
Rodent models are valuable tools for studying neurode-
generative diseases. For years, rodent models for glaucoma 
have consisted of sclerosing, ablating, or clogging elements of 
the conventional outflow pathway to elevate intraocular pres-
sure (IOP) and examine the mechanical and ischemic effects 
on retinal ganglion cell (RGC) viability. For example, IOP 
was elevated in rats by laser photocoagulation of episcleral 
veins [1], episcleral vein occlusion [2], and sclerosis of the 
trabecular meshwork (TM) by retrograde injection of hyper-
tonic saline into episcleral veins [3]. Similar techniques were 
adapted to mice due to the advantages of genetic manipula-
tion to study the function of critical genes and biochemical 
pathways. For instance, laser photocoagulation of mice 
episcleral veins induced transient elevation of IOP and loss 
of axons; however, there were complications such as corneal 
edema, corneal opacity, and cataract in the lasered eyes [4]. 
Moreover, episcleral vein occlusion in mice was induced by 

cauterization of three episcleral venous trunks, producing 
a sustained increase in IOP in a substantial portion of the 
treated mice [5]. Recently, IOP was significantly elevated in 
mice by intracameral injection of beads [6,7] or trabecular 
sclerosis following retrograde injection of hypertonic saline 
into the episcleral veins of mice [8]. Alternatively, the 
DBA/2J mouse sporadically develops ocular hypertension 
due to pigment dispersion and TM dysplasia and has been 
commonly used as a glaucoma model. DBA/2J mice provide 
a tractable model for dissecting the pathways of cell death 
in inherited glaucoma and the role of the immune system in 
mediating disease and investigating neuroprotective strate-
gies [9-11].

Although suitable for examining IOP-dependent changes 
in retinal ganglion cell biology, such mouse models are not 
amenable for studying conventional outflow function, which 
is defective in ocular hypertensive patients. To better study 
outflow dysfunction, mouse models for ocular hypertension 
have become more sophisticated at genetically targeting 
cells in the conventional outflow tract. Recently, several 
mouse models of ocular hypertension were developed by 
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targeting the conventional outflow pathway. For example, 
overexpression of mutant myocilin through introducing a 
disease-causing point mutation (Tyr437His) in transgenic 
mice [12] or intravitreal injection of adenovirus-encoding 
mutant myocilin in wild-type mice results in prolonged 
ocular hypertension (10–15 mmHg above control) [13]. In 
another model, overexpression of connective tissue growth 
factor (CTGF) in the crystalline lens of transgenic mice or by 
intracameral injection adenovirus encoding CTGF results in 
ocular hypertension. This model has modest (about 5 mmHg) 
but prolonged IOP elevation compared to control animals 
[14]. Transgenic mice (Col1a1r/r) that had a targeted mutation 
in the gene for procollagen type Iα1 subunit also showed an 
increase in IOP (about 6 mmHg) at 36 weeks compared to the 
wild-type control mice (Col1a1+/+) [15]. Last, overexpression 
of the active form of human transforming growth factor-β2 
(hTGFβ2226/228) by intracameral or intravitreal injection of 
adenovirus encoding the cytokine into mouse eyes induces a 
sustained increase in IOP (about 8 mmHg) for 28 days, with 
a corresponding decrease in outflow facility [16]. Although 
each of these newer mouse models are ocular hypertensive, 
disease progression at the level of the conventional outflow 
pathway was primarily assessed with IOP measurements 
over time and standard morphological analysis at select 
time points. The exception was with the Col1a1 and TGF-β2 
models, which detected compromised outflow function by 
measuring outflow facility in living mice [16,17].

Optical coherence tomography (OCT) [18] has proven to 
be an invaluable tool for evaluating retinal diseases in humans 
[19] and in mice [20]. Several recent studies have addressed 
the problem of imaging the conventional outflow pathway 
in human eyes using OCT [21-24]. However, imaging of the 
mouse conventional outflow pathway with OCT has different 
technical obstacles (i.e., small eye, blood in Schlemm’s canal 
[SC], and the need for iridotomy to prevent anterior chamber 
deepening). Very recently, we modified a commercial OCT 
imaging system to study conventional outflow function in 
real time in living mice, and showed the role of ciliary muscle 
contraction in preventing IOP-induced collapse of SC [25]. 
The present study was designed to extend these observations 
and monitor the impact of genetic changes on the conven-
tional outflow tract of mice on its morphology and func-
tion with OCT. Here we utilize engineered adenovirus that 
encodes bone morphogenetic protein-2 (BMP2), a member 
of the TGF-β superfamily [26], for targeted overexpression 
in conventional outflow tissues to elevate IOP in mice. The 
rationale for using BMP2 here is that BMP2 ligands and 
TGF-β2 have the ability to signal via canonical and non-
canonical pathways and TM cells have the capacity to use 
both pathways [27]. In addition, BMP2 involves calcification 

in cultured human TM [28] and induced ocular hyperten-
sion in rats without altering the structure of the outflow 
tissues [29]. We hypothesized that overexpression of BMP2 
in outflow tissues might also induce elevated IOP and the 
disease progression in outflow tissues may be resolved with 
OCT.

