found to regulate
Eph receptor signaling in vitro.31,32

The Eph receptor family has been implicated in diverse
biological and developmental processes, including neural
development, blood vessel formation, and cancer.26 Addition-
ally, the Eph family has key roles in ocular development, with
several Eph receptors and ligands expressed in the eye.33–35 We
and others have shown that the ligand ephrin-A5 has multiple
functions in the nervous system36–40 and lens develop-
ment.33,34,41–43 Here, we reported that mice lacking ephrin-A5
also develop characteristics indicative of PHPV, including the
presence of a hyperplastic mass consisting of pigmented and
vascular cells posterior to the lens. In addition, we showed that
in these mice, the retrolental cell mass develops not because of
the failure of hyaloid vessel regression, but rather due to
abnormal recruitment of cells into the primary vitreous during
early eye development, implicating a new mechanism of PHPV
pathogenesis. Our observations suggested a critical role of
ephrin-A5 in regulating proper cell migration into the primary
vitreous during early eye morphogenesis.

MATERIALS AND METHODS

Animal Care

Mice were bred and maintained under standard conditions in
accordance with the Guidelines for the Care and Use of
Laboratory Animals of Rutgers University and the ARVO
Statement for the Use of Animals in Ophthalmic and Vision
Research. Ephrin-A5�/�mice have been described previously,44

and are under a mixed background of S129 and C57BL/6
strains.

Hematoxylin and Eosin Staining

Hematoxylin and eosin (H&E) staining protocols have been
described previously.33 Briefly, embryo heads (embryonic day
14 [E14], E17, and P0) or dissected eyes (postnatal day 6 [P6],
P21, and P60) were prepared in fixation buffer (65% ethanol,
4% formaldehyde, 5% acetic acid, 3% sucrose) at 48C overnight,
dehydrated the following day, and embedded in Paraplast
(McCormick Scientific, St. Louis, MO). Longitudinal sections
were prepared at 5 lm and stained with H&E (Sigma-Aldrich,
St. Louis, MO).

Immunohistochemistry

Adult wild-type and ephrin-A5�/� eyes were enucleated and
fixed in 4% formaldehyde for 10 minutes at room temperature,
followed by a rinse in PBS for 5 minutes, and stored in 10%
sucrose overnight at 48C. Embryonic tissue was fixed in 4%
paraformaldehyde for 60 minutes at room temperature,
followed by three rinses in PBS for 10 minutes each, and
stored in 30% sucrose overnight at 48C. All tissues subsequent-
ly were frozen and cryosectioned at 10 lm.

Primary vitreous structures were observed using various
antibodies. Neural crest cells were identified using anti-AP2b
antibody (1:200, Cat. #2509; Cell Signaling Technology, Inc.,
Danvers, MA). Mesenchymal and endothelial cells were
determined using antibodies against CD-31 (1:200, Cat.
#550244; BD Biosciences, San Jose, CA) and the vascular basal
membrane marker collagen-IV (1:200, Cat. #2150-1470; AbD

Serotec, Kidlington, UK), respectively. Perivascular smooth
muscle cells were identified using an antibody against a-
smooth muscle actin (1:200, Cat. #A 2547; Sigma-Aldrich).
Pericytes were identified using an antibody against platelet-
derived growth factor-b (PDGFRb; 1:200, Cat. #14-1402;
eBioscience, Inc., San Diego, CA). Macrophages were identified
using antibodies against F4/80 (1:200, Cat. #MF48000;
Invitrogen, Carlsbad, CA) and ED-1 (1:200, Cat. #Ab31630;
Abcam, Cambridge, UK). Pigmented cells were stained using
an antibody against tyrosinase related protein (TRP)-1 (1:200,
Cat. #sc-10448; Santa Cruz Biotechnology, Inc., Santa Cruz,
CA). EphA2 receptor localization was determined using
antibodies against EphA2 (1:200, Cat. #AF639; R&D Systems,
Minneapolis, MN). Primary antibodies were incubated over-
night at 48C and washed in PBS, followed by detection using
goat or donkey secondary antibodies conjugated with Alexa
Fluor 488 (Invitrogen) or CY3 (Jackson ImmunoResearch
Laboratories, Inc., West Grove, PA) at room temperature for
2 hours. Nuclei were stained using TO-PRO-3 iodide far red
fluorescence dye (1:1000, Cat. #T3605; Invitrogen).

To determine Eph receptor localization using ephrin-A5-Fc,
adult eyes were enucleated, fixed, and sectioned as described
earlier. Tissue was treated with ephrin-A5-Fc fusion protein (Cat.
#374-EA-200; R&D Systems) at 10 lg/mL overnight at 48C and
washed in PBS, and labeling detected using a biotin-conjugated
goat anti-human antibody (1:200; Jackson ImmunoResearch
Laboratories, Inc.) followed by CY3-conjugated streptavidin
(1:1000; Jackson ImmunoResearch Laboratories, Inc.).

