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Purpose: To establish a robust experimental model of glaucoma in the common
marmoset (Callithrix jacchus), a New World primate, using an intracameral microbead
injection technique.

Methods: Elevated intraocular pressure (IOP)was inducedbyan injectionof polystyrene
microbeads. Morphologic changes in the retina and optic nerve of glaucomatous eyes
were assessed and electroretinogram (ERG) recordings were performed to evaluate
functional changes.

Results:Microbead injections induced a sustained IOP elevation for at least 10 weeks in
a reproduciblemanner. At the end of the 10-week experimental period, therewas signif-
icant loss of retinal ganglion cells (RGCs) in all quadrants and eccentricities, although it
was more prominent in the mid-peripheral and peripheral regions. This was consistent
with a thinning of the Retinal nerve fiber layer (RNFL) seen in spectral domain optical
coherence tomography scans. Surviving RGCs showed marked changes in morphol-
ogy, including somatic shrinkage and dendritic atrophy. Retinas also showed significant
gliosis. The amplitude of the ERG photopic negative response, with subsequent a- and
b-wave changes, was reduced in glaucomatous eyes. The optic nerve of glaucomatous
eyes showed expanded cupping, disorganization of the astrocytic matrix, axonal loss,
and gliosis.

Conclusions: We developed a robust and reproducible model of glaucoma in the
marmoset. The model exhibits both structural and functional alterations of retina and
optic nerve characteristic of glaucoma in humans and animal models.

Translational Relevance: The glaucoma model in the marmoset described here forms
a robust method to study the disease etiology, progression, and potential therapies in a
nonhuman primate, allowing for more effective translation of animal data to humans.

Introduction

Glaucoma, a major cause of vision impairment
worldwide, is often associated with elevated intraoc-
ular pressure (IOP) and characterized by progressive
degeneration of retinal ganglion cells (RGCs) and
more distal retinal neurons.1,2 Studies using animal
models of glaucoma have made significant contribu-
tions to our understanding of themechanisms underly-
ing the disease etiology and progression. Most animal
studies of glaucomapathophysiology and development
have been conducted in rodents due to their practical-
ity, cost-effectiveness, and availability of genetic lines.

However, the anatomy of the retina, optic nerve, and
central visual pathways in rodents differs markedly
from those in humans.3–5 Therefore, to validate results
gleaned from rodent models of glaucoma and trans-
late them to human treatments, studies have turned to
glaucoma models in nonhuman primates (NHPs).6,7
Over the past few decades, experimental NHP models
of glaucoma have been developed based mainly on
laser photocoagulation of the perilimbal region,8–11
cauterization of episcleral veins,12 hypertonic saline
injection into the episcleral veins,13 and intracameral
injection of microbeads.14–17

While studies of these various NHP glaucoma
models have furthered our understanding of the
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disease process, their use has encountered signifi-
cant downsides. These include impracticalities such
as ethical issues involving large NHP use and care,
high animal costs, variability of results, and the inabil-
ity to genetically manipulate animals. Moreover, NHP
models often rely on complex surgical interventions
to elevate IOP that can cause ocular inflammation
and flattening of the anterior chamber, thereby result-
ing in unwanted variability in the magnitude and
duration of IOP changes. In this regard, the microbead
occlusion model, first developed for the mouse,18 has
proven advantageous in its ability to produce consis-
tent, sustained elevations of IOP without complex
surgical intervention and the resulting risk of serious
intraocular inflammation.14–16,19

The common marmoset (Callithrix jacchus), a
small-bodied New World monkey, is considered an
excellent model for vision research in that they are
relatively easy to handle, breed well in captivity, share
visual acuity and foveal specializations to other NHPs
and humans, and have been successfully used for trans-
genic studies.20–22 In fact, the common marmoset is
listed as a key animal model for gene editing in the
National Institutes of Health (NIH) BRAIN Initia-
tive (RFA-DA-21-006) supported by the National Eye
Institute (NEI). The marmoset thus represents a desir-
able subject for creation of an NHP glaucoma model.
To the best of our knowledge, only one study has estab-
lished a marmoset ocular hypertension model using
laser trabeculoplasty.10 However, the authors reported
that the extent and duration of elevated IOP levels after
laser treatment were inconsistent across treated eyes.

