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Purpose:A leading cause of blindnessworldwide, glaucoma is often causedby elevated
intraocular pressure (IOP) due to impaired aqueous humor outflow from the anterior
chamber through Schlemm’s canal (SC) and the trabecular meshwork. Despite the large
clinical burden, glaucoma research and drug development are hindered by a limited
selection of preclinical models that accurately recapitulate human disease. Here, we
propose thatAngpt1 conditional knockoutmicemayprovideone suchmodel. Angiopoi-
etin/TEK (ANGPT/TEK) signaling is crucial for SC formation and integrity in mice and
humans, and mice lacking TEK or its ligand ANGPT1 develop a hypomorphic SC insuffi-
cient for normal aqueous humor outflow.

Methods:We used a comprehensive histology and physiology approach to character-
ize the glaucoma phenotype of Angpt1 inducible knockout mice, especially focusing on
retina morphology and function.

Results:Angpt1deletion resulted inpersistentocular hypertensionbeginning in thefirst
month after birth and leading to decreased visual acuity with age due to glaucomatous
neuropathy. In the neural retina, we identified marked and specific loss of the retinal
ganglion cells, whereas other retinal neurons exhibited largely normal morphology
and patterning. Electroretinogram recordings demonstrated reduced scotopic thresh-
old response, further indicating loss of retinal ganglion cell function.

Conclusions: These findings highlight the potential of Angpt1 conditional knockout
mice as a valuable new glaucoma model.

Translational Relevance: Currently, few reliable, rapid-onset genetic glaucomamodels
are available, and Angpt1 knockout mice will provide an additional tool for studies of
IOP-induced neural damage, mechanisms of disease progression, and novel treatment
strategies.

Introduction

Glaucoma is a devastating neurodegenerative
disease that causes progressive, irreversible vision loss
due to the death of retinal ganglion cells (RGCs).
Elevated intraocular pressure (IOP) is the most impor-

tant risk factor for glaucoma progression, and IOP
reduction is the focus of current glaucoma therapy.
Despite the effectiveness of IOP reduction for slowing
disease progression, these treatments are not curative,
nor can they restore lost vision or regenerate RGCs.
Accordingly, research is ongoing to investigate other
therapeutic approaches, including neuroprotection,
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ganglion cell transplants, and new generations of
IOP-lowering drugs.

Animal models that accurately recapitulate human
disease provide an important resource for research
on pathogenesis and drug design. Mouse models are
especially valuable, as the low cost and rapid growth of
mice make them ideal research subjects. Tools to study
glaucoma-related phenotypes such as IOP, aqueous
humor dynamics, visual acuity, RGC loss, and optic
nerve morphology are widely available in mice, facili-
tating their use as a model system for this devastating
disease.

We have recently described a key role for the
angiopoietin (Angpt)-TEK endothelial receptor
tyrosine kinase signaling pathway in IOP homeosta-
sis.1,2 In addition to the receptor tyrosine kinase TEK,
this pathway includes the ligandsANGPT1,ANGPT2,
and ANGPT4 and plays a key role in vascular and
lymphatic development. Heterozygous loss of function
mutations in TEK or its primary ligand ANGPT1
are associated with primary congenital glaucoma
(PCG), a severe form of glaucoma characterized by
early/childhood onset and optic neuropathy.2,3 In
addition to PCG, recent genome-wide association
studies of subjects with adult-onset ocular hyper-
tension or open-angle glaucoma have identified risk
variants in the angiopoietin-TEK pathway, suggesting
that defects in this signaling systemmay have a broader
impact beyond PCG.4–6 A likely mechanism for this
ocular hypertension has been described in animal
models, where mice lacking the TEK receptor fail to
form Schlemm’s canal (SC) and exhibit elevated IOP
with a severe, glaucoma-like phenotype.2 However,
although Tek knockout animals rapidly develop optic
neuropathy, interpretation is complicated, as TEK is
essential for retinal angiogenesis.7 In addition, we have
noted the presence of kidney disease in Tek knock-
out animals—further complicating their use as an
experimental model of glaucoma.8

The TEK ligand ANGPT1 is also essential for SC
development. Mice lacking Angpt1 after mid-gestation
(Angpt1�WB mice) exhibit a hypomorphic SC that is
insufficient for normal aqueous humor outflow, leading
to ocular hypertension.3 However, unlike Tek knock-
outs, these animals do not develop kidney disease and
have a normal lifespan, due to compensation from
the secondary ligand ANGPT2,8,9 making them ideal
for use as a highly clinically relevant genetic model
of open-angle glaucoma. Here, we expand on our
previous studies to describe the glaucoma phenotype
of these animals in detail and provide a resource
for other investigators interested in taking advan-
tage of this new model of ocular hypertension and
glaucoma.