Cell division was determined through bromodeoxyuridine
(BrdU) treatment and detection, and proliferating cell nuclear
antigen (PCNA) labeling. Bromodeoxyuridine (Cat. #B5002;
Sigma-Aldrich) was dissolved in a 0.007 Normal (N) NaOH
solution made in 0.9% NaCl at 5 mg/mL and injected
intraperitoneally at a concentration of 50 lg/g body weight.
Eye tissue was fixed and sectioned as described previously.
Sections were treated in 2 N HCl at 378C for 30 minutes,
followed by a rinse in 0.1 M sodium borate, pH 8.5, at room
temperature for 10 minutes. The BrdU incorporation was
detected using an antibody against BrdU (1:100, Cat.
#OBT0030G; Accurate Chemical & Scientific Corporation,
Westbury, NY). Cell division also was determined using an
antibody against PCNA (1:100, Cat. #sc-25280; Santa Cruz
Biotechnology, Inc.). Before staining, slides were boiled in 0.1
M citrate buffer for 10 minutes and cooled at room
temperature in the same buffer for 20 minutes. Slides then
were immersed in 3% hydrogen peroxide solution in PBS for 10
minutes. Apoptosis was determined using an antibody against
cleaved caspase-3 (1:200, #9661; Cell Signaling Technology,
Inc.).

Whole Mount Hyaloid Preparation

Wild-type and ephrin-A5�/� eyes at P2, P8, P14, P21, and P40
were enucleated and their corneas removed. The dissected
eyes were fixed overnight in 4% paraformaldehyde, after which
the eyes were rinsed in PBS. The retinal cup along with the
lens then was removed from the sclera carefully, after which
the retina was dissected apart from the posterior pole with the
hyaloid vessels still intact and attached to the lens. Lenses with
the hyaloid network were stained in FITC-conjugated isolectin-
B4 overnight (1:500, Cat. #FL-1201; Vector Laboratories,
Burlingame, CA), rinsed in PBS, and mounted in Clear Mount
Medium (17985-16; Electron Microscopy Sciences, Hatfield,
PA). The Z-stack images were taken using a Nikon Eclipse C1
confocal microscope system. Quantification of vessels from the
tunica vasculosa lentis (TVL) have been described previously.3

Briefly, a circle with a radius 70.7% of the lens was drawn on
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the posterior lens (equivalent to the 458 latitudinal line), and
vessels crossing this line were counted.

Real Time RT-PCR

Ephrin-A5�/� eyes were enucleated and the retrolental mass
was removed carefully under a dissecting microscope. RNA
was extracted from the tissue using the RNeasy Mini Kit (Cat.
#74104; Qiagen, Valencia, CA) as per the manufacturer’s
instructions. The resulting RNA was amplified using the
MessageAmp II aRNA Amplification Kit (Cat. #AM1751;
Ambion, Inc., Austin, TX). Reverse transcription of the
resulting RNA into cDNA was performed using SuperScript II
Reverse Transcriptase (Cat. #18064-022; Invitrogen, Grand
Island, NY) as per the manufacturer’s instructions. Primers of
the various Eph receptors that were used have been published
previously.45 RNA levels were analyzed using the ABI PRISM
7000 system.

Detection of Ephrins With EphA5-Alkaline
Phosphatase Fusion Protein

Three different commercially available ephrin-A5 antibodies
(Cat. #70114; Abcam; and Cat. #sc-1951 and Cat. #sc-6075;
Santa Cruz Biotechnology, Inc.) were tested for immunohisto-
chemistry; however, none detected ephrin-A5 specifically,
since the ephrin-A5�/� control showed similar staining patterns
to wild-type tissues. Due to a lack of high quality antibodies
against ephrin-A5, we employed EphA5-Alkaline Phosphatase

(AP) fusion protein staining for ephrin ligand expression as has
been described previously.46,47 EphA5-AP contains the extra-
cellular domain of EphA5 fused in-frame to alkaline phospha-
tase, and thus can bind to A-class ephrins. Ephrin ligand
binding was determined on frozen tissue sectioned at 14 lm
mounted onto slides. Sections were fixed in 4% paraformalde-
hyde in PBS for 8 minutes at room temperature, followed by
two washes in PBS 5 minutes each. Media containing EphA5-AP
then was applied to the sections for 2 hours, followed by
washes in Hank’s balanced salt solution with 0.5 mg/mL BSA
and 20 mM HEPES (pH 7.0). Sections were fixed again in 3%
formaldehyde and 20 mM HEPES (pH 7.5) for 30 seconds,
followed by two washes in Wash Buffer (150 mM NaCl and 20
mM HEPES [pH 7.5]) for 5 minutes each. Sections then were
heated to 658C for 15 minutes and washed again in Wash
Buffer, followed by a rinse in AP Color Development Buffer
(100 mM Tris-HCl [pH. 9.5], 100 mM NaCl, 5 mM MgCl2). Color
development was done by adding AP Color Development
Buffer with NBT/BCIP solution and incubated at room
temperature until sections were stained sufficiently.

Quantifications and Volumetric Analysis of
Retrolental Mass

To quantify primary vitreous cells within wild-type and ephrin-
A5�/� animals, embryos were cryosectioned at 10 lm with
sections collected in series, stained, and analyzed. Only cells
within the vitreous space were counted. To analyze the volume
of the retrolental mass in postnatal animals, frozen sections

FIGURE 1. Ephrin-A5�/�mice develop hallmark symptoms of PHPV. (A, B) Whole mount lenses from P21 wild-type (A) and ephrin-A5�/� (B) eyes.
Ephrin-A5�/� eyes display the presence of a thick pigmented mass adjacent to the posterior lens. (C, D) Histologic sections of wild-type and ephrin-
A5�/� eyes at P21. (E–G) Adult Ephrin-A5 mutant eyes display other symptomatic characteristics of PHPV. These include tissue attachment to the
retina and lens (E), retinal folding and detachment of the RPE layer from the neuroretina (F), and lens capsule rupture (G). Scale bars in lm.
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were collected at 10 lm containing the mass at either P7 or
P21 and stained with an antibody against TRP-1. The areas of
each section then were calculated using ImageJ (available in
the public domain at http://rsbweb.nih.gov/ij/) and multiplied
by the thickness of each section.