Here, we describe a new, robust, and repro-
ducible microbead occlusion model of glaucoma in
the common marmoset. Our model shows many
structural and functional abnormalities phenotypic
of glaucoma,2,23 including a sustained elevation of
IOP for at least a 10-week period, reduction of
electroretinogram (ERG) waveform amplitude, signif-
icant remodeling of RGC dendritic structure followed
by cell loss, Retinal nerve fiber layer (RNFL) thinning,
structural changes and axonal loss in the optic nerve,
and reactive gliosis in both retina and optic nerve.

Methods

Experimental Animals

Experiments were performed on common
marmosets (Callithrix jacchus) of both sexes with
initial ages 12 to 14 months. Animals were kept under
a 12:12-hour ambient light cycle and fed ad libitum.
All animal procedures followed the NIH Guide for

the Care and Use of Laboratory Animals, as well
as the ARVO Statement for the Use of Animals in
Ophthalmic and Vision Research, and were approved
by the Institutional Animal Care and Use Committee
(IACUC) at the State University of New York College
of Optometry.

IOP Elevation by Microbead Injection

Experimental glaucoma was initiated by IOP eleva-
tion induced with an intracameral injection of 10-μm
diameter polystyrene microbeads (Invitrogen, Carls-
bad, CA, USA) into the anterior chamber, as previ-
ously described in a mouse model of glaucoma.18,19
Animals were anesthetized (alphaxalone, 15 mg/kg
body weight, intramuscular [IM]) and placed on a
warm heating pad. Body temperature, respiration rate,
heart rate, and peripheral capillary oxygen satura-
tion (SpO2) were monitored during the procedure.
Injections were performed unilaterally with a 25-μL
microbead suspension (∼14.4 × 107 microbeads) using
a 30-gauge needle connected to a microsyringe. The
cornea was gently punctured using a 30-gauge needle
prior to intracameral injections. The microbead injec-
tion was repeated at week 4, which maintained elevated
IOP for at least 10 weeks. An equivalent volume of
phosphate-buffered saline (PBS) was injected into the
contralateral eyes at weeks 0 and 4 to serve as a sham
control. Animals were closely monitored after injec-
tions for eye inflammation, anterior chamber flares,
or scleral leakage, which were not seen in the four
experimental animals in this study. Animals were less
active for a day or two after injection but returned
to normal social behavior afterward. For tissue collec-
tion at study termination, animals were anesthetized
(alphaxalone, 15 mg/kg body weight, IM) prior to
euthanization (Beuthanasia-D, 0.5 mL/100 g, intrac-
ardiac (IC)). Enucleations were then performed, and
retinas were isolated and assessed histologically for
structural and cellular changes.

IOP Measurements

IOP measurements were made using a veterinary
tonometer Tono-Pen Avia Vet (Reichert Technolo-
gies; Dan Scott and Associates, Westerville, OH,
USA). Measurements were performed 10 minutes after
anesthetizing the animals with an intramuscular injec-
tion of alphaxalone (15 mg/kg body weight) and
topical application of 0.5% proparacaine. Subsequent
measurements were performed weekly between 10 am
and 12 pm to minimize the effect of diurnal IOP varia-
tion. Five to six measurements were obtained per eye
and averaged.
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Spectral Domain Optical Coherence
Tomography Imaging

Spectral domain optical coherence tomography
(SD-OCT) was performed using the Bioptigen SD-
OCT (Leica Microsystems, Inc., Buffalo Grove, IL,
USA) at baseline prior to bead injection and at the
end of treatment prior to tissue collection. The SD-
OCT provided high-resolution cross-sectional retinal
scans and fundus images of the marmoset retina
using rectangular volume retinal scans (12 × 12 mm2,
700 A-scans/B-scans and 70 B-scans and 5 frames/B-
scans)24,25 while the animals were anesthetized (alfax-
alone 15 mg/kg body weight, IM) and wore custom-
made rigid contact lenses of +0.00 diopters (D) to
prevent tear film evaporation.

