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Abstract
PURPOSE—Persistent hyperplastic primary vitreous (PHPV) is an idiopathic developmental eye disease
associated with failed involution of the hyaloid vasculature. The present work addressed the
pathogenesis of PHPV in a mouse model that replicates many aspects of the human disease.

METHODS—Ophthalmoscopic and histologic analyses documented pathologic processes in eyes of mice
lacking the Arf gene compared with Ink4a-deficient and wild-type control animals.
Immunohistochemical staining, in situ hybridization, and RT-PCR demonstrated the expression of
relevant gene products. Arf gene expression was determined by in situ hybridization using
wholemounts of wild-type mouse eyes and by immunofluorescence staining for green fluores-cent
protein (GFP) in Arf+/GFP heterozygous knock-in mouse eyes.

RESULTS—Abnormalities in Arf−/− mice mimicked those found in patients with severe PHPV. The
mice had microphthalmia; fibrovascular, retrolental tissue containing retinal pigment epithelial cells
and remnants of the hyaloid vascular system; posterior lens capsule destruction with lens
degeneration and opacity; and severe retinal dysplasia and detachment. Eyes of mice lacking the
overlapping Ink4a gene were normal. Arf was selectively expressed in perivascular cells within the
vitreous of the postnatal eye. Cells composing the retrolental mass in Arf−/− mice expressed the
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Arf promoter. The remnant hyaloid vessels expressed Flk-1. Its ligand, vascular endothelial growth
factor (Vegf), was expressed in the retrolental tissue and the adjacent dysplastic neuroretina.

CONCLUSIONS—Arf−/− mice have features that accurately mimic severe PHPV. In the HVS, Arf
expression in perivascular cells may block their accumulation or repress Vegf expression to promote
HVS involution and prevent PHPV.

The hyaloid vascular system (HVS) in the primary vitreous of the mammalian eye provides an
elegant example of developmentally regulated vascular regression. In the HVS, the hyaloid
artery arises from the ophthalmic/central retinal artery posteriorly and branches in the vitreous
to form the vasa hyaloidea propria (VHP) and the tunica vasculosa lentis (TVL), which
envelops the lens.1,2 The pupillary membrane (PM) makes up the anterior component of this
system.1,2 These vascular beds normally regress late in human fetal development and in the
first several weeks of life in the mouse,1,2 to create the avascular cornea, lens, and secondary
vitreous composed of collagens, fibronectin, and other extracellular matrix macromolecules.3

Persistent hyperplastic primary vitreous (PHPV) has long been used to describe a disease
process associated with persistence of the hyaloid vascular structures in the vitreous.4,5
Recently, the nomenclature was revisited, and persistent fetal vasculature (PFV) was proposed
to reflect more accurately the broader manifestations of failed regression of other vascular beds
in the eye.1 (Because our mouse model has only developmental defects in the vitreous, we will
use the term PHPV.) Depending on whether the major abnormalities are in the region of the
TVL/VHP or the hyaloid artery, PHPV is subdivided into anterior or posterior forms,
respectively.6,7 Most reported cases show overlap, though, with abnormalities in both
anatomic compartments.6 Fibroblast-like cells, occasionally intermixed with pigmented cells,
form a fibrovascular mass surrounding the remnants of the HVS.6,8 In anterior or combined
PHPV, the retrolental tissue lies adjacent to a rent in the posterior lens capsule, typically
resulting in cataract formation.4,6,8 In some cases, it can lead to intralenticular hemorrhage;
lens swelling with secondary glaucoma; and total lens absorption, calcification, or even
replacement by adipose tissue.6,8 In posterior or combined PHPV, the retina may be detached
by congenital nonattachment or by traction from the retrolental tissue adjacent to the inner
neuroretina.6,8 This may be associated with retinal folding, dysplasia, and reactive retinal
pigment epithelial (RPE) cell accumulation.8

The broad clinical manifestations of PHPV depend on the anatomic region involved (i.e.,
anterior, posterior, or both) and the extent of residual hyaloid vessels. Typically, PHPV presents
in children as unilateral microphthalmia, leukokoria, or cataract and is associated with retinal
folding and detachment.6 Visual acuity can be nearly normal, but is 20/200 or less at diagnosis
in most cases of posterior PHPV.7 Depending on its severity, surgical treatment focuses on
vision preservation by lensectomy, vitrectomy, or membranectomy to prevent the sequelae of
glaucoma and phthisis. Occasionally, enucleation of a blind eye is required for pain control or
cosmesis.1,6