METHODS

Experimental SD-OCT setup, image processing, and 
segmentation: In vivo imaging was performed utilizing 
an Envisu S4110-XHR extreme-high-resolution SD-OCT 
system (Bioptigen Inc., Research Triangle Park, NC). The 
Bioptigen S4110 XHR SD-OCT used for this study included 
the NKT Super K Extreme super-continuum light source, 
model EXR-1. The output of the source light was coupled 
into Bioptigen’s proprietary OCT design, which includes a 
custom wave number linear grating spectrometer. The final 
typical output power from the SD-OCT is 1 mW over the 
670–970 nm bandwidth. Mice were infused with Ad.cmv.
BMP2 or Ad.cmv.GFP and imaged at different time points 
after the viral infusion. To prevent anterior chamber deep-
ening, iridotomy was conducted around 1 week before the 
OCT imaging sessions (after the viral infusions) as described 
previously [25]. For OCT experiments at the 1 week time 
point, iridotomy was conducted 1 day after the viral infu-
sion to prevent anterior chamber deepening during single 
needle perfusions. Mice were anesthetized as before, and 
then placed on a custom-made OCT imaging mount that we 
designed and manufactured specifically for imaging mice. 
The mice were anesthetized with an intraperitoneal injection 
of ketamine (100 mg/kg) and xylazine (10 mg/kg).A drop of 
0.5% proparacaine, a topical anesthetic, was applied to the 
eye to be imaged. Using a micromanipulator connected to an 
imaging mount, a pulled glass microneedle was filled with 
PBS (1X; 137 mM NaCl, 2.7 mM KCl, 8 mM Na2HPO4, and 
2 mM KH2PO4, pH 7.4) and inserted into the mouse anterior 
chamber. The microneedle was connected to a manometric 
column to adjust the IOP and a pressure transducer to contin-
uously monitor IOP levels (using PowerLab software). The 
OCT probe was aimed at the inferior lateral limbus, and the 
image was centered and focused at SC. While images were 
collected in the same SC region, the mouse eye was subjected 
to a series of IOP steps (10, 15, 20, 25, 30, 35, and 45 mmHg) 
by adjusting the height of a fluid reservoir. At each IOP step, 
a sequence of repeated OCT B-scans (each with 1000 A-scans 
spanning 1 mm in lateral length) from spatially very close 
positions was captured, registered, and averaged to create a 
high signal-to-noise-ratio image from the anterior segment of 
each animal. Image registration and SC lumen area analyses 
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were performed utilizing the ImageJ (freeware; National 
Institutes of Health, Bethesda, MA) StackReg registration 
plug-in [30]. Each averaged OCT image was opened into 
ImageJ software and SC area was manually marked and area 
calculated. Estimates of lumen borders were verified with the 
lumen edges observed in live video, comparing stationary 
lumen edges with moving reflectors (blood cells in lumen). 
Area calculations at each pressure level were normalized to 
the area of 10-mm Hg of each eye [25].

Animal experiments: Mice were handled in accordance with 
the animal care and use guidelines of the Institutional Animal 
Care and Use Committee of Duke University and in compli-
ance with the ARVO Statement for the Use of Animals in 
Ophthalmic and Vision Research. CD1 wild-type mice were 
purchased from the Jackson Laboratory (Bar Harbor, ME), 
bred/housed in clear cages, and kept in housing rooms at 21 
°C with a 12 h:12 h light-dark cycle. We chose non-pigmented 
CD1 mice so that the ciliary body could be visualized with 
OCT during the imaging sessions. A total of 74 mice (ages 
between 6 and 10 weeks old when the experiments began) 
were used in this study. Viral infusion and iridotomy were 
conducted at the Duke Eye Center animal facility, and other 
measurements were conducted in our laboratory for the end 
point measurement. To reduce the numbers, the animals were 
euthanized after IOP, OCT, and outflow facility measure-
ments sessions so that the eyes could be also examined with 
standard histology for comparisons.

Adenoviral vectors: Adenovirus expressing human BMP2 
driven by cytomegalovirus (CMV) promoter (Ad.cmv.BMP2) 
was purchased from Signagen Laboratories (Rockville, MD, 
Cat# SL101898). Adenovirus-expressing green fluorescence 
protein (Ad.cmv.GFP) was constructed and characterized in 
our laboratory using the ViraPower Adenoviral Expression 
System (Invitrogen, Grand Island, NY) as described previ-
ously in a study [31]. Both viruses were grown and amplified 
in HEK293 cell lines. The viruses were further purified 
and titered using the Adenovirus Mini purification ViraKit 
(VIRAPUR, San Diego, CA) and the Adeno-X Rapid Titer 
kit (Clontech Laboratories, Mountain View, CA) following 
the manufacturer’s instructions.

Intracameral infusion of Ad.cmv.BMP2 and Ad.cmv.GFP: 
Intracameral infusion of the virus was performed as previ-
ously described using Ad.cmv.GFP to monitor gene delivery 
and optimize the conditions for specifically targeting conven-
tional outflow cells, largely not transducing surrounding 
iridocorneal cells [31]. The mice were anesthetized with 
an intraperitoneal injection of ketamine (100 mg/kg) and 
xylazine (10 mg/kg). A drop of 0.5% proparacaine, a topical 
anesthetic, was applied to the eyes. A pulled microglass 

needle filled with either Ad.cmv.BMP2 or Ad.cmv.GFP and 
connected to a pump was inserted in one of the mouse anterior 
chambers (another non-treated eye was used as the control 
either for BMP2 or green fluorescent protein [GFP]). Five 
microliters of viral solution containing 5×107 viral particles 
was infused in the mouse anterior chambers at a rate of 1.7 μl/
min. This protocol was optimized to avoid damaging ocular 
structures and specifically target conventional outflow tissues 
[31]. After infusion, the needle was withdrawn, and topical 
erythromycin antibiotic ointment was applied to the infused 
eyes. The mice were maintained on a warm water-circulating 
blanket until they had recovered from the anesthesia.

