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Purpose:Glaucoma remains a leading causeof irreversible blindnessworldwide. Animal
glaucoma models replicate high intraocular pressure, a risk factor for glaucoma, to
induce retinal ganglion cell (RGC) degeneration. We describe an inducible, magnetic
bead model in the Brown Norway rat in which we are able to determine degeneration
across multiple RGC compartments at a time point that is appropriate for investigating
neurodegenerative events and potential treatment effects.

Methods:We inducedocular hypertension through injection ofmagneticmicrospheres
into the anterior chamber of Brown Norway rats; un-operated (naïve) rats served as
controls. Intraocular pressure was recorded, and eye diameter measurements were
taken before surgery and at the terminal end points. We assessed RGC degeneration
and vascular changes through immunofluorescence, and axon transport to terminal
brain thalami through intravitreal injection of fluorophore-conjugated cholera toxin
subunit β .

Results: We observed clinically relevant features of disease accompanying RGC cell
somal, axonal, and dendritic loss. RGC axonal dysfunction persisted along the trajectory
of the cell into the terminal brain thalami, with clear disruption at the optic nerve head.
We also observed vascular compromise consistent with human disease, as well as an
expansion of global eye size with ocular hypertension.

Conclusions: The magnetic bead model in the Brown Norway rat recapitulates many
clinically relevant disease features of human glaucoma, including degeneration across
multiple RGC compartments. Eye expansion is likely a result of rodent scleral elasticity,
and we caution that this should be considered when assessing retinal density measure-
ments.

Translational Relevance: This model offers a disease-relevant platform that will allow
for assessment of glaucoma-relevant therapeutics.

Introduction

Glaucoma is the leading cause of irreversible blind-
ness, affecting ∼80 million people worldwide.1 The
underlying pathology is complex and characterized
by the progressive dysfunction and loss of retinal
ganglion cells (RGCs) and their axons. Major risk
factors are increasing age, elevated intraocular pressure
(IOP), and genetic predisposition. RGC degenera-
tion is described as a compartmentalized process,

where somal, axonal, and dendritic atrophy and loss
differ temporally based on the insult context.2–4 RGC
soma, axon, and dendrite loss is a feature of human
glaucoma5–7 that is replicated across different animal
models in multiple species.3,8,9 Dendritic atrophy in the
inner plexiform layer is well established as a sensitive
marker of early degeneration, as it can be substantial
even with mild RGC loss.10–13

Glaucoma-like insults are commonly modeled in
animals by elevating IOP to ocular hypertensive levels
that are induced either genetically or surgically.14,15
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Inducible models benefit from the control of age as
a risk factor and typically allow for rapid experi-
mental time scales. A common approach is to inject
microparticles into the anterior chamberwhich occlude
the trabecular meshwork, blocking aqueous humor
outflow and subsequently elevating IOP. Many varia-
tions on this method have been described.16–18 To
our knowledge, we were the first to propose the use
of paramagnetic microparticles that could be directed
with a magnet to the iridocorneal angle, allowing for
control of distribution and avoidance of disruption
to vision through occlusion of the pupil.19 We have
since used this model to investigate RGC dendritic
atrophy,20,21 and others have adapted its use for
mice,22,23 but a detailed characterization of the rat
model has yet to be performed. We use the Brown
Norway rat (Rattus norvegicus) because (1) it is the rat
genetic standard (and as such will allow for detailed -
omics analysis (e.g., KEGG pathways based on Brown
Norway gene annotations); (2) their temperament is
amenable to ophthalmic examination without the need
for restraint or anesthesia, particularly with regard
to recording reliable tonometry measurements; and
(3) they are pigmented and as such avoid potential
confounders present in albino rodents (e.g., Wistar and
Sprague–Dawley rats), which have reduced ipsilateral
projections.24–27 We describe an updated method for
bead preparation and injection and assess degeneration
across multiple RGC compartments in this model. Its
ease of use, high replicability, and similarities to human
glaucomatous disease should facilitate the use of this
model for disease and treatment discovery and testing.

Methods

Rat Strain and Husbandry

Adult, male Brown Norway rats (12–16 weeks
old, weighing 300–375 g; SCANBUR, Karlslunde,
Denmark) were housed and fed in a 12-hour light/dark
cycle with food and water available ad libitum. All
experimental procedures were undertaken in accor-
dance with the ARVO Statement for the Use of
Animals in Ophthalmic and Research. Individual study
protocols were approved by Stockholm’s Committee
for Ethical Animal Research (10389-2018). All data
generated or analyzed during this study are included
in this published article.