The etiology of PHPV is not established. Analogous to retinoblastoma, it is usually sporadic
and unilateral, but bilateral disease has been described in 2% to 30% of patients.6,8,9 Familial
cases10-12 and PHPV associated with congenital syndromes13,14 or other eye anomalies15
further imply that it may have a genetic basis. Mouse studies have shed some light on potential
candidate genes for PHPV and provide clues to mechanisms promoting the normal regression
of the mammalian HVS. For example, vascular endothelial growth factor (Vegf) stabilizes
developing blood vessels16,17 and is essential for mouse development.18 Anatomic studies
in the mouse suggest that physical separation of Vegf-expressing lens cells from the TVL may
drive its involution.19 Vitreous hyaloid vessels persist in mice lacking angiopoietin-2
(Ang-2),20 a vascular growth factor with anti-angiogenic properties.16,17 This is reminiscent

Martin et al. Page 2

Invest Ophthalmol Vis Sci. Author manuscript; available in PMC 2006 August 31.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



of patients with mild posterior PHPV, but secondary features such as retinal detachment or
lens degeneration were not reported in these mice.20 In some lines of mice lacking the
proapoptotic p53 gene a PHPV-like disease can develop.21,22 The phenotype has variable
penetrance and severity in pure BALB/c p53−/− mice22 and is suppressed in p53−/− mice of a
mixed C57Bl/6 × 129/Sv background.21 Together, these studies support the concept that PHPV
may have a genetic basis. The variable severity and penetrance and the mouse-strain
dependence of the phenotype, though, suggest that additional genetic pathways are involved.

We have reported that Arf−/− mice may provide a reproducible model for studying PHPV
pathogenesis.23 The Arf gene partially overlaps with the Ink4a gene in the mouse and human
genomes.24-26 Arf encodes p19Arf (p14ARF in humans) which stabilizes the tumor suppressor
p53 by interacting with Mdm2 (Hdm2 in humans).27-29 We showed that Arf−/− mice in a
mixed C57Bl/6 × 129/Sv background have certain manifestations of PHPV, whereas p53−/−

mice in a similar genetic background have only subtle evidence of incomplete HVS involution.
23 The present manuscript extends our previous findings by identifying other clinical and
pathologic manifestations of PHPV evident in Arf−/− mice and by exploring cellular and
molecular mechanisms by which p19Arf normally functions in perivascular cells in the vitreous
to prevent severe combined PHPV.

METHODS

Mice and Genotyping
All procedures using animals were approved by the St. Jude Children's Research Hospital
Animal Care and Use Committee and conform to the ARVO Statement for the Use of Animals
in Ophthalmic and Vision Research. Mice in which the Arf exon 1β was inactivated30 or
replaced by a reporter gene encoding green fluorescence protein (GFP),31 maintained in a
mixed C57BL/6 × 129/SvJ background, were provided by Martine F. Roussel and Charles J.
Sherr (St. Jude Children's Research Hospital). Ink4a−/− mice (exon 1α deleted)32 and Ink4a/
Arf−/− mice (exon 2 deleted)33 were provided by R. A. DePinho (Dana Farber Cancer Institute,
Boston, MA). Mouse genotype was determined by polymerase chain reaction (PCR), using
tail DNA as previously described.23,32

Ophthalmoscopic Evaluation
Three-month old Arf+/− or Arf−/− mice were lightly anesthetized with Avertin (1.25% 2,2,2-
tribromoethanol and 0.8% tert-pentyl alcohol in water, 0.3 mL intraperitoneally). Pupils were
dilated with 1% ophthalmic drops (Cyclomydril; Alcon Pharmaceuticals, Fort Worth, TX). Slit
lamp imaging took place using a slit lamp biomicroscope (Carl Zeiss Meditec, Dublin, CA)
fitted with a digital video camera (GL1; Canon, Lake Success, NY) for making QuickTime
movies. Anterior segment images were selected from the digital video captured during the
examination. A small-animal fundus camera (Genesis; Kowa, Torrance, CA) in conjunction
with a 90-D condensing lens (Volk Optical, Mentor, OH) was used to produce images of the
retina. After ophthalmoscopic evaluation, mice were euthanatized, and the eyes were processed
for histology studies.

RT-PCR and Northern Analyses
RNA was isolated from whole postnatal day (P)4 wild-type or Arf−/− eyes and primary cultures
of wild-type mouse embryo fibroblasts, using an extraction reagent (TRIzol; Invitrogen, San
Diego, CA). Reverse-transcriptase polymerase chain reaction (RT-PCR) for Arf, Ink4a, and
Gapdh was performed as described.23,24 Northern blot analysis was performed using 10 μg
of RNA extracted from P4 Arf+/− and Arf−/− eyes and 32P-labeled cDNA probes for Arf exon
1β and β-actin in buffer (NorthernMax; Ambion, Austin, TX), according to the manufacturer's
recommendations.
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Wholemounts of the Hyaloid Vascular System
Wholemounts of the HVS were made essentially as previously described.34 Briefly, eyes were
removed from euthanatized P4 Arf+/GFP mice and fixed in 4% paraformaldehyde (PF) in PBS
from 4 hours to overnight. After they were rinsed in PBS, eyes were incised adjacent to the
optic nerve and at two opposing sites along the equator. A 1.5% solution of low-melting-point
agarose (Invitrogen-Gibco) was injected through the posterior incision with a 30-gauge needle
until the solution flowed from an equatorial incision. After solidifying at room temperature for
15 minutes, equatorial incisions were extended to remove the anterior half of the globe. The
posterior optic cup was inverted to release the lens with the attached agarose cast of the vitreous
cavity. The agarose cast was heated in a drop of PBS to 65°C on a glass slide allowing the
agarose to melt and the VHP vessels to adhere. Immunofluorescence (IF) staining for GFP was
immediately performed.