RNA isolation and Q-PCR analysis of BMP2 gene expression: 
Mouse outflow tissues (TM/SC) from the virus-transduced 
eyes and the contralateral control eyes were carefully 
dissected from anterior segments of the bisected mouse eyes 
and placed in RNAlater (Sigma, St. Louis, MO) 3, 7, and 14 
days after the Ad.cmv.BMP2 infusion. Total RNAs were 
isolated using the mirVana miRNA Isolation Kit (Cat#1560, 
Ambion, Grand Island, NY). RNA yields were measured 
using f luorescent dye (RiboGreen; Molecular Probes, 
Eugene, OR). First-strand cDNA was synthesized from total 
RNA (100 ng) with reverse transcription using oligo-dT and 
reverse transcriptase (Superscript III; Invitrogen Corporation) 
in a 10 μl volume. Quantitative real-time polymerase chain 
reaction (Q-PCR) was performed in a 20 μl mixture that 
contained 1 μl cDNA preparation and 1× real-time PCR mix 
(iQ SYBR Green SuperMix; Bio-Rad, Hercules, CA) using 
the following PCR parameters: 95 °C for 3 min followed by 
40 cycles of 95 °C for 10 s, 60 °C for 30 s followed by a 
melt curve (65 °C–95 °C in increments of 0.5 °C for 5 s). 
Each quantification was conducted in duplicate, and the 
experiments were conducted in triplicate. The fluorescence 
threshold value (Ct) was calculated using real-time detection 
system software (iCycle; Bio-Rad). The absence of nonspe-
cific products was confirmed with the analysis of the melt 
curves to exclude primer-dimer and with electrophoresis in 
gels (3% Super AcrylAgarose; Bio-Rad) to verify the correct 
product size. Mouse β-actin was used as an internal stan-
dard for mRNA expression to normalize the individual gene 
expression level. The specific primer pairs used to amplify 
the genes were as follows: human BMP2 forward primer 
(5′-CCC ACT TGG AGG AGA AAC AA-3′) and reverse 
primer (5′-GCT GTT TGT GTT TGG CTT GA-3′); mouse 
β-Actin forward primer: (5′-TCT TGG GTA TGG AAT CCT 
GTG GCA-3′) and reverse primer (5′-TCT CCT TCT GCA 
TCC TGT CAG CAA-3′).

IOP measurements: IOP was measured twice a week at 
the same time of day in the sedated mice using rebound 
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tonometry (TonoLab). Briefly, the mice were anesthetized 
with ketamine (60 mg/kg) and xylazine (6 mg/kg). IOP was 
measured immediately after the onset of anesthesia (light 
sleep). Each recorded IOP was the average of six measure-
ments from the same eye. The IOP integral (on mmHg days), 
defined as the accumulation of IOP between the last measure-
ment day (day 36) and the first measurement (day 0), was 
calculated.

Histology: Mouse eyes infused with Ad.cmv.BMP2 or non-
infused contralateral eyes at 7 and 36 days were collected 
and immersed in fixative solution (2% paraformaldehyde 
plus 0.5% glutaraldehyde) overnight at 4 °C. The eyes were 
bisected, and the posterior segments and lens were removed. 
The anterior segments were cut into four quadrants, and each 
quadrant was embedded in Epon. Blocks were cut into 0.5 
µm semithin sections and stained with 1% methylene blue. 
The images were captured digitally using light microscopy 
(Axioplan2, Carl Zeiss MicroImaging, Thornwood, NY). The 
65 nm thin sections were stained with uranyl acetate/lead 
citrate and examined with electron microscopy (JEM-1400; 
JEOL USA, Peabody, MA).

Retinal ganglion cell and optic nerve axon counts: To count 
the RGCs in the retina flatmounts, the eyes infused with 
Ad.cmv.BMP2 (36 days) and the non-infused contralateral 
eyes were fixed with 4% paraformaldehyde overnight. The 
eyes were then bisected, and the retinas were stained with 
goat anti-mouse Brn3a antibody (1:750 dilution, Santa Cruz 
Biotechnologies, Santa Cruz, CA) and anti-goat immunoglob-
ulin G (IgG; H+L) Alexa Fluor 568 (1:500 dilution, Molecular 
Probes). The retinas were then cut into center-connected four 
quadrants, flatmounted, and imaged from the center to the 
peripheral retina of the four quadrants using an EZ-C1.3.10 
Nikon confocal microscope (20× lens) (D-ECLIPSE C1, 
Nikon). Each quadrant can hold three continuous images 
from the center (the optic nerve) to the peripheral retina. 
The third image (the peripheral retina) was used to count 
RGCs. Four peripheral retina images from each retina were 
used. The peripheral RGCs were counted using custom 
semiautomatic MATLAB-based software with a graphical 
user interface (GUI). The automatic algorithm first reduced 
the noise using an anisotropic filter [32]. Then, we used an 
iterative thresholding and watershed algorithm to segment 
the cells. Due to image artifacts, this automatic segmentation 
did not always result in perfect segmentation. Thus, an expert 
grader carefully reviewed the images and manually corrected 
all incorrectly segmented cells using the GUI of our software.