RESULTS

Ephrin-A5�/� Mice Develop Symptoms Indicative
of PHPV

Previous studies by our group and others have shown that
ephrin-A5�/� animals develop cataracts.33,41,42 As a result, we
asked whether other ocular anomalies were present in the
ephrin-A5 mutant eye (Fig. 1). While wild-type eyes exhibited
no abnormalities (Figs. 1A, 1C), whole-mount and histologic
investigation of postnatal ephrin-A5�/� eyes revealed the
presence of a large pigmented mass encapsulating vasculature
posterior to the lens and extending toward the retina in a
funnel-like shape, indicative of the pathology of PHPV (Figs.
1B, 1D). In addition to the attachment of the hyperplastic mass
to the neuroretina and the posterior of the lens (Fig. 1E),
ephrin-A5�/� eyes exhibited several additional hallmark char-
acteristics of PHPV, including retinal folding, neuroretinal
detachment from the RPE layer, and lens capsule rupture in
later ages (Figs. 1F, 1G). These phenotypes were found in
approximately half of the adult mutant eyes older than 2
months, specifically associated with ruptured lens, which

presses onto the retina, indicating that these phenotypes are
secondary to lens damage as reported previously.33,43

We further examined the progression of the retrolental
mass during prenatal eye development to determine the origin
of this mass (Fig. 2). In wild-type eyes, the retrolental primary
vitreous cell mass was present at E14 (Fig. 2A), but was
noticeably regressed by E17 and absent by birth (Figs. 2B, 2C).
No wild type animals past P0 showed signs of the retrolental
primary vitreous cell mass (see Figs. 1A, 1C, 2C). The
retrolental cell mass also is present in ephrin-A5�/� eyes at
E14 (Fig. 2D); however, the mass in these animals fails to
regress during prenatal stages and persists postnatally (Figs. 2E,
2F). When analyzing the prevalence of PHPV, almost all adult
wild-type mice (>P60) displayed no presence of a retrolental
mass, while all ephrin-A5�/� animals and approximately half of
the ephrin-A5þ/� subjects were observed to have the presence
of an abnormal retrolental mass with vasculature and
pigmented cells (wild-type ¼ 1.8%, ephrin-A5�/� ¼ 100%,
ephrin-A5þ/�¼ 49.2%; see Table).

Vascular Structures Are Present Within the

Hyperplastic Mass in the Ephrin-A5�/� Eye

It has been hypothesized that PHPV is the result of the failed
regression of the hyaloid vascular system.4,6,7 We, therefore,
analyzed the aberrant structures for vascular markers in the
postnatal ephrin-A5�/� eyes (Supplementary Fig. S1). The
presence of blood vessels was confirmed through immunofluo-

FIGURE 2. Persistent retrolental mass originates from the primary vitreous at embryonic stages. (A–F) Sections of wild-type (A–C) and ephrin-A5�/�

(D–F) eyes during embryonic development. The cells of the primary vitreous are present in the wild-type eye at E14 ([A], as indicated by the
arrows), but soon regress and are absent at later developmental stages (B, C). In contrast, primary vitreous cells in the ephrin-A5�/� eye that appear
in early embryogenesis (D) fail to regress (E, F). Scale bar: 200 lm.

TABLE. Prevalence of PHPV

Age

Wild-Type Ephrin-A5�/� Ephrin-A5þ/�

# With Mass # Animals Prevalence # With Mass # Animals Prevalence # With Mass # Animals Prevalence

P0–P5 3 17 17.6% 17 17 100.0% 8 19 42.1%

P6–P10 3 18 16.7% 20 22 90.9% 8 20 40.0%

P21 0 29 0.0% 35 36 97.2% 18 30 60.0%

>P60 1 55 1.8% 55 55 100.0% 30 61 49.2%

Few wild-type animals show the presence of a retrolental mass at early postnatal ages, while almost none are observed in adulthood. In contrast,
almost all ephrin-A5�/� animals were found to have an aberrant retrolental mass well into adulthood. Half of the ephrin-A5þ/� eyes examined also
have an abnormal mass posterior to the lens.
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rescence using several known markers, including CD-31

(Supplementary Fig. S1B) and collagen-IV (Supplementary

Fig. S1C) for endothelial cells, a-smooth muscle actin (aSMA,

Supplementary Fig. S1D) for mature pericytes, PDGFRb
(Supplementary Fig. S1E) for immature pericytes, and TRP-1

for melanocytes (Supplementary Fig. S1F). At P7, vascular

structures within the hyperplastic mass were found to be

positive for the indicated blood vessel markers (Supplementary

Figs. S1B–E). However, with the exception of TRP-1, the

localization of these markers was restricted to only vessels

within the mass, suggesting that the majority of the mass is not

of vascular origins. Interestingly, PDGFRb, a marker known to

label primarily pericytes, also was observed on the outer layer

of the retrolental structure at P7 as well as on the blood vessels.