To assess PM and TVL regression, eyes were removed from P12 wild-type and Arf−/− mice,
partially dissected, and stained with hematoxylin. PM and TVL vessels were enumerated as
described.2

Histologic Studies
Eyes were removed from euthanatized mice, fixed in 4% PF as described earlier and either
processed for paraffin-embedded sections with a tissue processor (Shandon Citadel 1000;
Thermo Electron Corp., Waltham, MA) or saturated in 20% sucrose, embedded (Tissue
Freezing Medium; Triangle Biomedical Sciences, Durham, NC), and stored at −80°C for
cryostat sections. Five- and 12 μm-thick sections were used for histologic studies from paraffin-
embedded and frozen sections, respectively.

Antibody-Based Staining of Tissue Sections
For IF staining of GFP expression in Arf+/GFP and ArfGFP/GFP mouse eyes, cryostat sections
or wholemount HVSs were blocked in 10 mM Tris (pH 7.4), 100 mM MgCl2, 5% fetal calf
serum, 1% bovine serum albumin, and 0.5% Tween-20 and stained with rabbit α-GFP primary
antibody (1:750; A6455; Molecular Probes, Eugene, OR). Primary antibodies were detected
using Cy3- or rhodamine red-conjugated secondary antibodies (Jackson ImmunoResearch
Laboratories, West Grove, PA). Flk-1 and HMB-45 were detected by histochemical staining
of paraffin sections using goat α-Flk1 (AF644; R&D Systems, Minneapolis, MN) and mouse
α-HMB-45 (M0634; Dako, Carpinteria, CA). Dual IF staining was performed with rabbit α-
GFP and rat α-CD31 (557355; BD-PharMingen, San Diego, CA) or mouse anti-smooth muscle
α-actin (SMA) (M0851; Dako) and species-specific secondary antibodies. Colabeling for GFP
and the pericyte marker NG235 was accomplished with rabbit anti-NG2 (provided by William
B. Stallcup; The Burnham Institute, La Jolla, CA) and direct evaluation of green fluorescence.
To document specificity, control slides were stained using an unrelated primary antibody.

In Situ Hybridization
Digoxigenin (DIG)-labeled riboprobes were prepared with a commercial system (Riboprobe
Combination System; Promega, Madison, WI) and 10 mM DIG RNA labeling mix (Roche,
Indianapolis, IN) from pBSIIKS-based plasmids containing mouse Arf36 or Vegf (exons 1–5)
37 (provided by Patricia A. d'Amore, Schepens Eye Research Institute, Boston, MA). DIG-
labeled 713-bp Arf sense and antisense riboprobes were precipitated with LiCl/EtOH, rinsed
in 70% EtOH, and resus-pended in RNase-free water. For Vegf, sense and antisense riboprobes
were synthesized by using T7 or T3 RNA polymerase (Roche) with 33P-UTP.

ISH for Arf was performed using wholemounts of eyes removed from euthanatized P5 wild-
type mice, processed as described.38 Just before staining, two opposing windows were cut
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through the lateral walls of the optic cup, to facilitate solution penetration. Wholemount ISH
was performed using DIG-labeled Arf sense and antisense riboprobes (1 μg/mL), essentially
as previously described.38 Hybridization was performed overnight at 70°C in 50% formamide,
5× SSC (pH 4.5), 1% SCS containing yeast RNA (50 μg/mL), and heparin (50 μg/mL). After
posthybridization washes, DIG was detected with an alkaline phosphatase-coupled α-DIG
antibody (1093274; Roche), according to the manufacturer's protocol. Stained eyes were
embedded in a solution of gelatin (0.5%), albumin (30%), and sucrose (20%) and mixed with
2.5% glutaraldehyde. Vibratome sections (100-μm-thick) were mounted on glass slides using
with antifade medium (Mowiol; Hoechst, Frankfurt, Germany).

ISH for Vegf was performed using cryostat sections from P4 Arf+/− and Arf−/− eyes. Sense and
antisense probes were hybridized overnight at 55°C. Afterward, slides were rinsed in 2× SSC,
treated with RNase A, and sequentially rinsed in RNase buffer and 2× and 0.2× SSC. Sections
were then dehydrated in a graded series of ethanol solutions, air dried, and exposed to
autoradiograph film (β-max Hyperfilm; Eastman Kodak, Rochester, NY) overnight. Dried
slides were dipped in NTB2 emulsion (Eastman Kodak) and stored at 4°C for ∼6 days. Slides
were mounted under glass coverslips (Permount; Sigma-Aldrich, St. Louis, MO) and visualized
by dark-field microscopy.