The scan segmentation was performed at the same
location pre- and posttreatment. The software we
used for SD-OCT imaging did not provide automated
calculation of Bruch’s membrane opening (BMO) or
minimum rim width. We therefore calculated the cup
size manually using Bruch’s membrane as a reference
point from which the rim parameters of the optic
nerve head were computed. The BMO represents the
boundary of the optic disc. The minimum distance
between BMO and the inner limiting membrane was
taken as a geometrically accurate estimate of the rim
width, called BMO-MRW, which has been found to
have higher sensitivity than peripapillary RNFL thick-
ness measures in glaucoma.26

To assess RNFL thickness changes in microbead-
injected eyes as compared to controls, the SD-OCT
scans were automatically segmented using Iowa Refer-
ence Algorithms (Retinal Image Analysis La; Iowa
Institute of Biomedical Imaging, Iowa City, IA, USA).
Measurements were centered at the fovea and in
expanding concentric quadrants for 2.5mm.Data were
plotted as color, territorial heatmaps using MATLAB
software (MathWorks, Natick, MA, USA).

Immunohistochemistry

The immunohistochemical methods have been
described previously for the mouse retina.19 Briefly,
the eyecups were fixed with 4% paraformaldehyde in
0.1 M PBS, pH 7.4, for 30 minutes at room tempera-
ture and washed extensively with 0.1 M PBS. Retinal
wholemounts were dissected and then blocked in 0.1M
PBS containing 10% normal donkey serum (NDS), 1%
bovine serum albumin (BSA), and 0.5% Triton X-100
for 1 hour. Tissues were then incubated with primary
antibodies diluted in 0.1 M PBS containing 3% NDS,
1% BSA, and 0.1% Triton X-100 for 48 hours at 4°C.
After an extensive washing in 0.1 M PBS, tissues were

incubated for 2 to 4 hours in secondary antibodies.
Tissues were then mounted in Vectashield media with
DAPI (H-1200; Vector Labs, Burlingame, CA, USA).
The primary antibodies used were anti-GFAP (1:1000,
Neuromics, Edina, MN, USA) for astrocyte and
Müller cell gliosis, anti-Brn3a for RGC somata (1:500;
Santa Cruz Biotechnology, Dallas, TX, USA), and
anti-SMI32 (1:2000; Covance, Princeton, NJ, USA) for
RGC dendrites and axons. The secondary antibod-
ies used were donkey anti-rabbit/mouse/goat conju-
gated with Alexa 488/594/633 (1:200; Life Technolo-
gies, Carlsbad, CA, USA). Images of immunolabeled
tissues were taken with an Olympus FV1200 MPE
confocal microscope (Olympus, Tokyo, Japan) with
20× or 40× (oil immersion) objectives.High-resolution
(1024 × 1024 pixels) Z-stack images were taken using
step sizes of 0.7 to 2.0 μm, compiled to a single plane
and analyzed quantitatively with Fluoview FV1000
and/or ImageJ (NIH) software. The brightness and
contrast of micrographs were adjusted using Photo-
shop CS6 (Adobe, San Jose, CA, USA).

Optic Nerve Preparation and
Immunostaining

Globes attached with optic nerves were isolated
and then dissected ∼1 mm anterior to the optic nerve
head. The posterior part of the eye with optic nerve
was fixed with 4% paraformaldehyde in 0.1 M PBS,
pH 7.4, for 30 minutes at room temperature. Tissues
were then cryoprotected sequentially in 10%, 20%,
and 30% sucrose and embedded in tissue freezing
medium (Electron Microscopy Science, Hatfield, PA,
USA), after which 10-μm-thick frozen sections were
cut through the lamina cribrosa region. Cross sections
were blocked and immunostained for anti-GFAP and
anti-SMI32 primary antibodies as described above and
mounted on a glass slide with Vectashield medium
containing the nuclear stain DAPI.

Assessment of Retinal Injury and Neuronal
Loss

The detailed methods to evaluate neuronal loss
and morphologic changes have been described previ-
ously.19 Confocal images of retinal whole mounts were
obtained at 40×magnification andmeasurements were
made using Fluoview software (Olympus). To assess
structural changes in RGC dendrites and axons caused
by high IOP, we used ImageJ analysis software (NIH,
Bethesda, MD, USA) to quantify the number of
pixels with immunolabels above background in images
obtained from retinal whole mounts. The number
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of pixels positive for a particular marker was then
divided by the total number of pixels in the image
and presented as a percentage of covered area. These
measures were independent of differences in the inten-
sity of label within or across retinas as the analy-
sis was performed with grayscale thresholding. RGCs
were counted separately in at least four retinal areas of
300 × 300 μm, located in the central, mid-peripheral,
and peripheral regions within the superior, inferior,
nasal, and temporal retinal quadrants. The values for
eccentricities were taken as distances from the fovea
pit according to previous studies,27,28 as central (1.5–
2 mm), mid-peripheral (2–4 mm), and peripheral (>4
mm). Cell counts for each eccentricity and quadrant
were converted to cells/mm2 and averaged across four
retinas for each control and experimental condition.