In contrast, TRP-1 staining was observed throughout much of

the hyperplastic tissue, indicating that a major population of

cells in this mass is composed of pigmented cells (Supplemen-

tary Fig. S1F). The presence of endothelial cells and pericyte

precursors in ephrin-A5�/� eyes confirmed that the retrolental

mass contains, but is not exclusively consisting of, vascular
structures.

Hyaloid Vasculature Regression in Areas Outside of
the Hyperplastic Mass Occurs Normally in Ephrin-
A5�/� Mice

While remnants of vasculature within the retrolental tissue
were observed, the roles these vessels play in the persistence
of this pigmented tissue remain unknown. Therefore, we
examined whether the persistent mass in ephrin-A5�/� mice
was a direct result of a failure of hyaloid regression (Fig. 3).
Whole-mount postnatal wild-type and ephrin-A5�/� lenses were
enucleated with the hyaloid vasculature attached to the
posterior of the lens. Vessels were labeled using FITC-
conjugated isolectin B4, and Z-stack images of the posterior
lens were taken using confocal microscopy. Vessels of the TVL
were analyzed as described previously.3 Postnatal ephrin-A5�/�

eyes had slightly more vessels compared to the wild-type
controls (Fig. 3). However, the number of vessels in ephrin-

FIGURE 3. The TVL regression occurs within the ephrin-A5�/� eye. (A–J) Whole-mount preparations of lenses viewed from the posterior of wild-
type (A–E) and ephrin-A5�/� (F–J) eyes at several postnatal stages. Lenses are dissected with hyaloid vessels intact and are stained with FITC-
conjugated isolectin-B4. Note the presence of the retrolental mass in the ephrin-A5�/� lenses (outlined by a white dotted line). Scale bars: 0.5 mm.
(K) Quantification of vessel numbers of the TVL vessels present at several postnatal stages in WT and ephrin-A5�/� mice. Consistent hyaloid
regression is observed in the wild-type and ephrin-A5�/� eyes.

FIGURE 4. The persistent primary vitreous in the ephrin-A5�/� eye is not pigmented until postnatal stages. (A–C) Ephrin-A5�/� eyes stained for TRP-
1 at various developmental stages. Cells of the primary vitreous are mostly negative for TRP-1 during prenatal time points E14 and E16 (A, B). At P0,
TRP-1 positive cells are observed clearly in the retrolental mass (C). Primary vitreous is outlined by a white dotted line. TRP-1 is stained in red;
nuclear staining is shown in blue. PV, primary vitreous. Scale bar: 100 lm. (D–F) The RPE layer is positive for TRP-1 at embryonic stages. In contrast
to the absence of TRP-1 expression in the primary vitreous, the RPE shows positive expression at E14 and later stages (D, E). Positive expression in
the choroid is evident by P0 (F). Scale bar: 100 lm.
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A5�/� eyes consistently decreased over age similar to that of the
wild-type controls. Importantly, ephrin-A5�/� eyes at all stages
displayed the presence of a distinct retrolental mass (Figs. 3F–J,
outlined by white dotted line). Therefore, while the vessels
surrounded by the hyperplastic mass persist and do not
undergo proper vascular regression, other hyaloid vasculature
is able to regress properly in the ephrin-A5�/� eye. Together,
these observations suggested that the accumulation of the
primary vitreous cell mass, and not hyaloid vessel regression,
may be the predominant cause of the pathologic retrolental
cellular mass.

Regression of the hyaloid vasculature is regulated in large
part by the activity of macrophages.48 To determine macro-
phage localization in the context of the retrolental tissue, we
labeled cells using the markers F4/80 and ED-1 (Supplementary
Fig. S2). The F4/80þ and ED-1þ cells are observed throughout
the mass in postnatal stages (Supplementary Figs. S2A, S2B)
and also are found within the primary vitreous at embryonic
stages in wild-type and ephrin-A5�/� eyes (Supplementary Figs.
S2C, S2D). Altogether, the failure of regression of the
retrolental cell mass is not due to the absence of macrophages,
which have been shown to have a key role in hyaloid vessel
regression.48

Hyperplastic Mass Exhibits Pigmentation at
Postnatal Stages Suggesting a Neural Crest Origin

A characteristic of PHPV and PHPV-like cases is the pigmen-
tation of the retrolental mass.8–10,12,49,50 Pigmented cells
within mammals originate from either the RPE or the neural
crest.51 We observed that the retrolental mass in ephrin-A5�/�

animals was pigmented only in postnatal mice (see Figs. 1B,
2D, Supplementary Fig. S1A). To determine the onset of
pigmentation within the primary vitreous, we examined the
expression profile of the melanin precursor marker TRP-1 in
ephrin-A5�/� eyes at various embryonic and postnatal stages
(Fig. 4). Expression for TRP-1 was noticeably absent in the
primary vitreous during embryogenesis (Figs. 4A, 4B) even
though it was present in the RPE layer at these time points
(Figs. 4D, 4E). Interestingly, positive TRP-1 labeling was
observed in many of the cells within the mass by P0 (Fig.
4C). This rise in expression of TRP-1 in the hyperplastic mass is
concurrent with the expression of the marker in the choroid in
the postnatal period (Fig. 4F), a tissue of neural crest origin,52

indicating that the pigmented cells of the primary vitreous
forming the retrolental mass in ephrin-A5�/�mice are not from
the RPE, but rather from the neural crest.