For optic nerve axon counts, we followed procedures 
previously described [33]. Briefly, optic nerves from the 
Ad.cmv.BMP2 eyes (36 days) or non-infused contralateral 

eyes were fixed (4% paraformaldehyde, 1% glutaraldehyde, 
and 0.12 M phosphate buffer) overnight. The samples were 
processed and embedded in the Embed-812 resin mixture. 
Blocks were sectioned on an ultramicrotome (LKB Ultratome 
V; Leica, Paris, France) using a glass knife. Cross sections 
were stained with 1% toluidine blue and coverslipped. Axon 
counts were obtained using the AxioVision imaging system 
(Zeiss). Image analysis consisted of RGB thresholding, 
followed by size and form factor exclusions. Approximately 
40% of the total cross-sectional area for each optic nerve was 
counted, and the results were extrapolated to the entire nerve 
for each mouse.

Outflow facility and IOP measurement with direct cannula-
tion: Outflow facility measurements were conducted in living 
mouse eyes as previously described by Camras [34] and 
modified by us [31]. Briefly, for bilateral measurements two 
micropipette manipulators were used to place a microneedle 
in each mouse eye. Each microneedle was connected to a 
pressure tubing (0.05 inch inner diameter, Mallinckrodt, 
Hazelwood, MO) leading to a three-way stopcock. The 
stopcock was connected to a 5 ml syringe filled with PBS 
and to pressure tubing connected to a second three-way stop-
cock. A pressure transducer (Honeywell model 142PC05D, 
Honeywell Sensing and Control, Golden Valley, MN) and 
a vertical column of fluid (RenaPulse Tubing 0.08 mm ID, 
Braintree Scientific Inc., Braintree, MA) were connected 
to the second stopcock. The transducer was connected to a 
PowerLab data acquisition system (ML870/P PowerLab 8/30, 
ADInstruments, Colorado Springs, CO) linked to a computer 
running PowerLab software. One glass column (0.05 mm 
ID, Sulter Instrument Co., Novato, CA) was connected to 
the top of the vertical pressure tubing to ensure that the 
liquid was vertical and the inner diameter was uniform for 
outflow calculations. The height of the fluid in the column 
was adjusted using a fluid-filled syringe. Transducers were 
calibrated before each experiment to ensure accurate pres-
sure measurements. The height of the fluid of the column set 
the pressure in the system. The fluid exiting the system was 
proportional to the decline in the height of the column over 
time, and thus was used to determine the flow rate based on 
the dimensions of the fluid column. The average pressure 
over about 30 min was used due to the slight decline in pres-
sure over time. Before the needle was inserted in the anterior 
chamber, pressure transducers were zeroed in the tear film. 
Initial IOP was recorded as soon as the needle entered the eye. 
Under the stereo microscope, care was taken to make sure no 
leak was observed around the needle. Outflow facility data 
were excluded if the mouse died or leaking occurred during 
outflow facility measurements. Flow was measured at three 
pressures (about 17, 25, and 35 mmHg), a linear regression 
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analysis was performed, and the slopes of the pressure-flow 
relationships were compared between the paired control 
vs. BMP2 or control vs. GFP-treated eyes to determine the 
outflow facility. Separate animals were transduced with 
BMP2 or GFP to avoid bilateral injections in a single animal. 
This design included two control groups to compare to the 
BMP2 transduced eyes, uninjected control eyes and GFP 
transduced eyes. The latter was important to control for the 
protein load in the transduced cells.

Estimation of Young’s modulus of the TM: Our data here 
and previously [25] showed that the SC lumen decreased 
with increasing IOP in living mouse eyes. The decrease 
was presumably due to TM movement and deformation in 
response to the increase in IOP as observed in human eyes 
[35,36]; and the extent of the TM deformation depends on 
stiffness (E). To estimate this parameter, we made the 
following assumptions: (a) The SC lumen decrease was 
caused mainly by TM deformation, i.e., deformation of 
other tissues surrounding SC and the TM was negligible; (b) 
there was no change in the width of SC (long axis); (c) the 
pressure inside SC (PSC) was approximately independent of 
IOP; and (d) the TM was a linear elastic material when TM 
deformation was small. Based on these assumptions, E can 
be estimated using Equation 1 [36]:

 y IOP P
E

sc= − →−100 1( )  

where y is the percentage of the cross-sectional area of 
SC relative to that with no pressure difference across the TM. 
To make sure that the TM deformation was very small, we 
used Equation 1 to fit the experimental data obtained with 
IOP varying only between 10 and 25 mmHg in mice in which 
the iridocorneal angle was open. To make sure that the posi-
tioning of the OCT probe was consistent between animals for 
these measurements, we gathered one to two OCT volumes 
containing SC at the inferior lateral limbus at least three clock 
hours away from the iridotomy site. The negative slope of the 
linear regression of y on the IOP was 100/E.

Statistical analysis

Statistical significance test of means between each 
group was assessed with single-factor ANOVA and the 
Student t test. A value of p<0.05 was considered statistically 
significant.

