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PURPOSE. Mutations in SH3PXD2B cause Frank-Ter Haar syn-
drome, a rare condition characterized by congenital glaucoma,
as well as craniofacial, skeletal, and cardiac anomalies. The nee
strain of mice carries a spontaneously arising mutation in
Sh3pxd2b. The purpose of this study was to test whether nee
mice develop glaucoma.

METHODS. Eyes of nee mutants and strain-matched controls
were comparatively analyzed at multiple ages by slit lamp
examination, intraocular pressure recording, and histologic
analysis. Cross sections of the optic nerve were analyzed to
confirm glaucomatous progression.

RESULTS. Slit lamp examination showed that, from an early age,
nee mice uniformly exhibited severe iridocorneal adhesions
around the entire circumference of the eye. Presumably as a
consequence of aqueous humor outflow blockage, they rapidly
developed multiple indices of glaucoma. By 3 to 4 months of
age, they exhibited high intraocular pressure (30.8 � 12.5 mm
Hg; mean � SD), corneal opacity, and enlarged anterior cham-
bers. Although histologic analyses at P17 did not reveal any
indices of damage, similar analysis at 3 to 4 months of age
revealed a course of progressive retinal ganglion cell loss, optic
nerve head excavation, and axon loss.

CONCLUSIONS. Eyes of nee mice exhibit anterior segment dys-
genesis and early-onset glaucoma. Because SH3PXD2B is pre-
dicted to be a podosome adaptor protein, these findings impli-
cate podosomes in normal development of the iridocorneal
angle and the genes influencing podosomes as candidates in
glaucoma. Because of the early-onset, high-penetrance glau-
coma, nee mice offer many potential advantages as a new
mouse model of the disease. (Invest Ophthalmol Vis Sci. 2011;
52:2679–2688) DOI:10.1167/iovs.10-5993

The glaucomas are a collection of ocular diseases involving
degeneration of retinal ganglion cells, excavation of the

optic nerve head, and progressive loss of vision. Forms of
glaucoma affect approximately 60 million people world-
wide.1,2 Elevated intraocular pressure (IOP) is a risk factor and
is currently the only clinically treatable feature.3,4 Many of the

factors that precipitate elevations in IOP remain to be identi-
fied, as do the molecular pathways that underlie additional risk
factors. One means of filling this gap in our knowledge is
through genetics. While many of the most common forms of
glaucoma appear to be sporadic and are presumably geneti-
cally complex, several Mendelian-acting mutations have been
identified.5,6 Glaucoma can also occur as a component of
several broader syndromes for which causative mutations have
been identified. These include Axenfeld-Rieger syndrome,7

nail-patella syndrome,8 Weill-Marchesani syndrome,9 Charcot-
Marie-Tooth disease,10 and others. With the identification of
each of these glaucoma-causing genes, there has been a corre-
sponding new opportunity for discovering molecular pathways
and potential therapeutic targets relevant to glaucoma.

One of the most recent additions to the list of glaucoma-
causing genes resulted from studies of Frank-Ter Haar syn-
drome, a rare disorder involving congenital glaucoma as well as
craniofacial, skeletal, and cardiac anomalies.11,12 Homozygos-
ity mapping in patients from 12 families established that mu-
tations disrupting SH3PXD2B cause Frank-Ter Haar syn-
drome.13 The SH3PXD2B protein (commonly referred to as
TKS4) is an adaptor protein that contains an N-terminal PX
domain, four SH3 domains, multiple PXXP motifs, and several
tyrosine phosphorylation sites.14,15 In Src-transformed murine
fibroblasts, SH3PXD2B is essential for the formation of podo-
somes,15 adhesive structures that bind the cell to the extracel-
lular matrix and have matrix-degrading activity.16 In vivo, po-
dosomes have been observed in a variety of tissues, notably
including cells of the trabecular meshwork in the eye.17 Thus,
these observations suggest that SH3PXD2B is most likely im-
portant for modulating an extracellular matrix that is essential
in the development or function of the eye. Precisely how
SH3PXD2B contributes to the form of congenital glaucoma that
is present in Frank-Ter Haar syndrome remains unknown.

Recently, two mouse models with potential value in inves-
tigating the functions of SH3PXD2B have been described. The
spontaneous nee mutation contains a 1-bp deletion in the last
exon of the Sh3pxd2b gene that is predicted to lead to the
production of a truncated protein in which a portion of the
third and entirety of the fourth SH3 domains are deleted.18 We
have previously reported that by 1 month of age, B10-
Sh3pxd2bnee mice exhibit a form of anterior segment dysgen-
esis characterized by peripheral iridocorneal adhesions, en-
larged anterior chambers, and corneal opacity.18 These
phenotypes are all likely indices of glaucoma secondary to
anterior segment dysgenesis. In addition, Iqbal et al.13 have
recently described many phenotypic similarities and elevated
IOP in a Sh3pxd2b mutant strain generated by gene trap.13 In
this study, we extended the knowledge of SH3PXD2B-medi-
ated phenotypes by examining B10-Sh3pxd2bnee mice at mul-
tiple ages and testing whether optic nerves of these mice are
indeed damaged by glaucoma. The B10-Sh3pxd2bnee mice ex-
hibited drastically elevated IOP and early degeneration of the
optic nerve. Thus, B10-Sh3pxd2bnee mice represent a new

From the Departments of 1Molecular Physiology and Biophysics
and 3Ophthalmology and Visual Sciences, The University of Iowa, Iowa
City, Iowa; and the 2Howard Hughes Medical Institute, The Jackson
Laboratory, Bar Harbor, Maine.

Supported by National Eye Institute Grants EY11721 (SWMJ) and
EY017673 (MGA). SWMJ is an Investigator of The Howard Hughes
Medical Institute.