FIGURE 5. The primary vitreous contains neural crest–derived cells. (A, B, D, E) Cells of the primary vitreous stained for neural crest marker AP2b
(green). Primary vitreous cells at E14 (A, D) and E16 (B, E) of wild-type and ephrin-A5�/� tissue are positive for AP2b. (C, F) Cells of the primary
vitreous in wild-type and ephrin-A5�/� embryos show that AP2bþcells are in a separate population from the vasculature (aSMAþcells). Scale bar: 20
lm. (G–J) The persistent primary vitreous in the P0 ephrin-A5�/� eye is positive for AP2b and TRP-1. Pigmented cells, defined by the TRP-1 staining
(cytoplasmic), co-label with the AP2b marker (nuclear) indicating cells of neural crest lineage. Scale bar: 50 lm. (K–N) Higher magnification of the
boxed region outlined in (G–J), respectively. Dotted white lines indicate select cells co-labeled for AP2b and TRP-1. Scale bar: 5 lm.
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To confirm that the persistent primary vitreous cell mass is
of neural crest origin, we labeled cells for the transcription
factor AP2b, a marker for cells from the neural crest53 (Fig. 5).
Cells expressing AP2b are observed in the retrolental tissue of
wild-type and ephrin-A5�/�mice at early developmental stages,
including E14 and E16 (Figs. 5A, 5B, 5D, 5E). Cells of this
lineage also are distinct from hyaloid vessels, as co-labeling of
tissue for AP2b and aSMA shows distinct populations at E16
(Figs. 5C, 5F), revealing that a significant population of cells
within the retrolental mass are of neural crest origin. We
further established that the persistent retrolental masses in the
postnatal ephrin-A5 mutants were of neural crest origin by co-
staining P0 ephrin-A5�/� eyes for AP2b and TRP-1 (Figs. 5G–N).
Both markers were found throughout the entirety of the

hyperplastic mass at this early postnatal stage (Figs. 5G–J).
Closer inspection showed that AP2b and TRP-1 labeled the
same cells (Figs. 5K–N). These results confirmed previous
studies that have shown that the primary vitreous is consisted
of neural crest and mesodermal origins.1,2

Increased Recruitment of Neural Crest and
Mesodermal Cells Into the Primary Vitreous
During Early Eye Development in Ephrin-A5�/�

Animals

We next set to define the origin of the neural crest cellular
population and whether the rate of accumulation of these cells
is altered in the ephrin-A5�/� embryos (Fig. 6, Supplementary

FIGURE 6. Primary vitreous cells migrate from the corneal region into the vitreous space. (A, B) AP2bþ (green) from the presumptive cornea appear
between the lens and retina in wild-type and ephrin-A5�/� eyes at E11 (A) and E14 (B). Large numbers of CD31-positive mesodermal cells also
appear within the retrolental vitreous space at this stage (not shown). L, lens; pv, primary vitreous. Scale bars: 100 lm. (C) Quantification of the
number of cells encompassing the primary vitreous at E11 and E14. While cell numbers increase between E11 and E14 in groups, ephrin-A5�/� eyes
consistently show significantly more cells in the primary vitreous (P < 0.05, n¼ 4 per group).
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Fig. S3). The E11 wild-type and ephrin-A5�/� animals exhibited
cells from the neural crest (AP2b) and mesoderm (CD-31)
throughout the primary vitreous (data not shown), while the
percentage of cells that were AP2bþ or CD31þ cells in the
primary vitreous at this stage were similar in genotypes
(Supplementary Fig. S3, P > 0.05, n ¼ 4 per group). Closer
inspection near the junction of the cornea, retina, and lens
shows neural crest cells to be migrating into the vitreal space
from the cornea (Fig. 6A), and these cells appear to collect into
the region posterior to the lens to form the primary vitreous
(Fig. 6B). In addition, drastically more neural crest cells have
been recruited in the E11 and the E14 vitreous (Fig. 6C),
suggesting a loss of restriction of cell migration in the
developing mutant eye. Together, these data indicated that
the pigmented retrolental mass in the postnatal ephrin-A5�/�

eye is of neural crest origin, and that there is a loss of
restriction of cell recruitment into the developing vitreous.

EphA Receptor Expression Within the

Hyperplastic Mass

As ephrin activity is initiated by interactions with their
respective Eph receptors, we next set out to examine whether
Eph receptors are expressed in the hyperplastic mass (Fig. 7).
To determine the localization of Eph receptors in the primary
vitreous mass capable of binding to ephrin-A5, we employed a
soluble ephrin-A5 protein fused with human-Fc to label Eph
receptors in P7 ephrin-A5�/� sections.54 By using a fluorescent
secondary, we observed Eph receptor expression throughout
the mass within pigmented cells and the blood vessels (Figs.
7A–C). We also looked for the expression of specific EphA
receptors that may be capable of binding with ephrin-A5.
EphA2 has been associated previously with neural crest55 and
blood vessel56–60 development, and has been shown to be
activated by ephrin-A5.33 EphA2 expression was observed
within the retrolental mass, but only on the outer edge (Fig.
7D). Examination of mRNA expression using RT-PCR identified
several additional EphA receptors, including EphA5, EphA6,
and EphA8 (data not shown).