RESULTS

Clinical and Pathologic Features of PHPV Recapitulated in Arf−/− Mice
We determined whether Arf−/− mice had clinical features of PHPV by comparing the
appearance of 2- to 4-month-old Arf+/+ and Arf+/− mice with that of Arf−/− mice (n = 10 in each
group). All the eyes in 10 Arf−/− mice and no eyes from the heterozygous or wild-type mice
appeared microphthalmic (Fig. 1A). Eyes of several normal-appearing Arf+/+ or Arf+/− mice
and Arf−/− mice were assessed by ophthalmoscopy. Dense lens opacity prevented fundoscopic
analysis in the Arf−/− eyes, whereas the Arf+/+ and Arf+/− eyes exhibited normal retinal
pigmentation patterns, vascularization, and optic nerve head morphology (Fig. 1B, top). Slit
lamp examination demonstrated dense lens opacity in the Arf−/− eyes, whereas Arf+/− mice had
normal lens surface and structure (Fig. 1B). To correlate ophthalmoscopic findings with
pathology, we obtained midline sagittal sections through the eyes of these mice. Lens
architecture, posterior lens capsule, vitreous space, and neuroretina were normal in eyes taken
from heterozygous and wild-type mice (Fig. 1C, left; additional data not shown). Arf−/− eyes
had the expected abnormalities of severely misshapen lens, complete detachment of the
neuroretina from the RPE, rosettes, and other dysplastic changes in the retina (Fig. 1C, right).
23 Higher magnification showed a fibrovascular mass eroding through the posterior lens
capsule, allowing extrusion of lens material into the mass (Fig. 1C, inset). These abnormalities
have been consistently observed in several lines of Arf−/− mice derived independently23
(Martin AC, Skapek SX, unpublished observations, 2003). The manifestations of the disease
in the Arf−/− mouse evolve over time: initially, the lens and neuroretina are largely normal in
appearance and in the expression of lens structural genes.23 The presence of the retrolental
mass before other pathologic changes in the lens and retina is consistent with its principal role
in the pathogenesis of the disease.

We previously noticed that the retrolental tissue could contain pigmented cells,23 a finding
also observed in pathologic specimens from patients with PHPV, in whom they are assumed
to represent reactive RPE cells.8 Consistent with this notion, cells in the retrolental tissue of
P10 Arf−/− albino mice were detected by the HMB45 antibody (Fig. 2A), which also labels
RPE cells adjacent to photoreceptors (Fig. 2A, inset). The RPE-like cells existed in a gradient
concentrated around the largest hyaloid vessels (Fig. 2A, arrow). This suggests that they may
migrate along remnant vessels and gradually accumulate. Indeed, fewer pigmented cells were
observed in the retrolental tissue at P1 than at P8 (Fig. 2B) and RPE-like cells accumulated
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next to hyaloid vessels close to where they traverse the neuroretina in Arf−/− eyes (Fig. 2C).
Although formally possible that the pigmented cells arise directly from the retrolental cells,
their gradual accumulation, localization around blood vessels, and antigenic similarity to RPE
cells support the notion that they are reactive RPE cells accumulating in response to the vitreous
disease.

To assess whether the Arf−/− mice had defects in PM or TVL regression in addition to
persistence of the VHP/HA,23 we evaluated hematoxylin-stained wholemounts of eyes of
wild-type and Arf−/− littermates at P12, when much of the PM and TVL has already regressed.
2 Vessels in the PM were similar in wild-type and Arf−/− eyes (Figs. 3A, top; 3B). TVL vessels
were slightly more numerous in Arf−/− mice than wild-type (Fig. 3A, bottom; 3B), but the
difference was not statistically significant (P = 0.06). The slight increase may be due to
additional TVL vessels extending from the retrolental mass (Fig. 3A, bottom). Together, these
findings are compatible with the concept that cells accumulating in the retrolental mass within
the VHP/HA may prevent the involution of the adjacent vessels.

No Contribution of Ink4a to Arf−/− Eye Phenotype
Mouse and human forms of the Arf gene reside at a genetic locus that also encodes the Ink4a
gene (Fig. 4A; reviewed in Ref. 39). Unlike p19Arf, the Ink4a gene product, p16Ink4a, is a
cyclin-dependent kinase inhibitor that regulates the retinoblastoma gene product, Rb. Because
of the nature of the shared Arf/Ink4a locus, we asked whether the Arf−/− eye phenotype might
be due to secondarily altered Ink4a expression.