RESULTS

Characterization of living mice that overexpress BMP2 
in conventional outf low tissues: Intracameral injection 
of Ad.cmv.BMP2 elevates IOP in rats [29]. To establish a 
mouse model of elevated IOP that could be followed over 

time with OCT, we transduced outflow cells by intracameral 
infusion of Ad.cmv.BMP2 (5×107 viral particles) using previ-
ously described methods we developed that selectively target 
outflow cells [31]. Instead of the monophasic IOP elevation 
observed in rats, we found that overexpression of BMP2 by 
TM cells elevated IOP in a biphasic pattern. As shown in 
Figure 1A, the IOP measured with TonoLab was significantly 
increased within 3 days after infusion of Ad.cmv.BMP2, 
peaking around 10 days (about 40 mmHg), and then drop-
ping to about 20 mmHg at 14 days. Interestingly, the IOP 
then began to increase again to about 25–30 mmHg after 16 
days for more than 20 days. The IOP in the control eyes, 
the contralateral non-transduced eyes and the Ad.cmv.GFP 
infused eyes, remained between 11 and 16 mmHg at all time 
points tested. The IOP difference in the comparison of the 
BMP2 eyes and the GFP control eyes reached statistical 
significance at all time points except at 14 days, the time 
when the pressure returned to nearly normal levels after 
the first phase of IOP elevation. The comparison of the IOP 
integral over 36 days between groups is shown in Figure 1B. 
Transduced human BMP2 gene expression levels in mouse 
outflow tissues were also examined. As shown in Figure 2, 
dramatic elevation in human BMP2 RNA expression in TM 
tissue dissected from transduced mice was found within 1 
week (about 20,000-fold) and returned to normal levels at 2 
weeks (about 70-fold), which is consistent with the observed 
IOP elevation at early time points and the decrease after 2 
weeks. Due to visible changes in the cornea of the BMP2 
transduced mice (peripheral corneal edema), we tested the 
IOP at three important time points (days 7, 14, and 36) by 
direct cannulation of the mouse anterior chambers. As shown 
in Figure 1, TonoLab appeared to overestimate the IOP by 
about 20 mmHg at day 7, was equivalent at day 14, and over-
estimated the IOP by about 10 mmHg at day 36 for the eyes 
transduced with BMP2. The TonoLab and direct cannula-
tion measurements of the GFP eyes were nearly identical 
at all three time points (Figure 1A). Regardless, while less 
dramatic, a similar biphasic pattern of IOP elevation was 
observed using the direct cannulation method for measuring 
the IOP, and importantly, the IOP was significantly different 
at days 7 and 36. Moreover, the results are consistent with a 
specific effect of BMP2 but not the GFP virus on the cornea, 
particularly during the first week.

To test whether increased IOP in BMP2-transduced 
mouse eyes was caused by dysfunction of conventional 
outflow tissues, outflow facility was measured in the living 
mouse eyes after intracameral infusion of Ad.cmv.BMP2 or 
Ad.cmv.GFP and compared to the non-transduced contralat-
eral eyes. Outflow facility was measured in living mice at day 
7, the time of maximum IOP elevation, BMP2 overexpression 
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in outflow tissues, and when the iridocorneal angle was open. 
As shown in Figure 1C, BMP2 overexpression significantly 
decreased outflow facility by 57.4% 7 days after the virus 
infusion compared to the contralateral control eye (non-
transduced). In contrast, in the Ad.cmv.GFP infused eyes, 
outflow facility showed no difference from the contralateral 
eyes at 7 days post-transduction (Figure 1C).

To examine whether elevated IOP in BMP2-tranduced 
mouse eyes impacts RGC viability, we counted the number 
of RGC axons and cell bodies in the affected and unaffected 
contralateral eyes 36 days after the virus infusion. Using 
Brn3a labeling of RGC bodies of retinas in flatmounts, we 

observed a significant 68% decrease in peripheral RGC 
bodies in the BMP2 eyes compared to the contralateral 
controls (Figure 1D and Figure 3). Similarly, Figure 1D shows 
that there were significantly fewer myelinated axons in the 
optic nerves of the BMP2 mice compared to the contralateral 
control eyes.

Conventional outflow disease progression with standard 
histology: The BMP2-overexpressing mouse eyes were 
analyzed with light and electron microscopy. The eyes were 
examined at two key time points, 7 and 36 days after virus 
infusion. Results show that the peripheral cornea and the 
trabecular meshwork of BMP2 eyes were clearly thickened at 

Figure 1. Characterization of the BMP2 mouse glaucoma model. A: Intraocular pressure (IOP) measurements over time from mice that 
transiently overexpress adenovirus-mediated BMP2 protein or green fluorescent protein (GFP) in iridocorneal angle tissues. Readings 
from TonoLab (T) and with direct cannulation (C) are compared to the untreated contralateral control eyes. B: Accumulated IOP insult is 
compared among the three groups over the 36-day measurement period. C: The outflow facility measurements in living mouse eyes that 
express BMP2 or GFP to the contralateral control eyes (CON) at 7 days post-viral infusion. D: IOP-mediated damage to retinal ganglion 
cells and myelinated axons in BMP2 mouse eyes at 36 days post-viral infusion. The IOP data represent mean ± SE; n=6 for the BMP2 
eyes; n=6–12 for the GFP eyes. CON is cumulative data from the contralateral control eyes of the BMP2 and GFP infused mice (n=12–18); 
*p<0.05 comparing BMP2 eyes to contralateral controls; #p<0.05 comparing BMP2 to GFP eyes. Facility and RGC/axon data are mean ± 
SE, n=3–4, *p<0.05 comparing BMP2 to untreated contralateral control eyes. 
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7 days post-transduction (Figure 4) compared to the contralat-
eral control eyes and the GFP control eyes. Corneal thickness 
in the BMP2-transduced eyes returned to normal at 36 days, 
but the TM remained thickened, and the iridocorneal angle 
was completely closed (Figure 4). According to transmission 
electron microscopy, the BMP2 eyes contained increased 
collagen fibril content in the TM at 7 and 36 days (Figure 4).