Submitted for publication June 2, 2010; revised October 8, 2010;
accepted November 3, 2010.

Disclosure: M. Mao, None; A. Hedberg-Buenz, None; D. Koehn,
None; S.W.M. John, None; M.G. Anderson, None

Corresponding author: Michael G. Anderson, Department of Mo-
lecular Physiology and Biophysics, 6-430 Bowen Science Building, 51
Newton Road, Iowa City, IA 52242; michael-g-anderson@uiowa.edu.

Glaucoma

Investigative Ophthalmology & Visual Science, April 2011, Vol. 52, No. 5
Copyright 2011 The Association for Research in Vision and Ophthalmology, Inc. 2679



mouse model of glaucoma and, by extension, implicate a new
pathway of candidates likely to affect the eye in health and
disease.

METHODS

Animal Husbandry and Genotyping

All mice were obtained from The Jackson Laboratory (Bar Harbor, ME).
Experiments measuring IOP were performed at The Jackson Labora-
tory, where the mice were housed in cages containing white pine
bedding and were maintained on a 6% fat NIH 31 diet provided ad
libitum with water acidified to pH 2.8 to 3.2 in an environment was
kept at 21°C, with a 14-hour light:10-hour dark cycle. All other exper-
iments were performed at The University of Iowa, where the mice
were housed in cages containing dry bedding (Cellu-dri; Shepherd
Specialty Papers, Kalamazoo, MI) and maintained on a 4% fat NIH 31
diet provided ad libitum. The environment was kept at 21°C, with
a 12-hour light:12-hour dark cycle. The Sh3pxd2bnee mutation was
studied in the genetic background in which it arose,
B10.A-H2h4/(4R)SgDvEgJ mice (abbreviated throughout as B10-
Sh3pxd2bnee). The presence of the nee mutation was genotyped by
assaying for the absence or presence of an RsaI restriction enzyme site
that is abolished by the nee mutation,18 and the stock was maintained
in heterozygote � heterozygote crosses. All mutant mice analyzed
were homozygous for the nee mutation, with littermates homozygous
for the wild-type allele serving as controls. All animals were treated in
accordance with the ARVO Statement for the Use of Animals in Oph-
thalmic and Vision Research. All experimental protocols were ap-
proved by the Animal Care and Use Committee of The University of
Iowa.

Slit Lamp Examination

Anterior chamber phenotypes were assessed with a slit lamp (SL-D7;
Topcon, Tokyo, Japan) and photodocumented with a digital camera
(D100; Nikon, Tokyo, Japan). With the exception of Supplementary
Figures S3C and S3D (http://www.iovs.org/lookup/suppl/doi:10.1167/
iovs.10-5993/-/DCSupplemental), which are presented with less image
reduction, all images were taken using identical camera settings and
prepared by processing with identical image software. All ocular ex-
aminations were performed on conscious mice.

CCT Measurement

An ultrasound pachymeter (Corneo-Gage Plus; Sonogage, Cleveland,
OH) was used to measure murine CCT.19 Probe movements were
controlled with a micromanipulator placed under a dissecting micro-
scope, with the probe and central cornea aligned perpendicular to
each other. The mice were anesthetized with a mixture of ketamine
(100 mg/kg) and xylazine (10 mg/kg). Balanced salt solution (BSS;
Alcon Laboratories, Inc., Fort Worth, TX) was applied to the eye to
maintain a consistent tear film.

Light Microscopy of Dissected Lenses

The enucleated eyes were immediately placed into glass Petri dishes
containing prewarmed (37°C) PBS (pH 7.4). The lenses were removed
and transferred to new glass Petri dishes containing fresh prewarmed
PBS, placed under a light microscope (BX52; Olympus, Tokyo, Japan)
equipped with a digital camera (DP70; Olympus, Tokyo, Japan), and
photographed in two separate conditions. First, lenses were viewed in
dark field and photographed with identical microscope settings. In
these images, exposure times varied, to enable visualization of lenses
with more severe opacities. Lenses with mild or no opacities were
photographed with a 4-�s exposure time, whereas lenses with more
severe opacities required a 20-�s exposure time. Second, lenses were
placed atop 200-mesh copper grids that were immersed at the bottom
of the Petri dishes, viewed in bright field, and photographed with
microscope and camera settings as were used in the first condition.

IOP Measurement

IOP was measured with a microneedle cannulation system, as previ-
ously described.20 In brief, mice were anesthetized by intraperitoneal
injection of a mixture of ketamine (100 mg/kg) and xylazine (9 mg/kg).
After anesthesia, a microneedle was inserted via a micromanipulator
into the anterior chamber, and pressure was recorded for 1 minute.

Histology

Eyes were fixed with zinc-formalin (Alcoholic Z-fix; Anatech, Battle
Creek, MI) for 24 to 48 hours at room temperature. Eyes shown in
Figures 2, 5, and 6 were subsequently rinsed with 0.1 M sodium
cacodylate, postfixed with 1% osmium tetroxide, rinsed in buffer, and
dehydrated with a graded series of acetone concentrations. After eyes
were embedded in Eponate-12 resin, 1-�m sections were cut. Eye
sections shown in Figure 3 were processed through a graded series of
ethanol concentrations and subsequently infiltrated with embedding
solution (JB-4; Electron Microscopy Sciences, Hatfield, PA) for 48
hours. Two-micrometer sagittal sections were then cut.