Induction of Ocular Hypertension

Ocular hypertension (OHT) was induced bilater-
ally (n = 23 rats, 46 eyes). Normotensive (NT) eyes

in bilateral un-operated (naïve) rats served as controls
(n = 19 rats, 38 eyes). OHT was induced using a
magnetic microbead injection model14,19 with modifi-
cations detailed below and in Table 1. Microbeads
(4.5-μm diameter; Dynabeads M-450 Epoxy; Thermo
Fisher Scientific, Waltham, MA) were prepared for
injection by washing with 1× Hanks’ Balanced Salt
Solution (HBSS, no calcium, nomagnesium, no phenol
red; Thermo Fisher Scientific) and resuspended in a
0.25× volume of HBSS (∼1.6 × 106 beads/μL). These
beads were selected due to their hydrophobic nature,
which allows for easy dispersion within the anterior
chamber, and the surface epoxy groups bind amino
and hydroxyl groups (present on many cell surfaces),
which may account for their observed retention within
the iridocorneal angle. Previous use of uncoated beads
had required repeat injections, as beads were often not
retained in the iridocorneal angle over time (Table 1).
Rats were anesthetized with an intraperitoneal injec-
tion of ketamine (37.5 mg/kg) and medetomidine
hydrochloride (1.25 mg/kg). Using a NanoFil syringe
(World Precision Instruments, Sarasota, FL) with a 33-
gauge tribeveled needle, 6 to 8 μL of bead solution
was injected into the anterior chamber of the eye
using a tunnel incision through the cornea. Beads were
distributed to block the iridocorneal angle using a
handheld rare earth magnet (cylindrical with a 4-mm
diameter).

IOP was measured using a TonoLab rebound
tonometer (Icare, Vantaa, Finland) in awake and
unrestrained rats. Rats were habituated to the tonom-
etry procedure the week before surgery through famil-
iarizationwith extended handling and tonometry train-
ing. Baseline IOP was recorded on the day of surgery
(preoperatively, awake and unrestrained; day 0) and
recorded every 2 to 4 days afterward until the endpoint
(postoperative day 14), with IOP recordings always
being taken between 9 AM and 10 AM to avoid the
effects of circadian rhythm on IOP (2–3 hours from
lights on). IOPwas taken as the average of five tonome-
ter readings. NT rats followed the same 14-day time
course (without surgery). In a subset of animals (n = 6
NT eyes, n= 6 OHT eyes), IOPwas recorded 6, 24, and
72 hours after induction of OHT. IOP was expressed
as an area under the curve (AUC) for the IOP profile,
a mean across all days, and the peak of IOP identified
(analyzed by a Kruskal–Wallis test followed by Dunn’s
test with Benjamini and Hochberg correction).

General Histopathology

Rats were heavily anesthetized at day 14 by
intraperitoneal injection of pentobarbital (75 mg/kg)
and euthanized by cervical dislocation. Eyes were
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Table 1. Bead Protocol Changes

Protocol Bead Details
Bead

Preparation
Bead

Concentration
Injection
Details Time Frame

Samsel et al.19 5-μm diameter
ferromag-

netic
microspheres
(Corpuscular,
Inc., Cold
Spring, NY)

Sterilized by
gamma

irradiation

30 mg/mL 10–20 μL
delivered by
unilateral
tunnel
injection

42 days, with
up to 3 repeat
injections

Williams et al.20 Dynabead
M-450 Epoxy,

4.5-μm
diameter
(Thermo
Fisher

Scientific)

Washed in 1-M
Tris buffer
solution
(pH 11) for
24 hours at

4°C,
reconstituted

in BSS,
sterilized by
gamma

irradiation

30 mg/mL 10 μL delivered
by unilateral

tunnel
injection

16 days with
repeat

injections, if
necessary

Tribble et al.21 4.5-μm
diameter

paramagnetic
polystyrene
microspheres

(Kisker
Biotech,
Steinfurt,
Germany)

4× centrifuga-
tion (1600g)
and washing

in BSS,
sterilized by
gamma

irradiation

30mg/mL
(4.7× 105

beads)

10 μL delivered
by unilateral

tunnel
injection

20 days of OHT
(followed by
14 days of

return to NT);
repeat

injections
undertaken, if
necessary,
with 1 week
interval

This study Dynabead
M-450 Epoxy,

4.5-μm
diameter
(Thermo
Fisher

Scientific)