Ink4a could be amplified by RT-PCR from cultured wild-type fibroblasts, but not from RNA
from P1 and P5 eyes, at which times Arf expression was detected (Fig. 4B and data not shown).
To examine the role of Ink4a more formally, we evaluated the eyes of mice lacking exon 1α
or 2 of the Arf/Ink4a locus (Fig. 4A), as they are deficient in p16Ink4 or both p19Arf and
p16Ink4 protein expression, respectively (reviewed in Ref. 40). PHPV-like abnormalities were
not present in eyes taken from mature Ink4a−/− mice (exon 1α-deficient; Arf+/+) or Ink4a−/−,
Arf+/− mice (heterozygous deletions of exons 1α and 2; exon 1β intact) (Figs. 4Ca-Cc). Eyes
taken from mice lacking exon 2 (hence, Ink4a−/−, Arf−/−) had lens degeneration, retrolental
tissue, and retina dysplasia and detachment as in Arf−/− mice (Fig. 4Cd). Taken together, these
data indicate that Ink4a deficiency does not contribute to the development of PHPV in Arf−/−

mice.

Arf Expression in Perivascular Cells in the Vitreous
Our previous RT-PCR analyses indicated that Arf was expressed from P1 to P5 and the Arf-
expressing cells were localized to the vitreous.23 To identify the cells, DIG-labeled ribo-probes
derived from mouse Arf exons 1β and 2 were applied to wholemounts of P5 wild-type eyes for
in situ hybridization. The antisense- but not the sense-riboprobe–labeled cells that were
adjacent to blood vessels within the vitreous (Fig. 5A). Potential cross-hybridization of the
probe to Ink4a mRNA was not deemed relevant because Ink4a mRNA was not detectable by
RT-PCR in the postnatal eye (Fig. 4B). To verify this result, we used mice in which a GFP
reporter replaced Arf exon 1β. GFP expression in this mouse mimics that of Arf and can be
used as a surrogate marker for p19Arf 31 . ArfGFP/GFP mice (effectively Arf−/−) have a phenotype
identical with Arf−/− mice. Arf+/GFP mice, like Arf+/− mice, appear to have normal eyes31
(Martin AC, Skapek SX, unpublished data, 2003). Hyaloid vessel preparations were obtained
from P4 Arf+/GFP heterozygous eyes (Fig. 5Ba). Direct visualization of GFP fluorescence was
confounded by weak signal, probably due to the tissue fixation and relatively high background
green autofluorescence. Immunofluorescence staining of the HVS preparations with α-GFP
antibody indicated that GFP-expressing cells were adjacent to blood vessels (Figs. 5Bb, 5Bc).
To characterize the perivascular GFP-expressing cells further, we performed dual
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immunofluorescence staining using midline sections through hyaloid vessels in P1 Arf+/GFP

and ArfGFP/GFP eyes. GFP-expressing cells were adjacent to CD31-positive endothelial cells
and SMA– expressing vascular smooth muscle cells (VSMCs) in the heterozygous Arf+/GFP

and ArfGFP/GFP eyes, but there was no apparent coexpression (Figs. 5Bd, 5C; some data not
shown). Most cells in the retrolental mass expressed NG2 and some also expressed desmin
(Fig. 5Ca, 5Cb and Thornton JD, Skapek SX, unpublished data, 2003), both of which are
consistent with their pericyte-like qualities. The significance of the higher and lower levels of
NG2 expression (Figs. 5Ca, 5Cb) is not known, but it is possible that the Arf promoter may be
regulated during pericyte maturation and p19Arf may influence the process.

Flk1 and Vegf Expression in Arf−/− Eyes
Because pericytes support the underlying vasculature, we addressed whether a key angiogenic
factor may contribute to the abnormal persistence of the VHP/HA in Arf−/− mice, by
characterizing the expression of Flk1 protein and Vegf mRNA in the postnatal eye. Both large
and small vessels within the retrolental mass in Arf−/− mice at P1 expressed Flk1 (Fig. 6),
implying that Vegf signaling is involved in the formation or maintenance of the vessels.
Northern blot of RNA taken from Arf+/− and Arf−/− eyes at P4 revealed no difference in total
Vegf mRNA (Fig. 7A). Because the pathologic abnormalities in the P4 eye were localized to
the retrolental tissue (Figs. 7Ba, 7Bb), we evaluated Vegf expression specifically in that region
by in situ hybridization. The antisense probe detected Vegf mRNA throughout the central and
peripheral regions of the neuro-retina and within the retrolental mass (Figs. 7Bc, long arrow).
In addition to Vegf expression in the retrolental tissue, another difference between Arf+/− and
Arf−/− eyes was a strong signal emanating from the dysplastic area of the Arf−/− neuroretina
adjacent to the retrolental tissue (Figs. 7Bc, short arrow). Identification of Vegf-expressing
cells in the retrolental tissue and dysplastic neuroretina provides a potential mechanism by
which the Flk1-positive VHP/HA vessels fail to involute in Arf−/− mice.