Cross-sections of the optic nerve were examined for glaucomatous
damage by using a modified para-phenylenediamine (PPD) staining
protocol.21 In brief, heads in which the skull had been opened and
most of the brain dissected to leave a thin layer of tissue covering the
optic nerves were fixed overnight in half-strength Karnovsky’s fixative
(2.5% glutaraldehyde, 2% paraformaldehyde in 0.1 M sodium cacody-
late). The following day, optic nerves were dissected from the skull
and fixed in half-strength Karnovsky’s fixative for an additional 24
hours. Nerves were subsequently rinsed with 0.1 M sodium cacodylate,
postfixed with 1% osmium tetroxide, rinsed in buffer, and dehydrated
with a graded series of acetone concentrations. After they were em-
bedded in Eponate-12 resin, 1-�m sections were collected, stained
with 1% PPD for 40 minutes, and imaged by light microscopy. The
number of axons were assessed, as previously described.22 In brief,
axons from 12 nonoverlapping fields were counted at 1000� magni-
fication. Fields were evenly spread throughout the cross-section of the
nerve, with the total area of counted fields equaling 10% of the
cross-sectional area of each nerve. The total number of axons for each
nerve was estimated by multiplying the sum of the axons in the
counted fields by 10.

Collection of Dissected Ocular Tissues from Mice

Freshly enucleated eyes were carefully dissected in PBS, and multiple
ocular tissues were collected. Globes were cut along the limbus to
separate the anterior/posterior segments and the lens removed. From
the anterior segment, the iris was first removed with no. 5 forceps.
Next, Vannas-style spring scissors were used to separate the cornea
and the peripheral limbal ring. Because the trabecular meshwork was
too small to dissect from the limbal ring, the entirety of the limbal ring,
containing ocular drainage structures, ciliary body, cornea, and sclera,
was used as a single tissue. From the posterior segment, the neural
retina was removed, and a 0.5-cm segment of optic nerve immediately
posterior to the globe was collected. After external muscles and con-
nective tissues were removed, the remaining posterior globe was
collected. Tissues from four C57BL/6J eyes were pooled per sample.

Reverse-Transcription PCR

Two-step reverse-transcription (RT)-PCR was performed as previously
described.23 Briefly, tissues were homogenized with plastic pestles,
and total RNA was extracted, treated with DNase, and purified (Aurum
Total RNA Mini Kit; Bio-Rad Laboratories, Hercules, CA). First-strand
cDNA was synthesized from 100 �g total RNA (iScript cDNA Synthesis
Kit; Bio-Rad Laboratories, Hercules, CA), and standard PCR reactions
were performed. All primers were designed to anneal within exons,
with each pair spanning at least one intron (primer sequences pro-
vided in Supplementary Table S1, http://www.iovs.org/lookup/suppl/
doi:10.1167/iovs.10-5993/-/DCSupplemental). PCR products were an-
alyzed on 2.5% agarose gels using EtBr detection.
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Western Blot Analysis

Enucleated eyes were dissected into different parts as just described,
and Western blots were performed as described elsewhere, with minor
modifications.18 Samples were homogenized with plastic pestles in
lysis buffer (50 mM Tris-HCl [pH 7.4], 150 mM NaCl, 1 mM EDTA, 0.1%
Triton X-100, and 0.1% SDS) supplemented with 1 mM PMSF and a mix
of additional protease inhibitors (Halt Proteinase Inhibitor Cocktail;
Thermo Scientific, Rockford, IL). Total tissue lysates were centrifuged,
and protein concentration in the resulting supernatant was determined
with the BCA protein assay reagent (Sigma-Aldrich, St Louis, MO). Fifty
micrograms of lysate from each sample were electrophoresed on 7.5%
SDS-PAGE gels and transferred to PVDF membranes (Millipore, Bed-
ford, MA). The membranes were blocked at room temperature in 5%
dry milk in TBST (Tris-buffered saline with 0.1% Tween-20) for 2 hours,
followed by incubation with a rabbit anti-mouse SH3PXD2B polyclonal
antibody18 diluted at 1:1000 in TBS overnight at 4°C. The membranes
were rinsed twice, washed four times for 5 minutes, each at room
temperature in TBST with gentle shaking. They were then incu-
bated in a 1:4000 dilution of horseradish peroxidase– conjugated
goat anti-rabbit IgG (Invitrogen, Carlsbad, CA) for 30 minutes at
room temperature and washed in TBST. Immunoreactivity was
detected by enhanced chemiluminescence methodology (GE Health
Care, Piscataway, NJ). Experiments were performed in triplicate on
three independent samples of dissected tissues.

RESULTS

Early-Onset Iridocorneal Adhesion in nee Mice

We have previously shown that by 1 month of age, B10-
Sh3pxd2bnee mice exhibit a form of anterior segment dysgen-
esis that is characterized by peripheral iridocorneal adhesions,
enlarged anterior chambers, and corneal opacity.18 To further
examine the onset and progression of these phenotypes, we

examined B10-Sh3pxd2bnee mice with a slit lamp from early
postnatal life through 10 months of age (Fig. 1). At P17, the
eyes of littermate control mice had clear corneas, normal
anterior chamber depth, and normal iridocorneal angles, with
a sharply defined limbus (Figs. 1A–C, n � 10 eyes). Among the
age-matched B10-Sh3pxd2bnee mice, all eyes initially also ex-
hibited clear corneas and normal anterior chamber depth (Figs.
1D, 1E), but unlike the eyes of the control mice, all eyes
contained iridocorneal adhesions present throughout the en-
tire circumference of the eye (Fig. 1F; Supplementary Fig. S1,
http://www.iovs.org/lookup/suppl/doi:10.1167/iovs.10-5993/-/
DCSupplemental; n � 14 eyes). At P17, the only additional ocular
defect noted in B10-Sh3pxd2bnee mice was occasionally mis-
shapen pupils (n � 3 / 14 eyes). Whereas eyes of littermate
controls remained unaffected throughout 10 months of age, the
iridocorneal defects of B10-Sh3pxd2bnee mice persisted and were
followed by a course involving enlarged anterior chamber depth
and corneal opacity (Figs. 1G–R, n � 14 eyes per genotype at 3
months of age and 6 eyes per genotype at 10 months of age).
Enlargement of the anterior chamber and the emergence of focal
corneal opacity were first observed in 1-month-old B10-
Sh3pxd2bnee mice. By 3 months of age, enlarged anterior cham-
bers and/or corneal opacities were observed in all B10-
Sh3pxd2bnee mice, with corneal neovascularization frequently
present by 10 months of age. These findings indicate that muta-
tion of Sh3pxd2b disrupts normal development of the iridocor-
neal angle and ultimately results in a severe ocular disease influ-
encing multiple tissues.