BMP2-mediated conventional outflow disease progression 
with OCT: To determine whether morphological and func-
tional changes in the conventional outflow pathway respon-
sible for the elevated IOP and depressed outflow facility in 
the BMP2-transduced mice could be visualized over time, 
we used ultrahigh resolution OCT (0.9 μm axial). Figure 

5 demonstrates that OCT imaging detected changes in the 
conventional outflow tissues over time, corresponding to the 
two phases of IOP elevation in the eyes that overexpressed 
BMP2. OCT showed that the iridocorneal angle of the BMP2 
mouse eyes was open 7 days after transduction; however, the 
angle was narrower on day 10, and completely closed by day 
23; the angle remained closed at all later time points (up to 90 
days). Interestingly, the SC lumen was open, and was similar 
to the controls at all times checked. Similar to the standard 
histological methods, OCT also detected clear thickening of 
the peripheral cornea in the BMP2 eyes compared to the GFP 
eyes at days 7 and 10, returning to almost normal parameters 

Figure 2. Human BMP2 RNA levels 
in mouse conventional outf low 
tissues. Adenovirus-encoding 
human BMP2 was infused intra-
camerally in the mouse eyes. At the 
indicated time points, the mouse 
outflow tissues (TM/SC) from the 
virus-infused eyes and the contra-
lateral control eyes were dissected, 
and the total RNAs were isolated. 
The data show BMP2 gene expres-
sion levels with quantitative real-
time PCR normalized to the mouse 
β-actin mRNA. The data represent 
mean ± SD, N=3.

Figure 3. Assessment of damage to peripheral retinal ganglion cells and optic nerves in the mouse eyes that overexpressed BMP2 in conven-
tional outflow tissues. Thirty-six days after the viral infusion, the mouse eyes and the optic nerves were collected. A: An image from the 
periphery of the flatmounted retinas of transduced mouse eyes that were immunostained with Brn3a immunoglobulin G (IgG) and imaged 
with epifluorescence microscopy. B: The morphology of the myelinated axons (toluidine blue stained) of mice 36 days after intracameral 
transduction with BMP2. The data are representative of images taken of four mice.
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Figure 4. Morphological assessment of iridocorneal tissues of BMP2 mouse eyes with standard histological methods. Mouse eyes were 
fixed, and anterior segments (four quadrants) were processed for Epon embedding and sectioning (0.5 µm) at 7 and 36 days after Ad.cmv.
BMP2 infusion. Sections were stained with 1% methylene blue, and images were captured digitally using light microscopy (top panels). The 
bottom panels show the ultrastructure of the mouse outflow tissues (65 nm sections stained with uranyl acetate/lead citrate) with transmission 
electron microscopy (TEM). The images are representative images of those taken from three mice in each group. Asterisk indicates the 
location of Schlemm’s canal lumen; CB=ciliary body; CF=collagen fibrils; arrow points to iris synechiae (closed angle).
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in the BMP2 eyes compared to the contralateral control eyes 
after 36 days.

Responses of conventional outflow tissues to IOP gradients 
visualized with OCT: We have recently shown that OCT 
resolves SC collapse caused by IOP elevation [25]. Here we 
investigated the impact of BMP2 or GFP overexpression on 
SC lumen dimensions in anesthetized mice with open irido-
corneal angles and anterior chambers cannulated, and then 
challenged with sequential pressure gradients. Figure 6A 
shows that the SC lumen in the GFP and BMP2 transduced 
mouse eyes continued to decrease with sequential increases 
in IOP. Although we observed no significant differences 
between the GFP and BMP2 eyes at 7 days post-transduction, 
OCT showed significant differences in responses at day 10, 
and morphology and responses at 36 days post-transduction 
(Figure 6A). At 36 days, the SC lumen remained open during 
the IOP steps, and the angle remained closed. A summary of 
the analysis of the SC lumen area, comparing the BMP2 mice 
at 7, 10, and 36 days to the GFP control is shown in Figure 6B. 
We used the IOP versus SC lumen area relationship to roughly 

estimate the Young’s modulus of the TM (E), a measure of 
tissue stiffness. Figure 7 shows an example of how the SC 
area was segmented on the OCT images. A summary of the 
stiffness estimates for the eyes only tested with open irido-
corneal angles is shown in Table 1. For example, in the control 
eyes, E was 2.16 kPa, and there was a slight increase in E in 
eyes expressing GFP on day 7 but returned to near normal 
levels by day 36. In contrast, E increased by about 20% in the 
BMP2 eyes on day 7 and more than doubled on day 10 after 
transduction with the virus.