Results

Angiopoietin-1 Knockout Mice Are a Genetic
Model of High-Pressure Glaucoma

Angiopoietin-1 inducible knockout mice were
generated using a doxycycline-based conditional gene
deletion strategy to excise the first exon of Angpt1
at embryonic day (E) 16.5. Resulting Angpt1�WB
mice lack Angpt1 expression in all tissues as previously
described.3,8,9 Lacking ANGPT1, Angpt1�WB mice
develop a hypomorphic SC insufficient for normal
aqueous humor drainage. IOP was measured weekly
using rebound tonometry beginning at 3 weeks of
age. Mutant animals rapidly developed ocular hyper-
tension, reaching 20 mm Hg by 2 months of age
(Fig. 1A). IOP elevation was bilateral, and at 3 months
only a single animal (N = 25 Angpt1�WB mice) was
recorded with unilateral ocular hypertension (Supple-
mentary Figs. S1A, S1B). IOP elevation was observed
in parallel colonies maintained at the Centers for
Comparative Medicine of Northwestern University
and the University of Virginia, confirming penetrance
and reproducibility of the phenotype (Supplemen-
tary Fig. S1C). When measured using an optomotor
response test (Fig. 1B, Supplementary Fig. S1D),
progressive loss of visual acuity was observed in
mutant mice. IOP remained elevated throughout
life, and by 3 months of age increased axial length
was observed in enucleated eyes from Angpt1�WB
animals (Figs. 1C, 1D). Buphthalmos was apparent by
6 months (Fig. 1C).

To characterize the glaucomatous optic neuropa-
thy observed in Angpt1�WB mice, retina flat
mounts were prepared and RGCs were counted by
immunofluorescent microscopy at 12 weeks of age
(Figs. 2A–2C). We have previously noted that
Angpt1�WB mice exhibit lower numbers of RGCs
expressing both BRN3A (Pou4f1) and BRN3B
(Pou4f2).3 However, this more detailed analysis
revealed that RGC dropout was especially pronounced
in the peripheral retina (BRN3A: central 14%, mid
18.7%, peripheral 32.6%; BRN3B: central 33.6%,
mid 37%, peripheral 45%) (Figs. 2A, 2B). We
additionally confirmed ganglion cell loss by stain-
ing for β-III-tubulin (TUBB3), a universal marker
of RGCs. Although accurate counting of TUBB3+
RGCs was only possible in the peripheral retina
due to TUBB3-positive nerve fibers obstructing
visualization of cell bodies in the central retina,
peripheral RGC loss was confirmed in Angpt1�WB
eyes (control, 228.8 ± 14.9 TUBB3+ RGCs per
20× field; Angpt1�WB, 144.3 ± 21.1) (Fig. 2C). This
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Figure1. Angpt1 knockoutmice exhibit elevated IOP and vision loss. (A) Compared to controls, whole-bodyAngpt1 knockoutmice induced
at mid gestation exhibit chronic IOP elevation whenmeasured using rebound tonometry. Wild-type (WT): n= 34–54 (20 days to 4months),
n= 18 (6 months), and n= 12 (8–12 months); Angpt1�WB: n= 38–52 (20 days to 4 months), n= 24 (6 months), and n= 10 (8–12 months).
(B) Similarly, progressive loss of visual acuity was detected in Angpt1�WB mice by optomotor response testing. WT: n = 25 (20 days),
n = 9–14 (1–4 months), n = 21 (6 months), n = 8 (8 months), and n = 10 (12 months); Angpt1�WB: n = 10–15 (20 days to 2 months), n
= 26 (4 months), and n= 8–10 (6–12months). (C) Globe enlargement is apparent by 12 weeks of age, quantified in (D), and buphthalmos is
visible at 6 months. Scale bars: 1 mm. *P< 0.05, **P< 0.01, ***P< 0.001, as determined by two-way ANOVA followed by Bonferroni’s method
for multiple comparisons (A, B) or Student’s two-tailed t-test (D). Average axial length from each animal is plotted as a single data point
in (D).

loss of TUBB3+ RGCs (37%) was consistent with
the combined loss of BRN3A- and BRN3B-positive
RGCs in the peripheral retina (36%), providing an
internal control. RGC loss was not uniform through-
out the retinal circumference, with local regions of
higher RGC loss noted in the periphery of some
animals, suggesting that individual nerve fiber bundles
in the optic nerve head might be more susceptible to
damage (Supplementary Fig. S2).

Additionally, to confirm our immunohistochem-
istry findings, we prepared optic nerve cross-sections
from 6-month-old Angpt1�WB mice to analyze axon
morphology. Compared to controls, marked axon
loss (control, 45,920 ± 3513 axons; Angpt1�WB,
30,450 ± 2536 axons) (Fig. 3), and regions of
gliosis were observed in mutant optic nerves. Impor-
tantly, the axon loss observed in Angpt1�WB mice
(approximately 34%) was consistent with measure-
ments obtained by quantification of TUBB3+ RGCs
(36.8% loss of TUBB3+ RGCs) in retinal flat
mounts.