Using ImageJ software, the dendritic length of
SMI32-positive RGCs was computed as the length of
the longest branch from the insertion point of the
primary dendrite at the soma to the ending of the
terminal dendrite. The dendritic perimeter was also
computed with ImageJ by forming a box around the
dendritic terminal endings and summing the length of
the perimeter segments. All data were imported into
Sigmaplot software (Systat Software, San Jose, CA,
USA) and histograms were constructed.

Electrophysiology

Animals were anesthetized with a combination of
acepromazine (0.25 mg/kg body weight, IM), ketamine
(25 mg/kg body weight, IM), and dexmedetomidine
(0.5 mg/kg body weight, IM) and placed on a warm
heating pad. This combination of drugs was found
to provide adequate anesthesia without attenuation of
ERG waves. ERG recordings were performed and the
a-wave, b-wave, and the photopic negative response
(PhNR) were analyzed.29 Body temperature, respira-
tions, SpO2, and pulse rate were monitored every 15
minutes during recording. Responses were averaged
over 5 to 50 stimuli. For all recordings, the largest
Fourier component at 60 Hz was removed digitally to
simulate a notch filter with no phase distortion having a
bandwidth <0.02 Hz. Due to IACUC-imposed limita-
tions of one protocol under anesthesia per week and
the allowable length of a protocol under anesthesia,
ERG recordings could be made from only one eye in
a single session.

Statistics

Data are presented as mean ± SEM from at
least three independent experiments. Sample sizes
were calculated from a power analysis using pilot

data obtained in our laboratory under the following
assumptions: α = 0.05 and power = 0.8. Eyes that
showed signs of inflammation or cataract, which were
limited to early pilot experiments, were excluded from
analysis. Samples were allocated to their experimen-
tal groups, and therefore there was no randomization.
To compare the numbers between two experimental
groups, we used a two-tailed Student’s t-test. Values of
P < 0.05 were considered statistically significant.

Results

Sustained IOP Elevation Following
Microbead Injection

We induced experimental glaucoma in the
marmoset by unilateral microbead injections. Follow-
ing the initial injection at week 0, we observed a rise
in the IOP at week 2, which declined through weeks
3 and 4. Therefore, a second microbead injection was
performed at week 4, which resulted in a significantly
elevated IOP that was sustained over the 10-week
experimental period, averaging 38.8 ± 2.6 mm Hg as
compared to the control average of 20.3 ± 0.7 mm Hg
(P < 0.01, n = 4 animals) (Fig. 1A). This elevation of
the IOP was consistent across all four animals over the
10-week period.

The Effects of IOP Elevation on the ERG

To study the effects of elevated IOP on retinal
function, we compared the photopic flash ERG
recorded under control conditions and at 8 and 10
weeks after the initial microbead injection (Fig. 1B).
Due to IACUC-imposed limitations to the number and
duration of protocols per week under anesthesia, ERG
recordings from individual animals were made from
microbead-injected eyes but were not possible from the
contralateral control eyes. The control ERG waveform
we used was therefore the average of recordings made
from 15 control animals averaging 11 months of age,
closely matching that of the four experimental animals.
The control response showed a gradual increase in
a-wave, b-wave, and PhNR amplitudes with increas-
ing flash intensity (average maximum amplitude [at 26
Phot cd-s/m2]: PhNR = 41 ± 14 μV; a-wave = 50
± 12 μV; b-wave = 100 ± 31 μV). Relative to these
control responses, we observed a selective reduction
in the PhNR at 8 weeks when the a- and b-waves
showed relatively normal amplitudes in all four experi-
mental animals (average maximum amplitude: PhNR
= 32 ± 5 μV; a-wave = 52 ±12 μV; b-wave = 90 ±
27 μV). At 10 weeks, the PhNR amplitude continued
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Figure 1. Effects of IOP elevation generated by microbead injec-
tion on the flash ERG. (A) Data showing sustained IOP elevation for
a 10-week period, beginning at 2 weeks after an initial microbead
injection followed by a second injection at week 4 (arrow) compared
to control (sham injection of PBS) eyes. **P < 0.01. (B) Full-field
photopic flash ERG recordings from an individual marmoset in
response to increasing stimulus strengths at 8 weeks (blue) and 10
weeks (green) after initial microbead injection. This is compared to
the control ERG recordings, which is an average of the responses
from 15 age-matched control animals (red). The PhNR inmicrobead-
injected eyeswasmarkedly reduced fromcontrol levels beginning at
8 weeks, whereas significant reduction of the a- and b-wave ampli-
tudes was not seen until 10 weeks.