Ephrin-A5 is Expressed at High Levels in the

Frontal Eye Segment but Not in the Developing

Primary Vitreous

Since the absence of ephrin-A5 results in the failed regression
of the primary vitreous, we set to define the expression of the
ligand in the developing eye. We had tested several different
commercially available ephrin-A5 antibodies and found that
none detected ephrin-A5 specifically (data not shown, see
Methods and Materials for more details). We, therefore,
employed the use of a soluble EphA5 conjugated to alkaline
phosphatase (EphA5-AP) to label available ephrins and
compared the expression between wild-type and ephrin-A5�/�

specimens (Figs. 7F–I). Wild-type and ephrin-A5�/� embryos at
E14 and E17 were analyzed, as the normal retrolental tissue still
was present at these developmental stages. Strong EphA5-AP
staining was observed in the cornea, lens epithelium and bow
regions, nasal retina, and ciliary body of wild-type tissue as has
been shown previously (Fig. 7F). Little or no positive staining
was observed in the ephrin-A5�/� eye (Fig. 7G), indicating that
ephrin-A5 is the major A-class ephrin ligand within the
developing eye. However, when examining specifically at the
primary vitreous, positive AP labeling was notably absent at all
stages in wild-type retrolental cell mass (Figs. 7F, 7H), indicating
little or no ephrin-A ligand expression in this specific region.

Ephrin-A5�/� Retrolental Cell Mass Continues to

Proliferate in Late Embryogenesis and Postnatal

Stages

To examine whether the abnormal cell mass is growing in
postnatal life, the PHPV tissue sizes at postnatal days 7 and 21
were measured (Fig. 8). A 3-fold increase was observed in these
2-week periods, indicating a continued growth of the abnormal
cell mass (Figs. 8A–C). The mitotic activity of the retrolental
mass in ephrin-A5�/� eyes continues into postnatal stages, as
BrdU incorporation also was observed in P7 ephrin-A5�/�

ocular tissues (Fig. 8D). The PCNA expression, another marker
for cell division, also was observed in the hyperplastic mass at

FIGURE 7. Eph receptor and ephrin-A5 expression within the primary vitreous. (A–C) Total Eph receptor localization in the primary vitreous mass.
The hyperplastic is labeled with ephrin-A5-Fc to identify Eph receptors capable of binding to the ligand. Eph receptor expression is present
throughout much of the mass (A) and is not restricted to PDGFR-bþ vasculature (B, C). Nuclei are counterstained in blue. (D) Localization of the
receptor EphA2 in the retrolental mass. EphA2 expression (red) is observed in the outer region of the mass. Nuclei are counterstained in blue. (E)
Negative staining control (no primary antibody) of the retrolental mass in ephrin-A5�/� eyes, with nuclei counterstained in blue. Scale bars: 100 lm
(A, D). (F, G) Ephrin-A5 expression in the E14 eye. EphA5-AP labeling in the developing eye was used to determine ephrin-A ligand expression.
Expression is observed at high levels in the cornea, lens, and peripheral tips of the retina in the wild-type (F) while absent in the ephrin-A5�/� eye
(G), indicating ephrin-A5 specificity. However, no labeling is observed in the primary vitreous in either wild-type or ephrin-A5�/� tissues. Primary
vitreous is outlined in a black dotted line. (H, I) High magnification images of the primary vitreous at E17 in wild type (H) and ephrin-A5�/� (I)
ocular tissues labeled with EphA5-AP. No strong staining is observed in wild type or ephrin-A5�/� primary vitreous cell mass. Primary vitreous is
outlined in a black dotted line. Re, retina; Le, lens; Co, Cornea. Scale bars: 200 lm (F, G); 50 lm (H, I).

Persistent Hyperplastic Primary Vitreous in Mice IOVS j March 2014 j Vol. 55 j No. 3 j 1601

http://www.iovs.org/content/55/3/1594/suppl/DC1
http://www.iovs.org/content/55/3/1594/suppl/DC1


postnatal stages (Fig. 8E), indicating continued growth of this
aberrant tissue in the ephrin-A5�/� eye in postnatal stages.

Based on these results, we next determined whether the
persistence of the primary vitreous was due to changes in cell
division within the primary vitreous during embryonic
development (Figs. 8F–J). Embryos at E14 and E16 were
labeled using BrdU, and staining was compared between wild-
type and ephrin-A5�/� animals. Mice at their respective stages
were injected with BrdU two hours before being euthanized,
after which embryos were dissected and fixed for cryosection-
ing. At E14, cells of the primary vitreous in wild-type (Fig. 8F)
and ephrin-A5�/� (Fig. 8H) embryos displayed a large percent-
age of BrdU positive cells with no statistical difference
observed between the groups (Fig. 8J, wild-type ¼ 19.99% 6