Neuron Loss in Angpt1 Knockout Retinas Is
Specific to RGCs

As glaucoma is an RGC-specific neuropathy, we
next examined other cell types in the retina to
confirm the specificity of RGC loss in 3-month-old
Angpt1�WB mice. Retina sections were prepared at
the plane of the optic nerve head, and cell layers
were quantified in the outer nuclear layer (ONL).
Photoreceptor layers were counted in 4′,6-diamidino-
2-phenylindole-stained sections in the central area,
near the optic nerve, and in the peripheral region,
near the retina edge. Compared to littermate control
animals, no difference in ONL thickness was detected
in Angpt1�WB mice (Fig. 4A, quantified in Fig. 4B).
To specifically examine retina morphology in the inner
nuclear layer (INL) and in the inner plexiform layer
(IPL), we used additional antibodies against proteins
expressed by cells in these strata (Fig. 4C): calbindin,
present in horizontal cells and in their processes; a
small number of amacrine cells of the INL; displaced
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Figure 2. Retinal ganglion cell loss inAngpt1 knockoutmice. Compared to controls, 12-week-oldAngpt1�WBmice exhibit reduceddensity
of (A) BRN3A-, (B) BRN3B-, and (C) TUBB3-positive retinal ganglion cells when quantified in retina flat mounts. Scale bars: 50 μm; 20× fields
represent an area of 65,413 μm2. *P < 0.05, **P < 0.01, ***P < 0.001, as determined using two-way ANOVA followed by Bonferroni’s method
for multiple comparisons (A, B) or Student’s two-tailed t-test (C). Average density obtained from each retina is shown as a single data point.

amacrine cells in the ganglion cell layer; some RGCs;
and choline acetyltransferase, a marker of cholin-
ergic amacrine cells, which also labels two narrow
strata in the IPL. Calretinin labels amacrine cells,
displaced amacrine cells, and some retinal ganglion
cells. Three characteristic strata were labeled by calre-

tinin in the IPL: the outer and the inner strata,
representing the cholinergic strata, and the central
band, which is comprised of putative bipolar axon
terminals.10 Antibodies against PROX1 strongly label
amacrine and horizontal cell nuclei in the proxi-
mal and distal INL, and some bipolar cells are
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Figure 3. Optic nerve dysfunction in Angpt1 knockout mice. Plastic sections (1-μm) stained with toluidine blue revealed reduced axon
density and gliosis (red arrows) in 6-month-old mutant mice. **P< 0.01 as determined by Student’s two-tailed t-test. Each data point repre-
sents the average value obtained from a single animal.

also weakly immunostained. In addition, antibodies
against protein kinase C-a (PKCα) were used to detect
rod bipolar cells (Fig. 4D). PKCα stains both cell
bodies and axon terminals of bipolar cells, which are
located in the INL and IPL, respectively. Using this
comprehensive panel of markers, no obvious changes
were detected in the INL and IPL in Angpt1�WB
mice.

To further evaluate functional changes in the
retinas of Angpt1�WB mice, we conducted a series
of electroretinogram (ERG) recordings. The initial
waves of the scotopic (dark-adapted) ERG include
the negative a-wave and positive b-wave and origi-
nate from cells at the early stages of retinal processing
(Fig. 5A). Stimulated by a flash of light in darkness,
the negative a-wave is generated by rod photocurrents
before depolarizing bipolar cell currents then generate
the positive b-wave (Fig. 5B). When measured at 4 to
6 months of age,Angpt1�WBmice exhibited a modest
reduction in scotopic a-wave amplitude compared to
controls only at higher levels of light stimulation (1–2 lg
cd.s/m2) (Figs. 5D–5F).A similar trendwas observed in
scotopic b-wave amplitude (Fig. 5E). Likewise, Angpt1
deletion had little effect on a- or b-wave latency (time to
peak amplitude), and increased latency was observed
in mutant animals only at very low light intensity
(–5 lg cd.s/m2) (Fig. 5F). To test the light responses of
cones, retina was light adapted for 10 minutes, and the
photopic responsewas recorded.No obvious difference

was noticed on photopic ERG across groups (data not
shown). These results were consistent with our histo-
logical findings, suggesting that the outer retina was
largely normal inAngpt1�WBmice at 4 to 6months of
age.

In addition to measuring a- and b-waves, we
analyzed inner retina function by recording the
scotopic threshold response (Fig. 5C) with a stimu-
lation intensity of –4 lg cd.s/m2. Amplitude of
both positive (pSTR) and negative (nSTR) compo-
nents of the scotopic threshold response were
found to decrease with age in Angpt1�WB mice
(Figs. 5D, 5G, 5I), further confirming progres-
sive RGC loss in these animals. Latency of both
positive and negative STR was unaffected in mutant
mice (Figs. 5H, 5J).