In addition to the changes to the iridocorneal angle, three
additional phenotypes influencing the anterior segment were
detected in B10-Sh3pxd2bnee mice: decreased central corneal
thickness (CCT), the development of cataracts, and hypopyon.
CCT was measured because many forms of anterior segment
dysgenesis influence the extracellular matrix of the corneal

FIGURE 1. Slit lamp analysis of nee mice. Slit lamp images of eyes from littermate controls homozygous for the wild-type allele (WT) and
B10-Sh3pxd2bnee mice homozygous for the Sh3pxd2bnee mutation (nee), showing early-onset iridocorneal adhesions and indices of glaucoma in
nee mice. (A–F) At P17, both WT and nee mice had clear corneas and anterior chambers of normal depth. However, whereas WT mice had a
sharply defined limbus (C, arrowhead), nee mice had iridocorneal adhesions (F, double arrow). An enlarged presentation of (C) and (F) with
additional labels highlighting the synechia is available in Supplementary Figure S1 (http://www.iovs.org/lookup/suppl/doi:10.1167/iovs.10-5993/-/
DCSupplemental). (G–L) At both 3 months of age and (M–R) 10 months of age, WT mice maintain normal-appearing eyes with a defined limbus
(I, O, arrowheads), whereas the eyes of nee mice continued to exhibit iridocorneal adhesions (L, double arrow), as well as progressively enlarged
anterior chambers (K, double arrow), corneal opacity, and corneal neovascularization.
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stroma, resulting in thin corneas. Measurements made with an
ultrasound pachymeter revealed that B10-Sh3pxd2bnee mice at
1 month of age exhibited a CCT of 60.49 � 13.98 �m (mean �
SD; n � 7 eyes), whereas littermate controls had a CCT of
93.49 � 3.53 �m (mean � SD; n � 8 eyes; P � 0.0006,
Student’s two-tailed t-test). Thus, the Sh3pxd2bnee mutation
causes a developmental defect of the cornea. Because the
cornea becomes opaque at later stages, CCT was not measured
in older mice. In the case of cataract formation (Fig. 2), we
noted that the lenses appeared normal at P17, but that abnor-
malities frequently appeared by 3 months of age. Histologic

examination at P17 revealed normal lens morphology (Figs.
2A–D). By 3 months of age, however, the lenses in approxi-
mately 50% of the eyes exhibited defects. Among the lenses
with mild lens phenotypes, defects occurred posteriorly where
migrated cells, typically appearing swollen, were often present
(n � 4/19 eyes at 3 months), indicating a posterior subcapsular
cataract (Figs. 2E–H). Among the lenses with more severe defects
(Figs. 2I, 2J and Supplementary Fig. S2, http://www.iovs.org/
lookup/suppl/doi:10.1167/iovs.10-5993/-/DCSupplemental),
many contained hypermature cataracts characterized by com-
plete cortical and nuclear opacification with a wrinkled lens
capsule (n � 7/19 eyes at 3 months). Gradual worsening was
observed in mice that were 9 to 15 months of age; by this time,
all eyes exhibited some form of lens abnormality ranging from
the presence of posteriorly located swollen cells (n � 5/8 eyes)
to hypermature cataracts (n � 3/8). Because of corneal opac-
ity, it was generally not possible to document the occurrence
of cataracts with slit lamp examination, although some severe
instances and hypermature cataracts were occasionally visible
(Supplementary Fig. S3, http://www.iovs.org/lookup/suppl/
doi:10.1167/iovs.10-5993/-/DCSupplemental). In the case of
hypopyon (Fig. 3), histologic analysis of eyes from B10-
Sh3pxd2bnee mice not only demonstrated the uniform pres-
ence of iridocorneal adhesions (Figs. 3A, 3B), but also the
occasional presence of large, inferiorly located pools of white
cellular infiltrate (Fig. 3C). Hypopyon was also evident by slit
lamp examination in B10-Sh3pxd2bnee mice at 3 months of age
(Fig. 3D; n � 6/16 eyes), but not in any of their wild-type
littermates. Hypopyon was not observed in any eyes at P17.
Therefore, inflammation cannot explain the severe iridocor-
neal adhesions in B10-Sh3pxd2bnee mice, but rather they seem
to be an additional consequence of the severe ocular disease
that occurs in the mice. In contrast to the anterior segment,

FIGURE 3. Anterior chamber phenotypes in nee mice. Plastic sections
stained with H&E from littermate controls homozygous for the wild-
type allele (WT) and B10-Sh3pxd2bnee mice homozygous for the
Sh3pxd2bnee mutation (nee). (A) Normal iridocorneal angle morphol-
ogy in WT mice versus (B) iridocorneal adhesion in nee mice and (C)
hypopyon in nee mice. Note from the boxed area shown at higher
magnification that the infiltrate was cellular. Images from mice 4 to 5
months in age. (D) Slit lamp image from a 3-month-old nee mouse
showing hypopyon (arrowhead). Mild hyphema was also present.
Scale bar: (C) 200 �m; (inset) 20 �m.