2× centrifuga-
tion (1000g)
and washing

in HBSS

∼1.6 × 106

beads/μL
6–8 μL

delivered per
eye by
bilateral
tunnel

injection; no
repeat

injections

14 days OHT

immediately enucleated (with 1mmof optic nerve post-
globe preserved) and immersed in 3.7% paraformalde-
hyde (PFA) in 1× phosphate-buffered saline (PBS).
Eye orientation was maintained with a mark on the
corneal surface (nasal midline scratch from a 32-gauge
needle following euthanasia but prior to enucleation).
Brains (with attached optic nerves) were removed
and immersed in 3.7% PFA in 1× PBS. Eyes, optic
nerves, and brains for cryosectioning were maintained
in fixative for 24 hours before cryoprotecting in 30%

sucrose in 1× PBS for 24 hours, freezing in optimal
cutting temperature medium (Sakura, Alphen aan den
Rijn, The Netherlands) on dry ice, and storage at –
80°C. Cryosections were cut on a cryostat (CryoStar
NX70; Thermo Fisher Scientific) and stored at –20°C.
Eyeswere sectioned at 20-μm thickness (saggital plane),
with sections maintained from ∼200 μm nasal to
∼200 μm temporal of the optic nerve head. Optic
nerves were separated at the chiasm with a diago-
nal cut used to maintain orientation and sectioned at
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20 μm to generate transverse nerve sections. Brains
were serial sectioned (coronal plane) at 50 μm from
–4 mm caudal of cranial landmark Bregma to –
8 mm caudal of Bregma in order to capture the
entire dorsal lateral geniculate nucleus (dLGN) and
the superior colliculus (SC). Eyes for paraffin section-
ing were prepared in paraffin and sectioned (saggital
plane) to give optic nerve head sections (3-μm thick-
ness) on a microtome (Microm HM 355S; Thermo
Fisher Scientific). Optic nerves for paraffin sectioning
were dissected free from the brain 2 mm post-optic
chiasm with the orientation maintained as above and
then prepared in paraffin for sectioning.

Immunohistochemistry and
Immunofluorescence

The antibodies and stains used for immunofluores-
cence, immunohistochemistry, and histological label-
ing are detailed in Table 2. The same immunoflu-
orescent labeling protocol was followed for cryosec-
tions, paraffin sections, and flat-mount retina, with
exceptions noted where relevant. Tissue was isolated
using a hydrophobic barrier pen (Avantor, Radnor,
PA), permeabilized in 0.5% Triton X-100 in 1× PBS
for 1 hour, and blocked in 5% bovine serum albumin
in 1× PBS for 1 hour; primary antibody was applied
overnight at 4°C (see Table 2). Tissue was then washed
for 5 × 5 minutes in 1× PBS, and secondary antibody
was applied (1:500 in 1× PBS) for 4 hours at room
temperature, followed by washing for 5 × 5 minutes in
1× PBS. Then, 4′,6-diamidino-2-phenylindole (DAPI)
nuclear stain (500 μg/mL stock; used 1:500 in 1×
PBS) was applied for 10 minutes. The tissue was
washed for 5 minutes in 1× PBS, dried, and mounted
using Fluoromount-G and glass coverslips (Thermo
Fisher Scientific). For cryosections, tissue was air
dried for 15 minutes and rehydrated in 1× PBS for
15 minutes before following the protocol above. For
paraffin sections, sections were deparaffinized and
rehydrated through xylene and an alcohol gradient
before performing antigen retrieval using ethylenedi-
aminetetraacetic acid buffer (pH 9, 20 minutes, 100°C).
Immunohistochemistry was performed in a Bond III
robotic system (Leica Biosystems, Newcastle, UK).

Assessment of Neurodegeneration Following
OHT

Eyes for flat-mount retina preparations were
maintained in fixative as globes for 2 hours before
the retina was dissected free at the optic nerve head,
the vitreous removed, and the retina flat-mounted,

ganglion cell layer up, on a coated glass slide (Super-
frost Plus; Thermo Fisher Scientific). Retinas were
labeled with antibodies against RNA-binding protein
with multiple splicing (RBPMS) and isolectin B4
and were counterstained with DAPI. Flat-mounted
retinas were imaged on a Zeiss Axioskop 2 Plus
epifluorescence microscope (Carl Zeiss Microscopy,
White Plains, NY) for quantification of RGC densi-
ties. Six images per retina (40× magnification,
0.25 μm/pixel) were taken equidistant to the optic
nerve head (1000 μm eccentricity, at 12, 2, 4, 6, 8,
and 10 o’clock). This method was intended to give a
reproducible representation of density across retinal
sectors.