Angpt1 Knockout Mice Have Normal Retinal
Vasculature

The ocular hypertension, decreased visual acuity,
and specific RGC loss observed in Angpt1�WB mice
were consistent with high-pressure glaucomatous optic
neuropathy. However, Angpt1 is a vascular growth
factor, and to rule out the possibility that RGC loss
is due to vascular defects and retinal ischemia we
examined the retinal vasculature of Angpt1�WB mice
in detail. Unlike Angpt2 or Tek knockout mice, which
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Figure 4. Angpt1 knockout retinas have normalmorphology. (A, B) The 4′,6-diamidino-2-phenylindole-stained cryosections from12-week-
old mice show normal retinal morphology, with no significant difference in ONL thickness between control and Angpt1�WBmice in either
central (red squares) or peripheral (blue squares) retina (control n= 14, Angpt1�WBn= 14; P= 0.8). (C) Calbindin, choline acetyltransferase
(ChAT), PROX1, and calretinin show no difference in horizontal or amacrine cell morphology in Angpt1�WBmice. (D) Likewise, no changes
in PKCα-stained rod bipolar cells were observed. Scale bars: 500 μm and 50 μm (A) and 50 μm (C, D). Not significant P > 0.05 as determined
by two-way ANOVA followed by Bonferroni’s method for multiple comparisons.

exhibit severely reduced retinal angiogenesis, develop-
mental angiogenesis of the superficial vascular plexus
was normal in Angpt1�WB mice when imaged at
P5 (Fig. 6A). In adults, in vivo fundus microscopy
revealed no apparent vascular defects in the retinas of
Angpt1�WB animals at 3 months of age (Fig. 6B).
To confirm this finding, retinas were collected and
flat mounts were examined using confocal microscopy.
Using this technique, we observed normal pattern-
ing and vascular area in the superficial vascular layer,
which supplies the RGCs. (Fig. 6C). Likewise, normal
patterning was observed in the intermediate and deep
vascular layers of Angpt1�WB mice (Fig. 6D).

Methods

Animal Generation and Husbandry

Mice were housed at the Centers for Comparative
Medicine of Northwestern University (Chicago, IL,
USA), and the University of Virginia (Charlottesville,
VA, USA). Whole-body Angpt1 knockout mice were

generated and induced with doxycycline-containing
drinking water as previously described.3,9 Briefly,
timed matings were conducted and pregnant females
were switched from plain water to doxycycline-
containing water (0.5% in 5% sucrose) to trigger
gene deletion at E16.5. Dams and neonates were
allowed ad libitum access to doxycycline-containing
water until P14. Angpt1flox/flox;TetOnCre+ littermates
lacking the reverse tetracycline-controlled transactiva-
tor (rtTA) transgene are protected from doxycycline-
mediated Cre recombinase expression and were used
as controls throughout the study. Animals were given
unrestricted access to standard rodent chow and water
(or doxycycline-containing water) and maintained on
a standard 12-hour light cycle. All mice were kept on a
mixed genetic background free of the RD1 and RD8
mutations, and animals of both sexes were included
in all comparisons. Knockout mice were genotyped
by PCR as previously described,3 with rtTA-negative
littermates being used as controls. Animals were
included in the study on a “by-litter” basis, and mutant
mice were never included without their matching litter-
mate controls.
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Figure 5. Scotopic ERG response in Angpt1 knockout mice. (A) Representation of light stimulation in scotopic recording. Before stimula-
tion, mice were dark adapted for 12 hours to maximize retinal sensitivity. (B) Example waveform for scotopic response. The negative a-wave
is mainly derived from rods, and the b-wave is a positive-going potential primarily derived from bipolar cells. (C) The STR waveform consists
of pSTR and nSTR components that represent RGCs and AII amacrine cells, respectively. (D) Examples of scotopic ERG response traces from
control and Angpt1�WBmice in response to flash intensities ranging from –4.8 to 1.4 lg cd·s/m2 (–52 to 10 dB). (E) Intensity response curves
from 4- to 6-month-old control and Angpt1 knockout mice. Compared to controls, mutant animals exhibited similar a- and b-wave ampli-
tudes with only a slight reduction observed at high flash intensity (control n = 9, Angpt1�WB n = 7). (F) Latency of a- and b-waves was
largely unchanged in Angpt1�WB mice. (G) Scotopic threshold measurements recorded at –4 lg cd·s/m2 in control and Angpt1�WB mice
revealed an age-related loss of RGC-derived positive current (pSTR) in mutant animals (control, 1–2months, n= 4; control, 4–6months, n=
6; Angpt1�WB, 1–2months, n= 3; Angpt1�WB, 4–6months, n= 7). (H, J) The response latencywas unchanged. (I) A similar age-related loss
of nSTR was observed in mutant animals. (J) nSTR latency was unchanged. *P< 0.05, **P< 0.01 as determined by two-way ANOVA followed
by Bonferroni’s method for multiple comparisons. Horizontal arrows in (B) and (C) indicate latency measurements.
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Figure 6. Angpt1 knockout mice have normal retinal vasculature. (A) Retinal flat mounts of P5 mice reveal normal angiogenesis and
sprouting front progression in Angpt1 knockout retinas. (B) In adult eyes, color fundus microscopy revealed normal vascular patterning
in Angpt1�WBmice at 3 months of age. (C) This finding was confirmed in retinal flat mounts, where no differences in vascular patterning or
CD31-positive (pos.) area were observed in the superficial (sup.) layer of Angpt1�WB retinas. (D) Likewise, normal patterning was observed
in the intermediate (int.) and deep vascular layers. Scale bars: 500 μm (A, C), 400 μm (B), and 100 μm (D). Lack of significance in (B) was
confirmed using a two-tailed Student’s t-test.