DISCUSSION

The present study showed for the first time that glaucomatous-
like disease progression in a mouse can be assessed morpho-
logically and functionally with OCT. Following intracameral 
gene delivery of human BMP2 to conventional outf low 
cells, a biphasic pattern in the outflow tissue morphology, 
stiffness, and IOP was observed over time. During the first 
phase, the trabecular meshwork and the cornea thickened, the 

Figure 5. Monitoring disease progression of murine conventional outflow tissues overexpressing BMP2 using OCT. Shown are averaged 
intensity optimal coherence tomography (OCT) images of anterior angle tissues in the sagittal orientation 7, 10, 23, 36, or 90 days after 
infusion of adenovirus-encoding BMP2 or naive contralateral control (CON). All eyes were cannulated and held at 10 mmHg during the 
imaging sessions. A total of 14 mice were used in these experiments; representative data from one mouse (of three total) at each time point 
are shown. The exception is that only two mice were imaged at 90 days. Asterisk indicates the location of Schlemm’s canal lumen; red 
brackets indicate peripheral corneal thickness; CB=ciliary body. The arrow shows iris synechiae (closed angle).
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Figure 6. OCT imaging of conventional outflow tissues overexpressing BMP2 or GFP challenged with IOP gradients. After Ad.cmv.BMP2 
or Ad.cmv.GFP infusion into one eye, the anesthetized mice were secured in a custom imaging platform. Eyes were cannulated with a glass 
needle to control and monitor intraocular pressure (IOP). The optical coherence tomography (OCT) probe was focused on an open Schlemm’s 
canal (SC, asterisks), and images were captured at sequential IOPs of 10, 15, 20, 25, 30, 35, 45, and finally back to 10 mmHg. A: The averaged 
intensity images of the BMP2 mouse eyes subjected to four of these pressure steps over time compared to the control. Data shown were taken 
from different mice at each time point (representing a total of 12 that were imaged). CB=ciliary body. B: Quantitative analysis of Schlemm’s 
canal lumen area in OCT images at sequential changes in cannulation-induced intraocular pressure. ImageJ software was used to analyze 
the OCT images captured from mice that were subjected to sequential changes in IOP as displayed in panel A. Data are normalized to the 
initial IOP of 10 mmHg to facilitate comparisons between animals, which had initial SC lumen dimensions that varied. Data represent mean 
± SD, *p<0.05 comparing green fluorescent protein (GFP) and BMP2 eyes at 7, 10, and 36 days after viral infusion. All data are from mice 
with open iridocorneal angles, except BMP2 mice at 36 days, which had closed angles for comparisons.
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iridocorneal angle was open, and the IOP and outflow tissue 
stiffness doubled, which lasted about 10 days. However, 
around day 14 the IOP decreased to nearly normal levels and 
remained lower for about a week. During this time interval, 
OCT revealed that the iridocorneal angle began to close, with 
complete anterior synechia by day 23 when the IOP began to 
rise again. The IOP remained elevated and the iridocorneal 
angle closed for all subsequent measurements. Thus, BMP2 
overexpression mediates pathophysiological changes in 
the conventional outflow tissues of mice that resulted first 

in open-angle ocular hypertension and then progressing to 
angle-closure glaucoma.

In the posterior eye, OCT has been used in the clinic 
to identify stages of punctate inner choroidopathy [37] and 
short-term changes in basal laminar drusen in age-related 
macular degeneration [38] in human eyes. OCT has also been 
used to follow changes in the optic nerve head [39] and the 
retina nerve fiber layer thickness [40] in experimental glau-
coma induced in monkey eyes. In the anterior eye, OCT has 
been used to detect spontaneous deflation of an iris pigment 

Figure 7. Example of SC lumen 
segmentation derived from OCT 
images of mouse eyes subjected to 
changes in IOP. In the left column 
are the average intensity images of 
the same region of a mouse anterior 
eye held sequentially at 10, 25, 45, 
and 10 mmHg. In the right column, 
the images are reproduced, and the 
SC lumen is outlined and high-
lighted. Asterisk shows the location 
of the SC lumen. CB=ciliary body. 
Images shown were obtained from 
one mouse out of a total of three 
control mice that were segmented.
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epithelial cyst in a case report [41]. OCT also followed 
progressive corneal edema in a transgenic mouse model of 
a congenital hereditary endothelial dystrophy [42]. However, 
to our knowledge, this is the first study to follow progressive 
changes in iridocorneal angle tissues in a mouse model of 
glaucoma with OCT.

Using a custom mouse holder equipped with a microma-
nipulator, we simultaneously changed the IOP and monitored 
the effects on conventional outflow structures using OCT to 
derive information about TM stiffness. We observed that 
SC was more resistant to collapse in the eyes that overex-
pressed BMP2 versus GFP. These data are consistent with 
our previous findings that showed increased resistance of SC 
to collapse in mouse eyes treated with pilocarpine [25]. In 
the previous study, increased stiffness in the TM was caused 
by the tension created on the TM through ciliary muscle 
contraction. In the present study, it appeared that increased 
stiffness was the result of BMP2-mediated changes in the 
extracellular matrix of the TM. Stiffness of the TM can be 
detected with atomic force microscopy in human donor eyes 
[43], but not currently in mouse eyes due to technical difficul-
ties (smaller tissues and thinner TM layer). However, using 
a previous published method [36], we estimated the stiffness 
of the mouse TM by measuring the SC collapse following 
changes in the pressure difference across the TM. Impor-
tantly, we resolved differences between the GFP and BMP2 
overexpressing TMs (in eyes with open iridocorneal angles) 
using this method. Interestingly, our measurements of the TM 
stiffness in the mouse are comparable (2–5 kPa) with direct 
atomic force microscopy (AFM) measurements of human TM 
from non-glaucomatous cadaveric eyes [43].