to decrease, but we now observed a significant reduc-
tion in amplitude and delay in the peak response times
of the a- and b-waves, compared to control values
in all four experimental animals (average maximum
amplitude: PhNR = 18 ± 6 μV; a-wave = 19 ± 8 μV;
b-wave = 33 ± 15 μV).

Given the cellular origin of the PhNR,29,30 its
selective reduction at 8 weeks after bead injection is

suggestive of early damage limited to RGCs. The
subsequent changes seen in the a- and b-waves, with
origins in photoreceptors and bipolar cells, respec-
tively, suggest a pattern of late damage that encom-
passes neurons in more distal layers,31,32 consistent
with previous reports.33–35

Morphologic Changes of RGCs Following IOP
Elevation

We next assessed the loss of RGCs in glaucoma-
tous eyes by comparative histochemical analysis of
retinas from control eyes and those obtained 10 weeks
after the initial microbead injection. We also inves-
tigated changes in glial cell activity, termed reactive
gliosis, which results in an upregulation of GFAP
expression in astrocytes and retinal Müller cells.36
Retinal whole mounts from control and glaucomatous
eyes were double immunostained with anti-Brn3a to
identify RGCs37 and with anti-GFAP to assess gliosis.
Measurements were made from the central, mid-
peripheral, and peripheral regions within the superior,
inferior, nasal, and temporal retinal quadrants.

In control eyes, we observed a steep decline in the
density of RGCs from center to peripheral retina, 7200
± 800 cell/mm2 to 1055± 30 cells/mm2, consistent with
earlier findings in primate retina28,38 (Figs. 2A, 2B, 2C,
2G). However, we found no significant difference in
RGC counts in the four retinal quadrants at the
same retinal eccentricity (i.e., central, mid-peripheral,
or peripheral regions). At 10 weeks after the initial
microbead injection, we found amarked decrease in the
density of Brn3a-positive RGCs at all three eccentrici-
ties, but cell loss was more prominent within the mid-
peripheral and peripheral regions (Figs. 2D, 2E, 2F,
2G). Glaucomatous eyes showed a ∼31% (P < 0.05,
n = 4 eyes) reduction in RGC density in central retinas,
whereas the number of RGCswithin themid-periphery
and periphery was reduced by ∼47% (P < 0.001, n = 4
eyes) and ∼60% (P < 0.0001, n = 4 eyes), respectively
(Fig. 2G).

We observed a relatively low expression of GFAP
immunolabeling in control marmoset eyes and a
modest increase in labeling from peripheral to central
retina (Figs. 2A, 2B, 2C, 2H). At 10 weeks after
the initial microbead injection, we found a significant
increase in GFAP expression, indicating prominent
gliosis in the retina. Interestingly, the increase in GFAP
was essentially the same, 440% to 450%, within the
central, mid-peripheral, and peripheral regions (P <

0.0001, n = 4 eyes) (Fig. 2H).
In glaucoma, RGCs undergo a pattern of degener-

ation that includes early remodeling of the dendritic
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Figure 2. Territorial RGC loss and gliosis in glaucomatous marmoset eyes. (A–C) Confocal images from the central, mid-peripheral, and
peripheral regions of control retinas immunostained with anti-Brn3a and anti-GFAP to visualize RGCs and astrocytes, respectively. Scale bar:
50 μm. (D–F) Confocal images of retinas at 10 weeks after the initial microbead injection. Conventions are the same as in panels A–C. Scale
bar: 50 μm. (G) Histogram showing the number of RGCs at different eccentricities in control retinas and in retinas at 10 weeks after initial

→
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←
microbead injection. (H) Histogram quantifying GFAP expression in control retinas and retinas at 10 weeks after initial microbead injection.
Projection of three images, z = 1 μm for all images. For all histograms, n = 3 control retinas and n = 4 microbead-injected retinas. Data are
presented as mean ± SEM. *P < 0.05, ***P < 0.001.