Intraocular Pressure Measurements

IOP was measured in awake mice using a Tonolab
rebound tonometer (iCare, Raleigh, NC, USA) as
previously described.1,11 Animals were restrained in
a soft plastic cone, and IOP values were obtained
as averages from three sets of six recordings on
each eye performed by a blinded technician.10,12 Each
mouse was measured under ambient lighting between
9:30 AM and 11:00 AM on 2 subsequent days, and
the results were averaged to obtain reported values.
Finding a strong correlation between left and right eyes
(Supplementary Fig. S1A) and no difference between
left and right eyes using a paired t-test (Supplemen-
tary Fig. S1B) (control: �0.37 mm Hg, P = 0.25;
Angpt1�WB: �–0.38 mm Hg, P = 0.17), we have
reported all IOP measurements as a single averaged
value for each animal.

Optomotor Response Test

Visual acuity was quantified using an optomotor
response test (PhenoSys qOMR, PhenoSys GmbH,
Berlin, Germany). Mice were placed on an elevated
central platform surrounded by four monitors to evoke

an optokinetic response and top and bottom mirrors
to create the illusion of infinite depth. After 1 minute
of adaptation with gray screen, vertical black and
white stripes of a defined spatial frequency moving
horizontally were presented to the animal. These stripes
were rotated alternately clockwise and anticlockwise
for 10 seconds in each direction. We tested 200 mice
(90 control; 110 Angpt1�WB) with various spatial
frequencies from 0.00 to 0.50 cycles/deg. Mouse visual
acuity was measured biweekly from 1 to 52 weeks of
age by two persons independently. Animals were video-
taped with an infrared camera and re-examined for
confirmation when needed. As visual acuity increases
in wild-type mice between P20 and 1 month of age,13
the P20 time point was excluded when performing
regression analysis to allow rational fitting of a linear
model.

In Vivo Imaging

Three-month-old mice were anesthetized with
intraperitoneal ketamine (100 mg/kg; Henry Schein,
Melville, NY, USA) and xylazine (10 mg/kg; Henry
Schein), and eyes were dilated with 1% tropicamide
ophthalmic solution (NDC #17478-102-12; Akorn
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Inc., Lake Forest, IL, USA). Images were taken using
aMicron IV retinal imaging system (Phoenix Research
Laboratories, Pleasenton, CA, USA). After in vivo
imaging, some animals were allowed to recover on a
heating pad, and others were intracardially perfused
and eyes enucleated for histological analysis.14,15 After
recovery, animals were allowed to rest for at least
1 week before undergoing visual acuity and IOP
measurement.

RGC Quantification

Angpt1�WB mice and control littermates were
anesthetized (ketamine/xylasine; Henry Schein) and
perfusion fixed (2% formaldehyde in 0.1-M NaHP04,
pH 7.5). After perfusion, samples were immersion fixed
for an additional 12 hours. Retinas were collected
and blocked (5% donkey serum, 2.5% bovine serum
albumin, 0.5% Triton X-100 [Sigma-Aldrich, St. Louis,
MO, USA] in Tris-buffered saline, pH 7.5, overnight
at 4°C) before overnight incubation with appropriate
primary and Alexa Fluor-labeled secondary antibod-
ies (ThermoFisher Scientific, Waltham, MA, USA).
Stained retinas were flat mounted and imaged using
a Nikon A1R confocal microscope (Tokyo, Japan)
equipped with a 20× objective with a numeric aperture
of 0.75 and a pinhole size of 44.70 μm. This configura-
tion resulted in a field area of 65,413 μm2. The retina
was divided into three imaging zones based on distance
from the optic nerve head: central (0.4–0.8 mm), mid
(1.0–1.40), and peripheral (1.6–2.0). Four images were
captured at intervals around the retinal circumfer-
ence in each zone (Supplementary Fig. S2A), and
positive cells were counted using ImageJ software.16
Cell counts per field were averaged to obtain the values
reported in the manuscript. Primary antibodies used
included mouse anti-BRN3A (MAB1585, 1:400; Milli-
pore, Burlington, MA, USA), goat anti-BRN3B (sc-
6026, 1:400; Santa Cruz Biotechnology, Dallas, TX,
USA), and rabbit anti-TUBB3 (MRB-435P, 1:1000;
Covance, Princeton, NJ).