DISCUSSION

Our findings support the following conclusions: (1) Arf is normally expressed in perivascular
cells within the VHP/HA in the developing vitreous. (2) In the absence of Arf, pericyte-like
cells that express the Arf promoter accumulate in direct proximity to the VHP/HA, forming a
retrolental mass typical of PHPV. (3) The Ink4a gene product, which overlaps with both the
mouse and human Arf gene, does not regulate vitreous cell accumulation in the mouse. (4) The
retrolental mass of pericytes infiltrates the VHP and HA, which fail to regress in the first
postnatal week; other components of the HVS are essentially normal. Hence, the retrolental
tissue probably plays a primary role in disease pathogenesis in this mouse model. (5) Vegf is
expressed in the retrolental mass and adjacent dysplastic neuroretina and may directly
contribute to the failed VHP/HA regression. (6) In response to the retrolental tissue, secondary
processes cause other clinical and pathologic features of severe PHPV, including
microphthalmia, posterior lens capsule disruption with lens degeneration, dense lens opacity,
reactive RPE cell accumulation in the retrolental tissue, and marked retina dysplasia/
detachment. We propose that further studies of the Arf gene product and the Arf−/− mouse will
provide valuable insight into molecular and cellular mechanisms regulating perivascular cell
accumulation and VHP/HA regression as well as mechanisms underlying secondary
manifestations of PHPV, like RPE cell accumulation, retinal folding and detachment, and
posterior lens capsule destruction.

Potential discrepancies between our mouse model and the human disease are that most cases
of PHPV are not bilateral nor are they uniformly severe.1,6 Indeed, in some respects the
Arf−/− mouse seems also to mimic X-linked Norrie disease (ND), which is uniformly bilateral
and severe and variably associated with cognitive and hearing problems.41,42 Our studies
show that the pathogenesis of the Arf−/− phenotype, however, is distinct from that of ND. Most
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cases of ND are linked to abnormalities in the ND protein (NDP) gene.43,44 In situ
hybridization studies in mouse, rabbit, and human show NDP mRNA expression in the outer
and inner nuclear and the ganglion cell layers of the retina.45,46 Analysis of Ndp-deficient
mice indicates the principal abnormalities to be retrolental structures in the vitreous body and
disorganization of the ganglion cell layer in the retina.46 Of note, the published retinal
abnormalities are mild compared with what occurs in Arf−/− mice at similar ages. The NDP
gene encodes a protein, norrin, that functions as a signaling protein with the frizzled-4 (Fzd4)
Wnt receptor and the Lrp5 coreceptor.47 Some propose that norrin may play a role in late
retinal cell differentiation and that its loss may secondarily alter other aspects of eye
development.46 Alternatively, disruption of norrin–Fzd4 signaling may primarily alter retinal
vascular development and secondarily increase retinal Vegf production to prevent HVS
involution.47 Either possibility is distinct from the pathogenesis of the Arf−/− phenotype where
the chief defect is the excess accumulation of perivascular cells as early as P1. The overlapping
clinical features of PHPV and ND support the use of molecular genetic testing as a diagnostic
tool.48,49 Up to one third of patients with familial Norrie disease do not have identifiable
mutations in NDP.43 Our findings suggest that some of these patients, as well as those with a
diagnosis of severe PHPV, may have abnormalities in ARF or ARF-dependent biochemical
pathways.

Clinical series stress the wide degree of disease manifestations in PHPV.1,6 In its least severe
forms, simple persistence of vascular elements of the VHP or HA—even trace remnants of the
VHP (Mittendorf dot) or HA stalk (Bergmeister's papilla)—meet the definition of the disease.
1 At the other end of the spectrum, a fibrovascular mass within the VHP/HA, associated with
microphthalmia, lens opacity, retinal dysplasia, or detachment represents a severe form of
PHPV. Such broad disease manifestations suggest that fundamentally different processes are
operative at different ends of the spectrum. Based on our studies and other published mouse
models, we propose two distinct cellular mechanisms for PHPV pathogenesis (Fig. 8A). In the
first place, it is clear that defects in the machinery directly involved in vascular regression can
allow persistence of the components of the HVS (Figs. 8Aa, 8Ab). Examples include p53-
deficient21,22 and Ang2-deficient mice.20 The primary defect in p53−/− mice seems to be
decreased apoptosis at P7 and P8,22 during which time the VHP normally regresses.2
Similarly, Ang2 more or less directly destabilizes blood vessels,16 as evidenced by its peak
expression around atretic ovarian follicles.50 Finally, hyalocytes are thought to transmit signals
directly to endothelial cells to promote their apoptosis (reviewed in Ref. 51). Targeting
attenuated diphtheria toxin to hyalocytes in a transgenic mouse prevents complete involution
of the VHP/HA and pupillary membrane.52 In these examples, the main defect is incomplete
regression of the vasculature. The full manifestations of PHPV occur variably or not at all. We
propose that the remnants of the HVS serve as a “scaffolding” of sorts around which
perivascular cells can accumulate (Fig. 8Ab). Depending on the degree of perivascular cell
accumulation, additional manifestations of the disease may occur. Multiple factors may
regulate the secondary accumulation of these cells and potentially account for the variable
severity and progression in untreated eyes with PHPV.