FIGURE 2. Lens phenotypes of nee mutants. Plastic sections stained
with toluidine blue collected from littermate controls homozygous for
the wild-type allele (WT) and B10-Sh3pxd2bnee mice homozygous for
the Sh3pxd2bnee mutation (nee) showing the presence of cataract in
nee mice. Boxed areas in low-magnification images are shown at higher
magnification in the adjacent panels. (A–D) At P17, lenses of WT and
nee mice were both normal in appearance. (E, F) At 3 months of age,
lenses of WT mice remained normal. (G, H) Example of a lens from a
3-month-old nee mouse with posterior abnormalities, including poste-
rior migration of epithelial cells (arrows). Posterior lens fibers also
appeared enlarged (arrowheads). (I, J) Example of a lens from a
3-month-old nee mouse with hypermature cataract. Note cortex lique-
faction (✱); a subcapsular cell plaque is also visible (arrows). Scale bar:
(A, C, E, G, I) 500 �m; (B, D, F, H, J) 50 �m.
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posterior segment infiltration was uncommon, with only 2 of
19 eyes of B10-Sh3pxd2bnee mice having detectable leuko-
cytes, in both cases from eyes also containing hypermature
cataracts.

Elevated Intraocular Pressure in nee Mice

To directly test whether the eyes of B10-Sh3pxd2bnee mice
with iridocorneal adhesions exhibit IOP elevation, IOP was
measured in cohorts of B10-Sh3pxd2bnee and littermate con-
trol mice (Fig. 4). In B10-Sh3pxd2bnee mice, a significant
elevation of IOP was readily apparent at 3 to 4 months of age
(Fig. 4A). Whereas littermate control mice exhibited an IOP
of 16.0 � 2.6 mm Hg (mean � SD; n � 15 eyes), a value
within the range of pressures normally observed among
several nonglaucomatous strains of inbred mice,24 B10-
Sh3pxd2bnee mice had a significantly elevated IOP of 30.8 �
12.5 mm Hg (mean � SD; n � 15 eyes; P � 0.0006, Student’s
two-tailed t-test). Similar elevated IOP values in B10-
Sh3pxd2bnee mice were observed at all ages tested, with
significantly elevated IOP observed at the earliest and latest
time points tested (1.4 –14.6 months of age; Fig. 4B). These
data indicate that the Sh3pxd2bnee mutation causes a signif-
icant elevation of IOP which can remain elevated for sub-
stantial periods of time and is likely to cause glaucomatous
damage.

Retinal Ganglion Cell Loss and Optic Nerve Head
Excavation in nee Mice

To further determine the consequences of Sh3pxd2b mutation
on the eye, we examined the retinas of B10-Sh3pxd2bnee mice
histologically (Fig. 5). At P17, the retinas of B10-Sh3pxd2bnee

and littermate control mice were indistinguishable (n � 11
eyes per genotype), with both appearing morphologically nor-
mal (Figs. 5A, 5B). At 3 months of age, the retinas of littermate
control mice remained normal in appearance (n � 12 eyes),
whereas all retinas of B10-Sh3pxd2bnee mice showed indices of
glaucomatous damage (n � 19 eyes), including thinning of the

FIGURE 5. Retinal phenotypes of nee mice. Position-matched images
from plastic sections stained with toluidine blue. Comparison of litter-
mate controls homozygous for the wild-type allele (WT) and B10-
Sh3pxd2bnee mice homozygous for the Sh3pxd2bnee mutation (nee)
revealed glaucomatous changes in the retinas of nee mice. (A, B) At
P17, the retinas of WT and nee mice were indistinguishable, with all
laminae present, a robust nerve fiber layer (arrows), and continuous
ganglion cell layer that was one to two cells thick (arrowheads). (C–F)
At 3 months of age, WT mice maintained a normal-appearing retina,
whereas nee mice had lost cells from the retinal ganglion cell layer (C,
arrowhead) and the nerve fiber layer had thinned. Variable degrees of
panretinal thinning were observed, ranging from mild (as observed in
D) to progressively severe (as observed in E, F). Scale bar, 200 �m.

FIGURE 4. IOP profile of nee mice. IOP measured with a microneedle
cannulation system, showing that IOP was elevated in nee mice. (A)
Comparison of IOP from cohorts of littermate controls homozygous for
the wild-type allele (WT) and B10-Sh3pxd2bnee mice homozygous for
the Sh3pxd2bnee mutation (nee) at 3 to 4 months of age. Mean � SD;
*P � 0.0006, Student’s two-tailed t-test. (B) IOP values from individual
nee mice of various ages. The mean IOP of WT mice at 3 to 4 months
of age (solid line) � 2.5 SD (dashed lines) are shown.
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nerve fiber layer and a striking loss of retinal ganglion cells
(Figs. 5C–F). Similar to what has been observed in other mouse
models of glaucoma,24,25 panretinal thinning involving multi-
ple layers was observed to various degrees in B10-Sh3pxd2bnee

eyes with increasing age (Figs. 5D–F). Loss of ganglion cells was
accompanied by severe optic nerve head excavation (Fig. 6). At
P17, the optic nerve head appeared normal in both B10-
Sh3pxd2bnee and littermate control mice (n � 11 eyes per
genotype) and was characterized by a robust nerve fiber layer
(Figs. 6A, 6B). While the optic nerve head of littermate controls
changed little with age, all B10-Sh3pxd2bnee eyes had ad-
vanced optic nerve head atrophy by 3 months of age (n � 11
eyes per genotype; Figs. 6C, 6D). Combined, these findings
indicate that the Sh3pxd2B mutation has little or no influence
on overall development of the retina, which appeared normal
at P17, but that soon thereafter it causes severe glaucomatous
damage to retinal ganglion cells and ultimately to all layers of
the retina.