BMP2 belongs to the BMP family of proteins, part of 
the TGFβ superfamily [44-46]. Similar to TGFβ2-mediated 
increases in extracellular matrix accumulation, we found 
extensive extracellular matrix deposition in the TM of the 
BMP2 transduced eyes, making the TM much thicker than 
normal. Transmission electron microscopy showed that the 
thickened TM was in part due to a dramatic increase in the 

number of collagen fibrils present in the TM. It has been 
shown previously that overexpression of BMP2 by trabecular 
meshwork cells in culture induces collagen type I alpha 1 
mRNA expression at a level 41-fold over untreated cells [29]. 
Thus, the TM appears fibrotic following BMP2 overexpres-
sion, consistent with the stiffness increase observed in this 
study.

OCT of living mouse eyes that overexpressed BMP2 
also detected early swelling of the cornea. This observation 
motivated us to reevaluate the IOP using a direct method, 
in addition to rebound tonometry, which relies on corneal 
properties to accurately estimate the IOP. A direct measure-
ment of the IOP with cannulation of the anterior chamber 
was used to determine the impact of corneal swelling on 
the tonometry measurements. Although the IOP was clearly 
elevated and biphasic over time in the BMP2 mice, tonometry 
overestimated the IOP during the first phase of the disease 
procession. In contrast, the pressure data from both methods 
were similar during phase 2, consistent with the corneal 
thickness returning to normal. Cornea edema and thickness 
in phase 1 may be induced by the acute elevation of the IOP 
[47-49] and/or by overexpression of BMP2 in the peripheral 
corneal endothelial cells. Thus, BMP2 overexpression may 
provoke the immune system, similar to other members of the 
TGFβ family [50,51]. With transmission electron microscopy, 
we observed immune cells in the TM of the BMP2 trans-
duced mouse eyes (not shown), similar to findings in other 
model systems [50]. In addition, TM pathology may in part 
be mediated by immune responses to viral vectors; however, 
the GFP transduced eyes appear indistinguishable from the 
non-transduced controls.

The present study extended work reported recently 
showing that BMP2 overexpression in rat eyes results in 
ocular hypertension [29]. This study also used adenovirus as 
a gene delivery vehicle, subjecting rats to a virus load similar 
to the present study. Results of BMP2 overexpression in rats 
showed that the IOP started to increase at 7 days post-injec-
tion, about two to three times that of the control eyes, and 

Table 1. esTimaTed Young’s modulus (e) of Tm in Cd1 
mouse eYes overexpressing bmp2 or gfp.

Mouse IOP 100/E (mmHg) E (kPa)
Naive Control 13.15±2.27 6.16 2.16

GFP/7 days 10.69±2.66 4.74 2.82
BMP2/7 days 19.7±2.1 3.86 3.46
BMP2/10 days 24.3±4.8 2.66 5.01
GFP/36 days 12.44±4.38 6.06 2.20

IOP: intraocular pressure
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remained elevated for 48 days measured with either TonoLab 
or Tono-Pen. In comparison, in the present study, the IOP in 
the BMP2 mouse eyes was elevated within 2–3 days post-
infusion, and the highest level was about three times over 
the control eyes according to TonoLab. Although corneal 
opacity was reported in about 30% of the BMP2 rat eyes, 
gross changes in the iridocorneal angle and the TM were 
not detected; however, light microscopy revealed increased 
abundance of the extracellular matrix in some of the TMs in 
the BMP2 rats after 76 days. In the present study, we did not 
observe corneal opacity but peripheral corneal edema, which 
occurred in all of the mice. By 29 days after the BMP2 virus 
injection in rat eyes, about 34% of peripheral RGCs were 
lost compared to null virus. In contrast, at 36 days post-viral 
infusion, we observed 68% of peripheral RGCs and about 
36% of the myelinated axons were lost in the mouse eyes that 
overexpressed BMP2. This is compared to the approximate 
20% axon loss for the bead glaucoma model in C57/BL6 mice 
[52], which are less susceptible to damage [6]. Unlike mice, 
the iridocorneal angle of BMP2 rats does not close at later 
time points. Also different in the present study was the use of 
OCT, transmission electron microscopy, IOP measured with 
direct cannulation of anterior chamber, and outflow facility 
measurements in BMP2 mice.

OCT is a valuable tool and routinely used in the clinic 
for detecting and managing ocular diseases because of the 
noncontact, noninvasive, real time, and non-toxic features. 
OCT has been used to determine the stages of angle closure 
in closed-angle glaucoma [53,54]. OCT was also used to show 
that SC is smaller in eyes with primary open-angle glaucoma 
(POAG) compared to normal control eyes [24,55]. However, 
POAG has many subtypes, and glaucomatous eyes show a 
spectrum of responses to treatments. Our study successfully 
visualized changes, both morphological and functional, in 
conventional outflow tissues of mice transduced with BMP2. 
This BMP2-induced mouse ocular hypertension model 
provides the first proof of concept that OCT has the potential 
to detect early changes in the conventional outflow pathway 
in those with ocular hypertensive glaucoma and to follow 
disease progression and treatment efficacy.
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