The Arf−/− mouse provides an alternative pathogenetic mechanism for PHPV. In this case, the
principal defect is the accumulation of perivascular cells within the VHP/HA before the vessels
begin to regress (Fig. 8Ac). By virtue of their proximity to endothelial cells, the perivascular
cells are likely to be a type of pericyte which provides angiogenic factors to support vessels
they encase and block their involution.16,53,54 The mass itself secondarily leads to the lens
and neuroretina abnormalities, which uniformly occur in the Arf−/− mouse. Although depicted
as such (Fig. 8Ac), this proposed pathogenetic mechanism may not always lead to severe
PHPV. For example, it is conceivable that hypomorphic mutations in Arf, its regulators, or its
effectors lead to a lesser degrees of perivascular cell accumulation and milder disease.
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How p19Arf normally prevents the accumulation of perivascular cells is not clear. It seems to
be critically important, at least in the mouse, because the phenotype has complete penetrance
and is uniformly severe. Its best-characterized function is the activation of p53 by interaction
with Mdm2.27,28,55 This does not seem to be its sole activity in the vitreous, because
p53−/− mice in a similar mixed genetic background have only subtle disease manifestations.
23,21 Conceivably, p19Arf controls vitreous maturation in both p53-dependent and -
independent mechanisms (Fig. 8B). One attractive possibility is that Arf expression in
developing pericytes may influence platelet-derived growth factor (PDGF)-B–dependent
signaling, which is essential for pericyte recruitment by developing vessels.56 Other p53-
independent activities for p19Arf include its ability to arrest cell proliferation,57 interfere with
ribosomal RNA processing,58 and block the activation of the transcription factor NF-κB.59
Further studies at earlier points in vitreous development are needed to elucidate how these or
other Arf-dependent mechanisms prevent perivascular cell accumulation.

Other fundamental questions raised by our studies are by what mechanism does p19Arf

normally promote VHP/HA regression and for what reasons do the vessels persist in the
absence of Arf. Our findings point to two general possibilities. First, p19Arf may directly or
indirectly alter pericyte biology to destabilize the underlying vessels. The temporal correlation
of Arf mRNA expression through P5 followed by VHP involution from P6 to P10 is consistent
with such a model.2,23 Perivascular cells are known to support endothelial cells by providing
angiogenic factors such as Vegf and angiopoietin-1, and they can be a source of such
destabilizing factors as Ang-2.16 Vegf expression in the retrolental tissue may contribute to
the persistence of the underlying vessels. That p19Arf may repress Vegf expression in pericytes
to destabilize the VHP/HA is consistent with others' findings that human p14ARF can repress
a hypoxia-responsive element from the human VEGF promoter.60 A second plausible
mechanism is that p19Arf primarily functions to check the accumulation of pericytes or to
promote their “pruning” from the VHP/HA. This could remove a source of angiogenic factors
without invoking a mechanism for p19Arf-mediated modulation of angiogenic factor
expression. In addition, such an effect could also predispose the underlying vessels to direct
interactions with hyalocytes as direct effectors promoting VHP/HA involution.51,52 Further
studies of this mouse should reveal exact cellular and molecular mechanisms driving vascular
involution in the developing vitreous and how they go awry in the absence of Arf.
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Figure 1.
Clinical and pathologic features of severe PHPV in Arf−/− mouse. (A) Photograph of
representative Arf+/+ (left) and Arf−/− (right) mice showing microphthalmic appearance without
apparent difference in overall body size (inset). (B) Fundoscopic (top) and slit lamp images
(bottom) are normal in Arf+/− eye (left). Dens lens opacity obscures fundoscopic view in
Arf−/− eye (right). (C) Photomicrographs of hematoxylin and eosin–stained sections of eyes
from Arf+/− (left) and Arf−/− (right) mice used for (B). Note misshapen lens, dysplastic
neuroretina detached from pigment epithelium in Arf−/− mouse. Inset: high magnification of
fibrovascular retrolental mass (box) directly apposed to posterior lens and inner neuroretina.
Original magnification: ×40; inset: ×400.
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Figure 2.
RPE-like cells accumulate in retrolental fibrovascular mass in Arf−/− mouse. (A)
Representative photomicrographs of retrolental tissue from P10 albino Arf−/− mouse stained
with α-HMB45 antibody (left) and unrelated primary antibody (right). HMB45-positive cells
in retrolental tissue localize around large blood vessel (arrow). Insets: antibody staining of
RPE as control. (B) Phase contrast photomicrographs of cryostat sections through retrolental
tissue showing accumulation of pigmented cells between P1 and P8 in Arf−/− mice. (C)
Photomicrograph of hematoxylin and eosin–stained section shows pigmented cells adjacent to
vascular structures (arrow) within retina near the optic nerve/hyaloid artery stalk in 3-month-
old Arf−/− mouse. Original magnification: (A, B) ×200 and ×400 (insets in A; C).