Figure 3. Effect of elevated IOP on dendritic morphology of presumed α-RGCs. (A) Confocal image of α-RGCs in peripheral retina whose
dendrites are labeled with anti-SMI32 and somata labeled with anti-Brn3a. Scale bar: 50 μm. (B) At 10 weeks after the initial microbead injec-
tion, there is a marked loss of α-RGCs, with surviving cells showing reduced dendritic branching and soma shrinkage. (C) Histogram quanti-
fying the reduced number of SMI32-positive α-RGCs at 10 weeks after initial microbead injection compared to control values. (D) Histogram
comparing the mean soma size of α-RGCs in normal and glaucomatous retinas. (E, F) Histograms quantifying the reduced dendritic length
and perimeter of the dendritic fields of α-RGCs in glaucomatous retinas as compared to controls. For all histograms, n = 3 control retinas
and n= 4 retinas in microbead-injected eyes. Projection of seven images, z= 1-μm steps for panels A and B. Data are presented as mean±
SEM. *P < 0.05, ***P < 0.001.

arborization followed by shrinkage of the cell soma,
which ultimately leads to cell death.39,40 We there-
fore examined morphologic alterations of surviving
RGCs in glaucomatous retinas at 10 weeks after the
initial microbead injection. Whole-mount retinas from
control and glaucomatous eyes were double immunos-
tained for Brn3a and for the nonphosphorylated neuro-
filament marker SMI32, which has been used to label
somas, axons, and dendrites of α-RGCs in cats and
rodents.41–43 Althoughwe are not aware which cell type
in the marmoset is the homologue of α-RGCs, the
SMI32-positive cells we observed had similar features,

including large somata, 18 ± 0.6 μm in diameter, long
and thick primary dendrites, predominant location in
the peripheral retina, and a low 4% to 5% proportion
of the entire RGC population (Fig. 3A). At 10 weeks
after the initial microbead injection, the number of
SMI32-positiveRGCswas reduced by∼27% (P< 0.05,
n = 3 eyes) (Figs. 3B, 3C). Furthermore, the surviv-
ing SMI32-positive cells exhibited a ∼18% shrinkage
in soma diameter (P < 0.001, n = 40–50 cells/eye for
three eyes) (Fig. 3D). This was coupled with signifi-
cant remodeling of their dendritic arbors as indicated
by an approximate 50% reduction in dendritic length
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and perimeter (P < 0.001 for each parameter, n = 15–
20 cells/eye for three eyes) (Figs. 3E, 3F).

SD-OCT Imaging

SD-OCT imaging was carried out to assess changes
in microbead-injected marmoset with similarities to
those found in human patients with glaucoma. An
enlargement of optic nerve head cupping is often
associated with glaucoma.44 We found that at 10
weeks after microbead injection, treated marmoset
eyes exhibited enlarged optic nerve cupping. The eye
presented in Figure 4 showed a 0.4 cup-to-disc ratio
(c/d ratio) before microbead injection (Fig. 4A) and
a 0.95 c/d ratio postinjection (Fig. 4B). All four
microbead-injected eyes in the study exhibited optic
nerve cupping after treatment. On average, the cup
increased from0.42 (c/d ratio) prior tomicrobead injec-
tion (range, 0.25–0.64) to 0.72 (range, 0.59–0.95) at 10

weeks after the initial microbead injection (P < 0.05,
n = 4 eyes).

Automated segmentation of the SD-OCT scans
revealed a significant thinning of the RNFL in
marmoset eyes at 10 weeks after the initial microbead
injection as compared to control values measured
prior to the injection and IOP elevation (week 0) in
the superior and nasal paracentral retina (Fig. 4C).
The automated segmentation of the SD-OCT scans
showed a significant RNFL thinning in glaucoma-
tous marmosets at the end of treatment compared to
baseline in the inferior (week 0: 33.73 ± 2.84 μm; week
10: 15.81 ± 0.96 μm), superior (week 0: 33.71 ± 2.41
μm; week 10: 18.07 ± 2.36 μm), and nasal paracentral
(week 0: 33.50 ± 0.96 μm; week 10: 27.38 ± 4.35 μm)
retinal quadrants (P < 0.05, n = 4 eyes). In contrast,
we found that the RNFL in control retinas showed a
modest thickening over the same 10-week experimental
period. This supports the idea that the RNFL thinning
in microbead-injected eyes was a reflection of cell loss