Optic Nerve Damage in nee Mice

To quantify the glaucomatous damage, cross sections of the
optic nerve from B10-Sh3pxd2bnee mice stained with PPD
were analyzed histologically (Fig. 7). At P17, axons within the
optic nerves of both littermate control and B10-Sh3pxd2bnee

mice appeared healthy, containing tightly packed myelin
sheaths surrounding individual axons (Figs. 7A, 7B). The total
number of myelinated axons at P17 differed slightly between
genotypes, with littermate control mice having 25,860 � 3,656
axons (mean � SD; n � 13) and B10-Sh3pxd2bnee mice having
20,988 � 2,183 axons (mean � SD; n � 10; P � 0.0008,
Student’s two-tailed t-test). As has been observed in other
instances,26–28 there was a correlation between dimensions of
the optic nerve and body size. The change in axon numbers
observed at P17 corresponds to the overall reduction in body
mass of B10-Sh3pxd2bnee mice,18 which at P17 are approxi-
mately 15% smaller than littermate control mice (mass of B10-
Sh3pxd2bnee females � 6.6 � 0.3 g, mean � SD, n � 6; mass
of littermate control females � 7.8 � 1.2 g, mean � SD, n � 9;
P � 0.026, Student’s two-tailed t-test). While the optic nerve

axons of littermate control mice completed myelination and
remained healthy in appearance with increasing age, those of
B10-Sh3pxd2bnee mice underwent degeneration, as evident
from both qualitative (Figs. 7C, 7D) and quantitative (Fig. 7E)
analyses. By 3 months of age, nearly all axons within the optic
nerves of B10-Sh3pxd2bnee mice had degenerated, and the
remaining tissue was gliotic. The total number of myelinated
axons in littermate control mice was 48,223 � 7,147
(mean � SD; n � 8; range, 38,130 –57,369), and that in
B10-Sh3pxd2bnee mice was 550 � 686 (mean � SD; n � 16;

FIGURE 7. Optic nerve phenotypes of nee mice. Optic nerve cross
sections from littermate controls homozygous for the wild-type allele
(WT) and B10-Sh3pxd2bnee mice homozygous for the Sh3pxd2bnee

mutation (nee) stained with PPD, which stains the myelin sheath of
healthy optic nerves and the axoplasm of damaged axons, showing
axon degeneration of nee mice. (A, B) At P17, optic nerves of WT and
nee mice contained healthy appearing axons. In nee mice, axons
appeared to be sparser than in WT mice, yet no signs of damaged axons
were visible. Because myelination was not yet complete at this stage,
PPD-stained axons were sparser than in adult optic nerves. (C, D) At 3
months of age, optic nerves of WT mice were densely packed with
healthy-appearing myelinated axons, whereas optic nerves from nee
mice were characterized by severe axon degeneration and areas of
gliosis. Scale bar, 20 �m. (E) Quantification of the axons (mean � SD;
n � 8–16 optic nerves quantified per genotype). *P � 0.001.

FIGURE 6. Optic nerve head phenotypes of nee mice. Plastic sections
stained with toluidine blue from littermate controls homozygous for
the wild-type allele (WT, left column) and B10-Sh3pxd2bnee mice
homozygous for the Sh3pxd2bnee mutation (nee, right column), re-
vealing optic nerve head excavation in nee mice. (A, B) At P17, the
optic nerve head of WT and nee homozygotes was normal, with a thick
nerve fiber layer. (C, D) At 3 months of age, WT mice maintained a
normal-appearing optic nerve head, whereas nee mice exhibited se-
vere excavation (arrowheads) that extended beyond the choroid.
Scale bar, 150 �m.
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range, 16–2,660; P � 2.7 � 10�7, Student’s two-tailed t-test).
The optic nerve phenotype of B10-Sh3pxd2bnee mice exhib-
ited complete penetrance, with no nerves escaping severe
damage. These results uncover a subtle developmental abnor-
mality within the optic nerve of B10-Sh3pxd2bnee mice and
confirm the presence of an aggressive form of early-onset
glaucoma.

The glaucomatous progression of B10-Sh3pxd2bnee mice
was also evident from analysis of the cross-sectional area of the
optic nerve. In mice, retinal ganglion cells are generated from
embryonic day (E)11 to just before birth and from postnatal
day (P)0 to P12 undergo a wave of developmental cell death
that removes approximately two of three of the cells.29–32

Myelination of retinal ganglion cell axons begins around P5, is
intense during weeks 2 to 5 and complete by week 16.33 As a
consequence of these events, the cross-sectional area of the
optic nerve grows rapidly during the first 5 weeks of postnatal
life and thereafter remains relatively stable.34 Conversely, as
retinal ganglion cells die in glaucoma, the cross-sectional area
of the optic nerve typically decreases.20,35 At P17, the cross-
sectional area of the optic nerve in B10-Sh3pxd2bnee mice
(63,868 � 8,225 �m2, mean � SD; n � 13) was slightly less
than that in the littermate control mice (65,029 � 8,453 �m2,
mean � SD; n � 10), but the difference was not statistically
significant. At 3 months of age, the cross-sectional area of the
optic nerve in B10-Sh3pxd2bnee mice (40,807 � 13,187 �m2,
mean � SD; n � 16), was significantly reduced in comparison
to that in the age-matched littermate control mice (82,545 �
16,705 �m2, mean � SD; n � 9, P � 1.7 � 10�5, Student’s
two-tailed t-test) again indicating that B10-Sh3pxd2bnee mice
undergo a severe glaucomatous progression.