Optic Nerve Morphology

After perfusion with 2% formaldehyde as above,
optic nerves were collected and post fixed (2%
glutaraldehyde, 4% formaldehyde in 0.1-M sodium
cacodylate, pH 7.2). Nerves were then embedded in
EPON resin (Hexion, Columbus, OH, USA), and
1-μm sections were prepared and stained with toluidine
blue. Brightfield images were captured using a Nikon
Ti2 microscope equipped with a DS-Qi2 camera and
40× objective with a numeric aperture of 1.3. Images
were captured at a resolution of 0.12 μm/pixel. For

quantification, a 100 × 100-pixel grid was overlaid on
the optic nerve image using Fiji software, and axons
were counted in every sixth grid square, resulting in 14
to 16 counted regions per nerve. Values were averaged
to obtain axon counts reported in the manuscript and
multiplied by cross-sectional area to estimate total axon
number.

Immunohistochemistry

For paraffin sections, eyes were fixed as above before
embedding in paraffin using a Leica TP1020 tissue
processor (Wetzlar, Germany). Then, 5-μm sections
were prepared and subjected to antigen retrieval
(10-mM Tris, 1-mM ethylenediaminetetraacetic acid
containing 0.05% Tween 20 [Sigma-Aldrich], pH 9.0,
autoclaved on liquid cycle, 30-minute sterilization
time). Blocking and staining were as above. For
cryosections, eye cups were fixed, cryoprotected in
30% sucrose solution overnight, embedded in OCT
medium (Sakura Finetek, Torrance, CA, USA), and
sectioned by cryostat at 12 to 16 μm. Retina sections
were blocked and stained as above. Primary antibod-
ies used included rat anti-CD31 (#553370, 1:100;
BD Biosciences, Franklin Lakes, NJ, USA), rabbit
anti-calbindin (Chemicon, #AB2724, 1:1000; Sigma-
Aldrich), rabbit anti-choline acetyltransferase (#PA5-
29653, 1:500; ThermoFisher Scientific), goat anti-
PROX1 (#AF2727, 1:500; R&D Systems, Minneapo-
lis, MN, USA), rabbit anti-calretinin (Chemicon,
#AB5054; 1:1000; Sigma-Aldrich), and mouse anti-
PKCα (NB600-201, 1:500; Novus Biologicals, Centen-
nial, CO, USA). After several washes, secondary
antibodies were applied for 2 hours at room tempera-
ture. These included donkey anti-mouse immunoglob-
ulin G (IgG) conjugated to Alexa Fluor 488 dye (green
fluorescence) and donkey anti-rabbit IgG and donkey
anti-rat IgG either conjugated to Alexa Fluor 594 dye
(red fluorescence) (ThermoFisher Scientific), all diluted
1:1000. Three-dimensional Z stacks were captured
on a Carl Zeiss LSM 800 microscope (Oberkochen,
Germany) and subsequently projected to a two-
dimensional plane.

Analysis of Retinal Vascular Patterning

Retinal flat mounts were prepared as described
above, before overnight incubation with rat anti-CD31
(#553370, 1:100; BD Biosciences) primary antibody.
Retinas were then washed, incubated with appropriate
secondary antibodies, andmounted on slides formicro-
scopic analysis. Images of the superficial vasculature
were captured on a Nikon A1R confocal microscope
equippedwith a 10× objective (numerical aperture, 0.3;
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pinhole, 1.2 Airy units) and stitched to obtain views
of the full flat-mounted retinas. CD31-positive superfi-
cial vascular area was then quantified using AngioTool
software.17 Images of the intermediate and deep vascu-
lar layers were captured using a 20× objective (numer-
ical aperture, 0.75; pinhole, 1.2 Airy units).

Full-Field ERG Recordings

ERG recordings were performed using the UTAS
Visual Diagnostic Test System (LKC Technologies,
Gaithersburg, MD, USA) according to published
procedures.12 In brief, mice were dark adapted
overnight before recording, and all the proce-
dures were performed under dim red light. Mice
were anesthetized with ketamine/xylazine solution
(100–20 mg/ml). The pupils were dilated by 1% tropi-
camide (Akorn) and 2.5% phenylephrine (Bausch &
Lomb, Tampa, FL, USA). Gonak hypromellose 2.5%
solution (Akorn) was used to maintain corneal hydra-
tion, and a gold-plated electrode was placed in contact
with the cornea for ERG recordings. Stainless steel
electrodes were inserted into the skin near the eye as
the reference electrode and into the tail as the ground
electrode. Mice were placed on a heated platform, and
data were collected using a LKC Technologies ampli-
fier system at a 2-kHz sampling rate. After 2- to 3-hour
sessions, animals were recovered from anesthesia on a
heating pad.