Martin et al. Page 14

Invest Ophthalmol Vis Sci. Author manuscript; available in PMC 2006 August 31.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
PM and TVL regression in the absence of Arf. (A) Photographs of PM and TVL on posterior
lens from representative hematoxylin-stained wholemounts of eyes from wild-type (left) and
Arf−/− (right) littermatesharvested at P12. Pigmented mass on posterior lens (⋆) and apparent
vascular extension to TVL (arrow) in P12 Arf−/− mouse. (B) Quantitation of vessel number
(as in Ref. 2) in PM and TVL present at P12 in wild-type and Arf−/− mice. Differences are not
statistically significant (t-test).
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Figure 4.
Loss of the Ink4a gene product did not contribute to PHPV in the Arf−/− mouse. (A) Schematic
diagram showing overlapping mouse Arf and Ink4a gene products. Exon 1β is disrupted but
Ink4a is intact in Arf-deficient mice used in the present study. (B) Ethidium-bromide stained
products of RT-PCR for the indicated gene products. (C) Eyes from 2- to 3-month-old wild-
type (WT) mice or mice of the indicated genotype. Note retrolental pigmented cells (d, short
arrow) and dysplastic retina detached from RPE (d, long arrow) in Arf−/−; Ink4a−/− mice.
Original magnification: ×100.
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Figure 5.
Perivascular cells adjacent to VHP/HA express Arf. (A) Representative photomicrographs of
wholemounts of P5 wild-type eyes after in situ hybridization with digoxigenin-coupled
antisense and sense riboprobes derived from Arf exons 1β and 2. Perivascular cells (arrows)
are labeled by antisense riboprobe. (B) Representative phase contrast (Ba) and
immunofluorescence (Bb–Bd) photomicrographs of P4 hyaloid vessel preparations (Ba–Bc)
or P1 cryosection (Bd) from Arf+/GFP mice. Note GFP-expressing perivascular cells (red
fluorescence in Bb and Bd) flanking CD31-expressing endothelial cells (green fluorescence
in Bd). (C) Immunofluorescence (Ca–Cc) and confocal (Cd) photomicrographs of cryostat
sections of eyes from P1 ArfGFP/GFP mice. GFP-expressing cells (green in Ca; red in Cc,
Cd) between lens (L) and neuroretina (NR) are labeled with α-NG2 antibody (Cb) but not with
α-SMA antibody (green in Cc, Cd). DAPI-stained nuclei (presumed to be endothelial cells)
(d, arrow) observed internal to SMA-expressing cells in vessel wall. Original magnification:
(A) ×200; ×1000 (insets in A, Ba) ×100; (Bb–Bd; Ca–Cc) ×400; (Cd) ×600.
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Figure 6.
Flk1 is expressed in vascular structures within retrolental tissue in Arf−/− eye. Sections of P1
Arf−/− eye stained with α-Flk1 antibody (A, C) or unrelated primary antibody (B, D). Boxed
area (A, B) shown at higher magnification (C, D). Original magnification: (A, B) ×100; (C,
D) ×400.
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Figure 7.
Vegf mRNA was detected in retrolental tissue and dysplastic neuroretina in Arf−/− eye. (A)
Northern blot of mRNA from P4 whole eyes of indicated genotype shows equivalent Vegf and
Actin expression. Individual lanes represent RNA from eyes of individual mice. (B) Cryostat
sections of P4 Arf−/− eye. Phase-contrast (Ba) and hematoxylin and eosin–stained (Bb) images
show retrolental tiss ue (long arrow) and adjacent dysplastic neuroretina (Bb, short arrow).
Dark-field images after staining with 33P-labeled antisense (Bc) and sense (Bd) riboprobes
show Vegf expression in retrolental tissue (Bc, long arrow) and dysplastic neuroretina (Bc,
short arrow). Original magnification: ×100.
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Figure 8.
Schematic model for the pathogenesis of PHPV. (Aa) VHP/HA vessels with few Arf-
expressing perivascular cells (gray ovals) present between the lens (gray circle) and retina
(crescent) at P1 to P5. Between P6 and P10, Arf-expressing cells are absent, and the VHP/HA
regresses, leaving an avascular secondary vitreous beyond P14. (Ab) Primary defects in
proapoptotic machinery allow VHP/HA to persist beyond P10. Remnant vessels provide a
matrix for vitreous cell accumulation (gray ovals) causing secondary PHPV manifestations of
lens opacity and retinal folding/detachment. Severity of disease determined by degree of
vitreous cell accumulation beyond P14. (Ac) Primary defects controlling perivascular cell
accumulation in Arf−/− mice cause secondary manifestations of PHPV. (B) p19Arf may have
both p53-dependent and -independent mechanisms to block vitreous cell accumulation.
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