Ocular Distribution of Sh3pxd2b

To identify ocular tissues in which Sh3pxd2b may be most
important in contributing to anterior segment dysgenesis and
early-onset glaucoma, ocular distribution of Sh3pxd2b was
tested in pools of dissected mouse tissues by RT-PCR (Fig. 8A)
and Western blot (Supplementary Fig. S4, http://www.iovs.
org/lookup/suppl/doi:10.1167/iovs.10-5993/-/DCSupplemental).
Consistent with several published microarray studies suggest-
ing a broad ocular expression,19,36–41 Sh3pxd2b transcript
was detected in all ocular tissues tested. Similar results were
obtained with Western blot analysis, with the exception that
SH3PXD2B protein was not detected in the lens, whereas
Sh3pxd2b transcripts were. Because the only known molecu-
lar function of Sh3pxd2b pertains to podosomes,15 expression
of several podosome-related genes were also tested for poten-
tial co-expression with Sh3pxd2b in pools of dissected mouse
tissues by RT-PCR (Fig. 8B). Among candidates involved in the
assembly of the podosomes (Cttn, Src, and Wasl)42–44 or ex-
tracellular matrix regulation (Adam15, Adam19, and
Mmp14),15,18,45–46 all were expressed in the same broad dis-
tribution as Sh3pxd2b (the only exception being that the
Adam15, Adam19, and Mmp14 transcripts were not detect-
able in the lens). While not informative with regard to focusing
attention on a given tissue, these data demonstrate that
Sh3pxd2b and other genes important to podosomes are widely
expressed in multiple ocular tissues, perhaps indicating that
podosomes could play multiple roles throughout the eye.

DISCUSSION

In humans, mutations in SH3PXD2B cause Frank-Ter Haar
syndrome, a rare condition involving congenital glaucoma.
Here, we have provided evidence that B10-Sh3pxd2bnee mice
exhibit anterior segment dysgenesis that causes a form of
early-onset glaucoma. The etiology we observed primarily in-

volves severe iridocorneal adhesions which presumably block
aqueous humor outflow and cause drastic IOP elevation, after
which retinal degeneration and optic nerve cupping ensue.
SH3PXD2B is predicted to be a podosome adaptor protein that
limits the membrane localization of metalloproteinases to spe-
cific domains for coordinated interaction with the extracellular
matrix. Thus, these data identify B10-Sh3pxd2bnee mice as a
new mouse model of glaucoma, implicate podosomes in nor-
mal development of the iridocorneal angle, and suggest that
additional genes that influence podosomes are candidates wor-
thy of consideration as contributors to developmental forms of
glaucoma.

Mechanisms Underlying
Sh3pxd2b-Mediated Defects

Although much is known about the embryonic origin of ante-
rior segment structures, little is known about the molecular
events that are required for their normal development. The
mammalian eye is derived from three major tissue types: sur-
face ectoderm, neuronal ectoderm, and periocular mesen-
chyme (a loose array of cells of neural crest and mesodermal
origin). Most iridocorneal angle structures are derived from the
periocular mesenchyme, including the corneal stroma, corneal
endothelium, ciliary stroma and smooth muscles, iris stroma,
and trabecular meshwork.47,48 In mice, neural crest–derived
cells first migrate into the presumptive anterior chamber at
E10.5, and by E14.5 they represent the major cell type of the
presumptive iridocorneal angle, although mesodermal cells are
also present.49 At E12.5 to E14.5, the periocular mesenchyme
migrates to establish the presumptive corneal stroma, which

FIGURE 8. Ocular distribution of Sh3pxd2b and podosome-related
genes. PCR products of RT-PCR reactions with pools of dissected
mouse tissues analyzed on 2.5% agarose gels using EtBr detection. (A)
Sh3pxd2b and (B) candidates involved in the assembly of podosomes
or extracellular matrix regulation were widely expressed in the eye.
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becomes the major determinant of corneal thickness.19 A sep-
aration between the iris and cornea, the first appearance of an
iridocorneal angle recess, is typically first evident at E16.5.50

Development and remodeling of the iridocorneal angle, espe-
cially of the drainage structures, continues well into postnatal
development, with intratrabecular spaces opening to allow a
gradual outflow of the aqueous humor from P14 to P42.47,50 In
B10-Sh3pxd2bnee mice, the iris and cornea appear never to
separate. From histologic analyses performed to date, we have
also been unable to definitively detect the periocular mesen-
chymal-derived Schlemm’s canal or trabecular meshwork in
B10-Sh3pxd2bnee mice (data not shown). Whereas some peri-
ocular mesenchyme-derived structures of B10-Sh3pxd2bnee

mice were disrupted, others such as the corneal endothelium
and iris stroma appeared normal. Thus, much of the migration
of mesenchymal cells into the anterior segment structures and
their differentiation occurs normally. Combined, the presence
of iridocorneal adhesions and decreased corneal thickness in
B10-Sh3pxd2bnee mice likely indicates a focal deficiency result-
ing from altered migration or differentiation of a subset of
periocular mesenchymal cells. Although the experiments de-
scribed here do not directly examine these early stages of
development, they do identify Sh3pxd2b as a gene important
to anterior segment development and suggest that mice with
the Sh3pxd2bnee mutation will be a useful resource for future
studies of these stages in ocular development.