3.99%, ephrin-A5�/� ¼ 24.92% 6 3.32%, P > 0.05, n ¼ 4),
suggesting that the increased number of cells in the mutant
vitreous is due to recruitment rather than increased mitosis.
However, by E16, while the proliferation rate was decreased in
wild-type (Fig. 8G) and ephrin-A5�/� (Fig. 8I) animals
compared to at E14, the percentage of BrdU positive cells of
the ephrin-A5�/� embryos was higher than that of wild-type
animals (Fig. 8J, wild-type ¼ 8.6% 6 2.58%, ephrin-A5�/� ¼
15.4% 6 1.84%, P < 0.05, n ¼ 4). Wild-type and ephrin-A5�/�

primary vitreous tissues also were analyzed for apoptosis using
an antibody against cleaved caspase-3 (Supplementary Fig. S4).
Wild-type and ephrin-A5�/� primary vitreous tissues at E14 and

E16 showed signs of cells undergoing apoptosis (cleaved
caspase-3) (Supplementary Figs. S4A, S4B), but the percentage
of cleaved caspase-3–positive cells was not significantly
different between the two groups (Supplementary Fig. S4C).
Altogether, these data indicated that the increased retrolental
cell mass size is due to excess cell recruitment and not
increased mitosis or decreased apoptosis during early eye
morphogenesis before E14. However, after E16, cell growth in
wild type retrolental mass was significantly reduced, while the
mass continued to grow in the ephrin-A5�/� eye.

DISCUSSION

In this current study, we reported for the first time to our
knowledge that mice lacking the Eph receptor ligand ephrin-
A5 develop the ocular pathology PHPV, more recently termed
PFV. Postnatal ephrin-A5�/� mice develop a large pigmented
retrolental mass that persists throughout the lifetime of the
animal. The hyperplastic mass is derived from primary vitreous
cells that have failed to regress and consists of neural crest-
derived cells encompassing vascular structures. The EphA
receptor expression is observed throughout the retrolental
mass, while ephrin-A5 expression was notably absent within
the primary vitreous in wild-type tissues. However, ephrin-A5
expression was present at high levels in the frontal eye

FIGURE 8. The primary vitreous cell mass continues to grow during late embryogenesis into postnatal stages in the ephrin-A5�/� eye. (A, B)
Representative pictures of the retrolental mass seen in an ephrin-A5�/� eye at P7 and P21. Sections are labeled with TRP-1 to delineate cells
encompassing the mass. Scale bar: 200 lm. (C) Quantification of the relative volume of the retrolental mass at P7 and P21. The size of the
fibroblastic mass is significantly larger at P21 than at P7 (P < 0.05, n¼4 per group). (D, E) BrdU incorporation and PCNA staining of the retrolental
tissue in the ephrin-A5�/� eye at P7, indicating cell division occurring in postnatal stages. Scale bar: 200 lm. (F–I) BrdU incorporation and labeling
at various developmental periods in the WT and ephrin-A5�/� eye. Pregnant mice were injected with BrdU 2 hours before euthanasia, and embryos
subsequently were fixed. Scale bar: 200 lm. (J) Quantification of the percentage BrdU positive cells in the retrolental mass during development. A
greater percentage of BrdU positive cells is observed in the ephrin-A5 null eye at E14 and E16, though this effect is significant only at E16 (P > 0.05
at E14, P < 0.05 at E16, n ¼ 4 per group).
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segment through which neural crest and mesenchymal cells
destined for the primary vitreous migrate into the retrolental
space. Additionally, the cells within the persistent retrolental
structure are mitotically active at postnatal stages in ephrin-
A5�/� animals.

The Complex Relationship Between PHPV and
Primary Vitreous Regression

The conditions of PHPV and PFV have been defined classically
as diseases resulting from the failed regression of intraocular
vasculature.4 However, the cellular mechanisms underlying the
primary vitreous regression defect remain poorly understood.
In the past, much of the focus on the disease has been on the
vascular component, specifically in the mechanisms underlying
the regression of the hyaloid vasculature. In mice, hyaloid
regression occurs in the first few weeks of postnatal
development, during which time retinal vasculature begins to
form.5 Hyaloid development is dependent on several factors,
including VEGF,22,23 which is expressed in the lens during early
ocular development and is required for the maintenance of the
early vascular network.5,61–63 The degradation of this structure
is mediated by apoptotic48,64,65 and autophagic mechanisms,66

and responds to levels of oxygen.67–69

However, while much of the focus in past research has been
on vascular regression, the complex etiology of PHPV/PFV
leaves much to be understood. The primary vitreous, from
which the hyaloid network forms, contains cells of neural crest
and mesodermal origins.1,2,5 Additionally, reported incidences
of PHPV/PFV in human cases and animal models also have
pointed to a complex pathology that consists of being more
than simply a failure of vascular regression. In humans, the
presence of pigmented cells within the retrolental mass has
been described previously.12 Vitreous cysts, a PHPV-like
condition in which aberrant masses are formed within the
vitreous humor, also have been reported to be composed of
pigmented cells and hyaloid vasculature,9–11 and in some of
these cases, have been hypothesized to be remnants of the
primary vitreous.10

Also, PHPV has been studied extensively and observed in
other animal species in which pigmentation of the retrolental
mass has been a defining characteristic. In dog breeds that have
high prevalence of this condition, pigmentation of the
fibrovascular mass is a common characteristic of the disorder,
with the extent of pigmentation being an indicator of the
severity of the condition.8,13–15,70 Several PHPV mouse models
also have reported pigmentation of the retrolental mass at
postnatal periods.16,17,21 Additionally, other cell types, includ-
ing astrocytes, have been found to have a role in PHPV, as their
deficiency accelerates hyaloid regression71 and their interac-
tion with the hyaloid vasculature is thought to inhibit
regression by macrophages.72,73