Two separate experimental cohorts were evaluated.
In the first, RGC loss under OHT was assessed in
an experiment containing five binocular NT animals
compared to five binocular OHT animals (n = 10 eyes
per group). To assess regional loss, the six regions were
divided into superior and inferior so that each region
contained n= 3 regions of interest (ROIs). Images were
cropped to 150 × 150 μm, and RBPMS+ cells were
counted using the cell counter plugin for Fiji (ImageJ,
National Institutes of Health, Bethesda, MD).28 In
the second evaluation, RGC loss at an earlier 3-day
time point (where IOP was highest) was assessed in
a separate cohort that included three binocular NT
animals (n = 6 eyes); three binocular OHT animals,
which were euthanized at 14 days after OHT induc-
tion (n = 6 eyes); and four binocular OHT animals,
which were euthanized at 3 days after OHT induction
(n = 8 eyes). Cell counts were averaged across all six
images to give a retinal average and expressed as a
density per 0.01 mm2 (analyzed by one-way analysis
of variance [ANOVA] with Tukey’s honestly significant
difference [HSD]). For flat-mount image analysis, ROIs
were analyzed in a single batch with ROIs identified
by an ROI number and a numeric rat ID. On cryosec-
tions (n = 4 NT eyes, n = 4 OHT eyes), neurofilament
labeling at the optic nerve head was imaged by epiflu-
orescence microscopy (as above). On paraffin sections
(n = 6 NT eyes, n = 10 OHT eyes), hematoxylin
and eosin (H&E) and Nissl staining were performed
and imaged on an Olympus IX73 inverted micro-
scope (20×, tiled color image, 0.51 μm/pixel; Olympus,
Tokyo, Japan).

The optic nerve head was qualitatively assessed as
either normal or cupped. Optic nerve axon loss was
assessed in 3-μm transverse paraffin sections (n = 4
NT nerves, n = 5 OHT nerves). Sections were labeled
with antibodies targeting neurofilament M (NF-M)
and myelin basic protein (MBP), and images were
acquired on a Zeiss LSM 800 with Airyscan (63×
and 1.3× optical zoom, 35 nm/pixel). Five 66.76 ×
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66.76-μm images were collected per nerve (size deter-
mined as the optimal for resolution using this system).
NF-M-positive puncta were counted using the ImageJ
cell counter plugin (in Fiji) and averaged. Overview
images (10×) were acquired, and the optic nerve areas
from the dura mata and pia mata were calculated
by tracing their outline using the polygon tool in
Fiji. The average NF-M count was scaled to total
optic nerve area (analyzed by unpaired, one-tailed
Student’s t-test followed by the Shapiro–Wilk test for
normality).

Dendrite loss was quantified by microtubule-
associated protein 2 (MAP2) staining on retinal
sections (n = 6 NT eyes, n = 6 OHT eyes), and images
at 1000-μm eccentricity from the optic nerve head were
acquired on a Zeiss LSM 800 with Airyscan (20×
optical zoom, 319.45× 319.45 μm area, 0.312 μm/pixel,
z-stack). Image parameters were kept constant. The
inner plexiform layer was cropped, and the MAP2
signal was reconstructed using the Imaris 9.3.1 surfaces
tool (Bitplane, Zürich, Switzerland) with threshold-
ing to a constant range. MAP2 volume was corrected
to the total cropped volume. Glial fibrillary acidic
protein (GFAP) staining was assessed in optic nerve
(transverse paraffin sections; n = 4 NT nerves, n = 5
OHT nerves). GFAP labeling was imaged on a Zeiss
LSM 800 with Airyscan (63× and 1.3× optical zoom,
35 nm/pixel). GFAP fiber alignment (to detect process
remodeling typical of gliosis in the optic nerve) was
measured using OrientationJ29 (analyzed by unpaired,
one-tailed Student’s t-test followed by Shapiro–Wilk
test for normality with a squared transformation
applied).

Vasculature Analysis

For retinal blood vessel analysis (n = 10 NT
eyes, n = 8 OHT eyes), images were captured
on a Zeiss Axioskop 2 Plus epifluorescence micro-
scope (5× magnification, 2861.86 × 2144.33 μm area,
2.05 μm/pixel). Images were stitched in Fiji using
the pairwise stitching plugin.30 The isolectin B4/blood
vessel channel was isolated from the image in Fiji, and
the background of the image was removed by thresh-
olding. Retinas were cropped to 3000 μm2 to maintain
consistency (representing >80% of retinal explant
area). AngioTool31 was used to measure blood vessel
morphologies, including total blood vessel length,
junction density, and lacunarity (a measure of space
filling within the image, where a high lacunarity equals
less space filling by blood vessels), with the follow-
ing parameters: blood vessel diameter (8–30 μm) and
pixel intensity (0–255), all analyzed by Student’s t-test

(unpaired, two-tailed), followed by the Shapiro–Wilk
test for normality.