Among genes known to be associated with anterior seg-
ment dysgenesis in mice or humans,47,48 several are thought to
influence the extracellular matrix. For example, mutations dis-
rupting Foxc1, Bmp4, Col4a1, and Gpr48 all cause forms of
anterior segment dysgenesis involving iridocorneal adhesion,
and all these genes are also known to influence various aspects
of extracellular matrix.26,51–54 Likewise, several additional
genes associated with anterior segment dysgenesis also share
links to the extracellular matrix, including genes influencing
collagens,26,55 ADAMs,56 and members of the TGF� superfam-
ily.51,57 The extracellular matrix has a well-established role in
regulating the function of the mature trabecular meshwork.58

However, it is less clear how the extracellular matrix influ-
ences development of the trabecular meshwork or iridocorneal
angle, very likely influencing both cellular migration and dif-
ferentiation events.59–61

The structure of the SH3PXD2B protein also provides hints
about the mechanisms that most likely contribute to the pa-
thology in B10-Sh3pxd2bnee mice. SH3PXD2B belongs to the
SH3 and PX domain-containing family of proteins.14,15 Cur-
rently, this family includes two members, SH3PXD2A and
SH3PXD2B; both are predicted by published microarray ex-
pression studies to be broadly expressed throughout the
eye.19,36–41 Through their SH3 domains, these proteins can
interact with or recruit a variety of other proteins encoded by
genes that we have shown are widely distributed with
Sh3pxd2b throughout the eye, including the actin nucleation
factor WASL; the adaptor protein CTTN; and transmembrane
metalloproteinases such as ADAM15, ADAM19, and
MMP14.15,18,45,62,63 The PX domains of SH3PXD2A and
SH3PXD2B are known to interact with multiple phosphoi-
nositides, including PtdIns(3,4)P2.14,15,45Most of these mole-
cules are involved in the assembly or function of podosomes.
Therefore, SH3PXD2A and SH3PXD2B have been implicated in
podosome-related activities such as extracellular matrix mod-
ulation, cell migration, and invasion. Although podosomes
have not been observed in ocular tissue during development,
they have been observed in cells derived from adult ocular
tissues, notably in cells of the trabecular meshwork.17 Al-
though speculative, these findings suggest that SH3PXD2B may
regulate localization of a metalloproteinase involved in migra-
tion and/or function of mesenchymal-derived trabecular mesh-

work cells responsible for regulating the density of the trabec-
ular meshwork extracellular matrix. Alternatively, SH3PXD2A
and SH3PXD2B might interact with a metalloproteinase with
sheddase activity, a mechanism that would be equally capable
of contributing to anterior segment dysgenesis.56 Metallopro-
teinases have been suggested to contribute to several disease
processes of the anterior segment, including glaucoma and
cataractogenesis.64,65 In sum, the current findings suggest that
the Sh3pxd2bnee mutation contributes to a form of anterior
segment dysgenesis involving glaucoma and cataracts through
misregulation of metalloproteinases.

Mouse Models of Glaucoma

Mouse models are useful tools for studying the basic biology
of glaucoma, identifying glaucoma-causing genes and testing
the efficacy of potential medical treatments. Among the
small number of mouse strains described to have forms of
glaucoma,24,66 –71 the most widely used currently is the
DBA/2J model.72,73 As a consequence of a pigment dispersing
iris disease, DBA/2J mice begin to exhibit elevated IOP after 6
months of age and most optic nerves are severely damaged by
12 months of age.72 A significant advantage of B10-
Sh3pxd2bnee mice as a model of glaucoma is the occurrence of
glaucoma without the necessity for extensive aging. Thus, the
model allows faster experimental timeframes and reduced an-
imal housing costs. Furthermore, the aggressive nature of the
glaucoma in B10-Sh3pxd2bnee mice may allow smaller animal
cohorts than required for use with DBA/2J mice, where pen-
etrance and asymmetry of disease progression are experimen-
tal challenges that are typically overcome by use of large
animal cohorts.72,73

Although likely to be useful in many settings, use of B10-
Sh3pxd2bnee mice as a model of glaucoma also has several
caveats that must be considered in designing experiments and
interpreting data. First, the elevation of IOP in B10-
Sh3pxd2bnee mice is profound, and it is likely that the conse-
quences of a dramatic elevation in IOP in young eyes will not
fully reflect those that arise in all forms of glaucoma, many of
which are associated with a modest but persistent elevation in
IOP in older eyes. Second, the presence of corneal opacity and
cataracts in B10-Sh3pxd2bnee mice obstruct the ability to view
the fundus and optic nerve head, degrading the ability to
perform experiments based on in vivo imaging. Likewise, cor-
neal disease also makes it impractical to use noninvasive in-
struments such as rebound tonometers to measure IOP, mak-
ing it more difficult to estimate IOP exposure over time. Third,
studies of the glaucomatous neurodegeneration that occurs in
B10-Sh3pxd2bnee mice may be complicated by the rapid dam-
age also occurring in other retinal layers. Although retinal
thinning is typically not a feature of human glaucoma, it has
been observed in other glaucomatous mouse strains.24,25 Fi-
nally, it is still unclear which phenotypes of B10-Sh3pxd2bnee

mice are cell autonomous and which are secondary conse-
quences of the severe eye disease the mice undergo. A key
question regarding this pertains to the ocular expression of
Sh3pxd2b. Our current work demonstrates a very broad tissue
distribution, but it is important to also examine expression at
the cellular level. Unfortunately, we have thus far been unable
to find conditions allowing our SH3PXD2B antibody to work
specifically in immunohistochemistry of ocular sections. Dis-
tribution of Sh3pxd2b studied with in situ hybridization has
been partially presented elsewhere13; completing a character-
ization of transcript and protein localization is of clear impor-
tance in further mechanistic studies.

In conclusion, this study demonstrates that eyes of B10-
Sh3pxd2bnee mice exhibit multiple features of congenital
glaucoma. These findings implicate podosomes in the nor-
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mal development of the iridocorneal angle and establish the
B10-Sh3pxd2bnee strain as a new mouse model of glaucoma
with potentially significant benefits over those that have been
studied to date. Because the nee mutation arose on an infre-
quently used genetic background (B10.A-H2h4/(4R)SgDvEg),
we have generated an N10 congenic strain of mice transferring
the Sh3pxd2bnee mutation to the widely used C57BL/6J ge-
netic background. In our ongoing work, we intend to com-
plete a comparative analysis of disease features in this congenic
strain and to use it to continue a genetic analysis of podosome-
related contributions to anterior-segment dysgenesis and glau-
coma.
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