The persistent mass observed in ephrin-A5�/� mice further
verifies the complexity of the primary vitreous degeneration
process containing several aspects that include, but are not
limited to, hyaloid vessel regression.48,65 The presence of
pigmented and vascular structures in the retrolental mass along
with the continued degeneration of the TVL in ephrin-A5�/�

mice indicates that ephrin-A5 is important in the overall
regression of the primary vitreous and not the hyaloid
vasculature. Indeed, hyaloid vessels in areas not encapsulated
by the pigmented cell mass, in particular the TVL, regress over
time at similar rates between the wild-type and ephrin-A5�/�

eyes. While the retrolental mass observed in ephrin-A5�/� eyes
also contains extensive vascular structures, the most promi-
nent feature has been the presence of pigmented cells of
neural crest origin surrounding the vasculature. In this sense,
the name persistent hyperplastic primary vitreous may be

more accurate than persistent fetal vasculature, at least in the
context of ephrin-A5�/� mice, since the aberrant structure
consists of vascular and pigmented cells.

Pigmented Structures in Primary Vitreous Are of
Neural Crest Origin

Accumulation of pigmented cells have been documented
previously in PHPV cases within humans12 and dogs, as well
as in conditions related to PHPV, such as vitreal cysts. In
addition, several mouse models of the disease also have
reported the presence of postnatal pigmentation within the
retrolental mass.16,17 One of the underlying questions in
determining the mechanisms underlying primary vitreous
regression has been in understanding the origin of these
pigmented cells. Melanocytes arise from two distinct cellular
populations: the neural crest or the retinal pigmented
epithelium.51 It has been proposed previously that PHPV is a
result of the accumulation of RPE cells around hyaloid
vasculature.12,17

Similarly, we have found the pigmented cells surrounding
the vasculature in the ephrin-A5�/� mice. However, several
lines of evidence, including the difference in onset of
pigmentation in the primary vitreous versus the RPE layer
and the neural crest marker labeling of the primary vitreous
cells, indicate the origin of these pigmented cells in our model
to be of neural crest origin and not from the RPE. We believe
primary vitreous cells of neural crest origin that have failed to
regress in the ephrin-A5�/� eye produce melanin in postnatal
periods and continue to proliferate throughout the lifetime of
the animal. Whether human PHPV also contains neural crest
cells is yet to be determined.

The Role of Ephrin-A5 and EphA Receptors in
Primary Vitreous Regression

While ephrin-A5 has a key role in primary vitreous regression,
the mechanisms underlying the persistence of the retrolental
cell mass in ephrin-A5�/� eyes remain to be resolved. The Eph
family has been identified previously in having important roles
in vascular56,74–78 and neural crest79–82 biology. In this study
we showed that the ephrin-A5�/� primary vitreous has an
increased number of mesoderm- and neural crest-derived cells
as early as E11. We also have observed high levels of ephrin-A5
in the frontal segment of the developing eye, including the
cornea, through which these cells migrate into the primary
vitreous. One possibility is that ephrin-A5 inhibits the
migration of cells recruited into the primary vitreous. Since
melanocytes are fated relatively late during neural crest
migration,83,84 it also is possible that the high levels of
ephrin-A5 expressed in the corneal epithelium prevent
melanocyte-fated neural crest cell migration into the vitreous.
The persistence of melanocytes in the ephrin-A5�/� primary
vitreous may reflect the fact that the primary vitreous
regression mechanism lacks the ability to remove these
melanocyte-fated cells, which migrate in abnormally in the
absence of ephrin-A5. These observations suggest a novel
mechanism that may contribute to PHPV development.

This mechanism is consistent with the observation that no
or very low levels of ephrin-A5 have been detected in the wild-
type primary vitreous. However, since several Eph receptors
have been found within the retrolental cell mass, we cannot
exclude other potential mechanisms by which ephrin-A5 may
regulate hyaloid regression. Several previous studies have
identified A-classed ephrins to be capable of being cleaved
while retaining some functional activity.30–32 Our current study
identified high levels of ephrin-A ligands throughout other
developing ocular tissues, including the ciliary body and lens.
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Therefore, ephrin-A5 expressed in these tissues may be
released into the primary vitreous and directly influence the
regression of the primary vitreous.

Ephrin-A5 also may be regulating the release of other factors
that would normally affect primary vitreous regression.
Diffusible factors within the lens, such as VEGF, have been
found previously to regulate hyaloid vessel formation and
regression,85,86 and platelet-derived growth factor (PDGF)
signaling has been implicated in primary vitreous regression.87

The high levels of ephrin-A5 in surrounding ocular tissues,
therefore, may be negatively regulating the release of mitotic
factors, such as VEGF or PDGF, resulting in the regression of
the primary vitreous tissue.

A final possibility is that ephrin-A5 within the primary
vitreous is expressed at low levels during the regression
process. We detected ephrin-A ligand expression using an
EphA5-AP binding method that showed high levels of
specificity. However, this staining method may lack the
sensitivity to detect low concentrations of ephrin-A5 expres-
sion within the primary vitreous tissue undergoing degrada-
tion. Further studies are required to elucidate the role of
ephrin-A5 during this degeneration process.
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