Full-field ERGs were obtained with flashing white
light at different intensities (from –4.8 to 1.4 lg cd·s/m2

or –52 to 10 dB). Flash stimuli below 1.4 lg cd·s/m2

were delivered by green light-emitting diode (530 nm,
highest luminance 2.2 lg cd·s/m2). Each scotopic condi-
tion represents the average of 10 flash stimuli responses.
The interval between the stimuli was 5 seconds at
low intensities and 10 seconds at intensities above
0 lg cd·s/m2. Scotopic threshold responses (STRs) were
obtained at an intensity of –4 lg cd·s/m2. Scotopic
stimuli were converted to photoisomerizations/rod
unit, where 1 scot cd/m2 was equal to 581 photoiso-
merizations/rod. This intensity was chosen to obtain
reliable STR measurements independent from the b-
wave.18,19 The electrical signals from the retinas were
analyzed with Axon Clampfit software (Molecular
Devices, San Jose, CA, USA) after applying a 50-Hz
low-pass filter with Gaussian smoothing to remove
oscillatory potentials as previously described.20–22 The
a-wave amplitude was measured from baseline to the
first negative peak, and the b-wave amplitude was
measured from the a-wave trough to the subsequent
positive peak.Adigital 60-Hz notch filter andGaussian
smoothing filter were used to graph positive and
negative STRs. Note that the 50-Hz low-pass filter

slightly distorted the high-frequency components in
the rising phase of the a-wave, resulting in a reduced
amplitude (up to 10% at 1.0 lg cd·s/m2) and a shorter
time-to-peak of the a-wave than raw data (up to 7% at
1.0 lg cd·s/m2). The same filter was applied for all inten-
sities and experimental groups, and the extent of the
distortion on the a-wave was similar between control
andAngpt1�WBmice. Because we found no difference
in a- or b-wave amplitude and latency in either control
or Angpt1�WB mice between 4 and 6 months of age,
animals from these age groups were pooled for analysis.

Study Approval

All animal experiments were approved by the
Animal Care and Use Committees at the Centers for
Comparative Medicine of Northwestern University
and the University of Virginia and comply with ARVO
guidelines for care and use of vertebrate research
subjects.

Statistical Analysis

Analysis was performed using Prism 5 software
(GraphPad Software, SanDiego, CA,USA). Through-
out the text, values are reported as mean ± standard
error of the mean. Indicated P values were obtained
using a two-tailed Student’s t-test, one-way analysis
of variance (ANOVA) followed by the Tukey–Kramer
test, or two-way ANOVA followed by use of Bonfer-
roni’s method for multiple comparisons. Comparison
among regression-fitted slopes was conducted using
GraphPad Prism 5 software and a method equiv-
alent to analysis of covariance (ANCOVA). Tests
used for specific data are noted in the figure legends.
P < 0.05 was considered significant, as indicated
by the following notation: *P < 0.05, **P < 0.01,
***P < 0.001.

Discussion

Rodent models have been widely used in glaucoma
research and have provided invaluable insights into
the pathogenesis, genetics, and treatment of human
disease. A complete discussion of all availablemodels is
beyond the scope of this manuscript (and has been the
subject of excellent recent reviews, including Fernandes
et al.23 and Johnson et al.24), but contextualizing our
results in relation to some existing models will aid in
evaluating the utility of Angpt1�WBmice in the study
of glaucoma.
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Several genetic models of ocular hypertension,
glaucoma, and anterior segment dysgenesis have been
described. Of these, the most widely used are the
DBA/2J inbred mouse strain. DBA/2J mice develop
elevated IOP due to iris pigment dispersion and stromal
atrophy caused by mutations in Gpnmb and Tyrp1,
which are believed to result in a defective innate
immune response.25–27 IOP elevation in DBA/2J mice
occurs between 8 and 12 months of age, and pressure
can be as high as 30 to 40 mm Hg in some animals.25
Although timing and penetrance are variable, approx-
imately 50% of mutant eyes have optic nerve damage
by 10 months. The variable penetrance and late onset
of disease complicate studies using the DBA/2J model,
as large numbers of animals must be kept and aged
for several months.28 Despite these challenges and
the profound mechanistic differences from human
disease, research with DBA/2J mice has provided many
valuable insights into glaucoma pathogenesis, treat-
ment, and prevention; however, there is an unmet
need for new genetic models that are more consis-
tent with a faster onset or more closely mimic human
disease.

Angpt1�WBMice Are a Model of
High-Pressure Open-Angle Glaucoma

Due to defects in SC development and function,3
Angpt1�WB mice develop ocular hypertension by
3 weeks, reaching 20 mmHg between 6 and 8 weeks of
age and stabilizing at 20 to 22 mmHg. This increase of
5 to 6 mm Hg compared to controls was comparable
to that observed in patients with primary open-angle
glaucoma.29 The time course observed was shorter
than that reported in DBA/2J mice, facilitating shorter
experimental timelines. In addition, ocular hyperten-
sion in Angpt1�WB mice has a very high penetrance,
even when maintained on a mixed genetic background
as in the current study. At 12 weeks of age, 67% of
Angpt1�WB mice examined had an IOP > 5 mm Hg
higher than the average pressure of matching controls.
Furthermore, unlike DBA/2J mice, IOP elevation in
Angpt1�WB mice was bilateral, and only a single
animal was observed with unilateral hypertension at
12 weeks of age. This correlation between left and right
eyes allows experimental use of both eyes and further
reduces the animal numbers required for experimen-
tal studies, allowing researchers either to subject each
globe to different histological preparation (as here) or
to use an untreated contralateral eye as an experimental
control in interventional studies.