Figure 4. Microbead-injected marmoset eyes show expanded cupping of the optic nerve head and RNFL thinning characteristic of
glaucoma. Representative cross-sectional OCT scan from amarmoset before (A) and 10weeks after (B) intracameral injection ofmicrobeads.
The green outer ring and red inner ring represent the optic nerve head and cup, respectively. The cup was manually identified as the area
within the minimum distance between BMO and the internal limiting membrane (BMO–minimum rim width) (yellow straight dotted lines).
Scale bar: 1 mm. (C) Schematic color maps summarizing the average RNFL change occurring from baseline (week 0) to the end of treatment
in glaucomatous eyes using the Iowa Reference Algorithms and plotted as color maps using MATLAB (MathWorks).
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Figure 5. Effects of elevated IOP on optic nerve morphology. (A–D) Representative cross-sectional images of the lamina cribrosa region of
the optic nerve from control animals immunostained for SMI32 andGFAP to visualize axonal and astrocytic structure, respectively. Rectangle
in panel A shows area of higher magnification in panels B–D. Scale bars: 100 μm for panel A and 25 μm for panels B–D. (E–H) Representative
cross-sectional images of the lamina cribosa region of the optic nerve from animals 10 weeks after initial microbead injection. A marked
disruption of the SMI32-labeled axonal bundles and the honeycomb pattern of GFAP astrocytes are evident. Conventions are the same as
in A–D. (I) Histogram quantifying SMI32 labeling in the cross sections of the optic nerves of marmoset under control and glaucomatous
conditions (n= 3 control eyes and n= 4microbead-injected eyes). (J) Histogram quantifying GFAP labeling in cross sections of optic nerves
under control and glaucomatous conditions (n = 3 control eyes and n = 4 microbead-injected eyes). Projection of five images, z = 1-μm
steps for all images. Data are presented as mean ± SEM. **P < 0.05.

rather than any natural stretching of the retina over the
time course, consistent with our findings of RGC loss
presented above.

Optic Nerve Changes in Microbead-Injected
Eyes

We next determined the structural changes in the
optic nerve in microbead-injected eyes. Cross sections,
8 to 10 μm thick, were obtained at the level of the
lamina cribrosa and were double immunolabeled with
anti-SMI32 to label RGC axons and anti-GFAP to
evaluate axonal loss and astrocytic activity. It has
been demonstrated that the degree of optic nerve
injury assessed by SMI32 labeling is comparable to
that measured by grading of toluidine blue–stained
sections, and so it has been routinely employed for

detecting axonal swelling and loss in animal models
of glaucoma.45,46 In control eyes, the lamina cribrosa
showed a well-organized structure of axonal bundles
and surrounding astrocytes forming a characteristic
honeycomb mosaic (Figs. 5A, 5B, 5C, 5D). However,
at 10 weeks after initial microbead injection, we found
significant changes in the structure of the optic nerve,
most evidenced by the disruption of the honeycomb
mosaic (Figs. 5E, 5F, 5G, 5H). There was a ∼45% loss
of SMI32-positive axons (P < 0.01, n = 4 eyes) result-
ing in a disorganization of the axonal bundles (Figs.
5F, 5I). Astrogliosis was evidenced by a ∼40% increase
in GFAP expression (P < 0.01, n = 4 eyes), with glial
processes now more disorganized with a shorter and
thicker appearance then in control eyes (Figs. 5G, 5J).
These structural alterations were consistently observed
in the optic nerves of all four glaucomatous eyes
tested.
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Discussion

The use of animal models has been long estab-
lished as a useful paradigm to determine the patho-
genesis of human glaucoma, thereby providing insights
into the design of effective treatments. Most studies
have focused on mouse models due to their low cost,
short breeding cycles, and accessibility to genome
manipulation. However, to determine if rodent data
are useful for understanding the human condition, an
important next step is to recapitulate these findings in
NHP glaucoma models.7,11 Indeed, a number of NHP
models of glaucoma have been created, but some have
been plagued by difficult experimental manipulations
that lead to variable results as well as the high cost of
colony maintenance. The marmoset microbead occlu-
sion model of glaucoma we demonstrated here used
a relatively simple technique that produced consistent
elevations of IOP for at least 10 weeks, which we chose
as our experimental period. Moreover, the marmoset
has several advantages over other NHPs as they are
relatively small and easy to handle, breed well in captiv-
ity, are cost effective, and have been shown amenable to
genetic manipulations.

Most important, the microbead occlusion
marmoset model showed a number of phenotypic
changes established as prototypic for both animal
and human glaucoma. At 10 weeks after the initial
microbead injection, we observed significant death of
RGCs at all eccentricities and all four retinal quadrants.
There was territoriality to the RGC loss, with the most
severe loss of 60% in the peripheral retina, followed
by a 47% reduction within the mid-periphery and a
central loss of 31%. Regionalized RGC axonal loss has
been reported in a DBA/2J mouse model of hered-
itary glaucoma.47,48 Furthermore, preferential loss
of RGCs in peripheral retina has been described in
experimental glaucoma in both NHPs and rodents,
consistent with the early loss of peripheral vision in
humans.49–52 Consistent with the RGC loss, we also
observed a thinning of the RNFL at 10 weeks after
initial microbead injection.

Analyses of RGC morphology in NHP and rodent
glaucoma models indicate that dendritic remodel-
ing and somatic shrinkage precede cell death.39,40,53
Consistent with this idea, we found that surviving
SMI32-positive RGCs in glaucomatous retinas exhib-
ited somatic shrinkage and marked dendritic atrophy.
Interestingly, within the 10-week time frame, these cells
exhibited lower susceptibility to glaucomatous insult,
as their loss of ∼27% was significantly less than the
average 60% loss across the entire RGC population
within peripheral retina. These data suggest that RGC

subtypes may show a range of susceptibility to glauco-
matous damage.

In addition to the RGC loss, we found a signifi-
cant gliosis in the retina at 10 weeks after the induc-
tion of elevated IOP. This was evidenced as a 4- to 5-
fold increase in GFAP expression within the central,
mid-peripheral, and peripheral regions. These findings
suggest extensive homeostatic dysfunction in glauco-
matous retinas, which likely contribute to the cellular
loss and axonal damage.

The morphologic changes were accompanied by
functional changes as evaluated by abnormalities in
the photopic flash ERG waveforms. These included a
significant reduction in the amplitude of the PhNR,
consistent with inner retina damage. The late reduc-
tions observed in both a- and b-wave amplitudes are
interesting as they suggest subsequent outer retina
damage. Consistent with this idea, changes in photore-
ceptor and bipolar cell structure, as well as their synap-
tic components, have been reported in glaucomatous
retinas.54,55

Finally, we observed clear abnormalities in the
optic nerve of glaucomatous marmoset eyes. These
included an enlarged cupping of the optic nerve head
as well as histologic changes at the lamina cribrosa
closely resembling those described in human patients
and animal models.9,10,19,45 Astrocytes and microglia
play an important role in supporting the structural
integrity of the optic nerve and optic nerve head,
and it has been posited that glial cells are involved
in the pathogenesis of glaucoma, specifically by initi-
ating damage in the optic nerve.56–58 In the optic
nerve of control eyes, we observed a highly organized
honeycomb pattern of GFAP-labeled astrocytes that
formed glial tubes enclosing axon bundles, presum-
ably providing structural support for the RGC axons.
In contrast, the optic nerves of glaucomatous eyes
showed a marked disruption of the astrocytic matrix,
which was accompanied by significant elevation of
gliosis and axonal loss. A similar astrocytic disor-
ganization has been reported in rodent models of
glaucoma.19,45,48

In conclusion, our data indicate that the microbead
occlusion model of the marmoset shows many of the
structural and functional abnormalities in the retina
and optic nerve typically associated with glaucoma.
The advantages of the marmoset, including ease of
handling and colony maintenance, together with the
facility of the methodology and the 10-week experi-
mental period, make this a robust and rigorous NHP
model for studying the pathogenesis and resultant
treatment options for glaucoma. While the current
study was limited to young adult marmosets, future
studies should examine older animals to determine
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further similarities to the aging human population
most associated with glaucoma. Finally, a future
examination of aqueous production and outflow, as
described for the owl monkey,59 will further leverage
the marmoset as a preferred NHP model for testing
glaucoma therapies.
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