Elevated IOP is the primary glaucoma risk factor,
and IOP lowering is frequently used as the primary

endpoint in clinical trials.30 Many eyes with elevated
IOP, however, do not develop glaucomatous optic
neuropathy,31 necessitating a careful analysis of new
glaucoma models. We have previously reported that
loss of BRN3-positive RGCs occurs in Angpt1 knock-
out mice, suggesting that these animals are a model
of high-pressure glaucoma.3 However, it has been
reported that RGCs may lose BRN3A expression
prior to apoptosis, potentially leading to overestima-
tion of RGC dropout in glaucoma and necessitat-
ing comparison to other RGC markers and histolog-
ical readouts.32 Here, we expanded on our previous
analysis by performing zone-specific quantification of
RGC loss in Angpt1�WB mice. We also confirmed
a robust correlation between loss of RGCs stained
with BRN3A/B and TUBB3, a neural tubulin highly
expressed by RGCs.33 In 3-month-old Angpt1�WB
mice, loss of BRN3A- and BRN3B-expressing RGCs
was apparent, with the most severe loss (BRN3A,
33%; BRN3B, 45%) localized in the peripheral retina.
Although only a single time point was measured in our
study, the pattern we observed was similar to but more
severe than that described in hypertensivemice express-
ing the glaucomamutant Y437H humanMYOCwhich
exhibit a 20% loss of peripheral RGCs by 18 months
of age.34 Although immunostaining of retinal ganglion
cell somas has been widely validated for analysis of
RGC loss in glaucoma, direct analysis of RGCs by
dye backfilling or histological analysis of optic nerve
axons remains the most robust method of observ-
ing RGC dropout. Loss of RGC axons has been well
described in animal models of high-IOP glaucoma-
tous neuropathy including DBA/2J, MYOC mutants,
and laser photocoagulation.10,25,34 Importantly, optic
nerve histology of Angpt1�WB mice confirmed the
RGC loss we observed by immunostaining, precluding
the possibility that loss of specific molecular markers
could account for the apparent decrease in RGC
numbers observed in mutant mice. Importantly, RGC
loss in Angpt1 knockout mice is specific and other
retinal neurons appear to be minimally functionally or
morphologically affected.

In addition to IOP elevation, retinal perfusion
deficits can also lead to RGC death, complicating
analysis of glaucoma models involving endothelial
signaling pathways. Acute ischemic injury leads to
rapid ganglion cell loss in animal models,35 and low
or unstable ocular perfusion pressure has been linked
with disease progression patients.36,37 In addition to
its role in SC, TEK signaling plays a key role in
retinal angiogenesis, although the role of ANGPT1
is poorly described.38,39 Outside of the eye, Angpt1
knockout mice have defects in vascular remodel-
ing,9 and ANGPT1 overexpression leads to dermal
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capillary widening.40,41 In the retina, Angpt1 is
expressed by neurons adjacent to the superficial
and intermediate vascular layers, although not in
RGCs.42,43 It has been reported that whole-body,
inducible Angpt1 knockout mice deleted at E13.5
have normal retinal angiogenesis when imaged at P9.9
Importantly, our data support this finding, indicating
thatAngpt1 is not required for retinal angiogenesis and
suggesting that RGC loss in Angpt1�WBmice is likely
due to IOP elevation rather than retinal ischemia.

Insufficient aqueous humor outflow through the
conventional route is thought to be the leading
cause of ocular hypertension in glaucoma patients.
Just as the conventional route is responsible for the
majority of aqueous humor outflow, it is similarly
important in many small animal glaucoma models,
including laser photocoagulation, microbead injec-
tion, and DBA/2J mice, all of which are thought
to reduce outflow through SC and the trabecu-
lar meshwork.25,44,45 Disruption of the conventional
outflow is a clinically relevant strategy for model-
ing the effect of IOP elevation on the retina but
complicates the use of these models for testing SC-
and trabecular meshwork-specific glaucoma therapies.
Exhibiting a hypomorphic SC,we hypothesize that IOP
elevation in Angpt1�WB is similarly due to reduced
conventional outflow; however, we have previously
reported that IOP in these animals is significantly lower
than that observed in Angpt1;Angpt2 double knock-
out mice, which completely lack SC, suggesting that
some outflow through the conventional route remains.3
Therefore, it is possible that that SC or trabecular
meshwork targeting therapies may be effective in these
animals, although further studies would be required to
ascertain the usefulness of the model in this area.

Taken together, our data indicate that Angpt1�WB
mice reliably develop bilateral ocular hypertension,
buphthalmos, and glaucomatous optic neuropathy,
likely due to insufficient aqueous humor outflow
provided by a hypomorphic SC. As Angpt1 mutations
have also been identified in human patients, our data
suggest thatAngpt1�WBmice may provide a valuable,
clinically relevant model of PCG.
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