Retinal Stretch

Ocular globe measurements were recorded using
Avantor digital calipers (resolution, 0.01 mm). Eye
diameter at the limbus was measured before anterior
chamber bead injections in anesthetized animals
(n = 20 OHT eyes; i.e., preoperative NT) and follow-
ing enucleation after euthanasia (n = 31 NT eyes,
n = 35 OHT eyes). Axial length (diameter from cornea
to optic nerve) was also measured post-enucleation
(n = 31 NT eyes, n = 35 OHT eyes). To determine
whether retinal stretch also occurred in OHT, eyes were
processed for paraffin sectioning as above (n = 6 NT
eyes, n = 8 OHT eyes). All eyes were treated as a
single batch (length of fixation, paraffin embedding),
and all paraffin sections were dehydrated and stained
as a single batch to prevent batch effects. Sections
through the optic nerve head (3-μm thickness) were
labeled for RBPMS in a BOND III robotic system
using BOND Polymer Refine Red Detection (Leica
Biosystems) and imaged on an Olympus IX73 inverted
microscope (20×, tiled color image, 0.51 μm/pixel).
Retinal length was measured in Fiji by tracing along
the lower boundary of the outer nuclear layer (because
this layer retains a straight boundary free from OHT-
induced changes). RBPMS counts across the whole
retina were performed using the cell counter plugin and
expressed as a density. Spearman’s correlations were
performed in R (R Foundation for Statistical Comput-
ing, Vienna, Austria) for comparisons of eye size, IOP
measures, RBPMS density, retinal length, and animal
weight. RBPMS density and retinal length were also
compared between NT and OHT eyes by Student’s
t-test (unpaired, two-tailed, followed by the Shapiro–
Wilk test for normality).

Cholera Toxin Tracing

Intravitreal injection of cholera toxin was used
as a neuronal tracer to visualize RGC projections
and measure axon transport. At day 11, rats were
anesthetized as above, and 3 μL of Alexa Fluor
488 (AF488) or Alexa Fluor 594 (AF594) conju-
gated cholera toxin, subunit β (CT-β; Thermo Fisher
Scientific), was injected intravitreally using a NanoFil
syringe with 33-gauge tribeveled needle. CT-β was
injected rapidly, and the syringe was withdrawn after
30 seconds. CT-β AF488 was injected into the left eye
and CT-β AF594 into the right eye (n = 6 NT eyes,
n = 6 OHT eyes). Rats were euthanized on day
14 as above. Flat-mounted optic nerves and optic
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chiasms and flat-mounted SC were imaged on a Zeiss
Axioskop 2 Plus epifluorescence microscope (5× and
2.5× magnification, respectively). Eyes, optic nerves,
and brains (n = 6 per group) were cryosectioned
(20-μm thickness) and stored as above before labeling
with DAPI and mounting. For optic nerves, proximal
sections were cut∼2mmposterior to the eye globe, and
distal sections were cut ∼2 mm from the chiasm. CT-β
labeling at the optic nerve head was imaged on a Zeiss
LSM 800 with Airyscan (10×, 0.62 μm/pixel). Stalling
of axon transport at the level of the optic nerve head
was qualitatively assessed.

Axon transport through the optic nerve to the
terminal thalami was assessed quantitatively. Trans-
verse optic nerve sections and coronal brain sections
were imaged on a Zeiss Axioskop 2 Plus epifluores-
cence microscope (optic nerves, 10×, 1.03 μm/pixel;
dLGN, 5×, 2.05 μm/pixel; SC, 2.5×, 4.25 μm/pixel).
CT-β labeling was quantified within the optic nerve
(proximal and distal), dLGN, and SC inFiji (n= 6 optic
nerve, n = 6 dLGN, n = 6 SC per group; n = 3 sections
analyzed and averaged for each). In whole optic nerve
sections, or dLGN and SC isolated using DAPI as an
anatomical guide (using the polygon tool in Fiji), the
mean pixel intensity was calculated in the red and green
channels (analyzed by unpaired, one-tailed Student’s
t-test followed by the Shapiro–Wilk test for normal-
ity). To assess the degree of space filling, fractal analy-
sis was performed in Fiji (fractal box count using boxes
of size 2, 3, 4, 6, 8, 12, 16, 32, and 64; analyzed
by unpaired, one-tailed Student’s t-test followed by
the Shapiro–Wilk test for normality). The extent of
contralateral and ipsilateral projections was estimated
in the dLGN by measuring the area occupied by red
or green labeling using the polygon tool in Fiji, and
the values were expressed as a percentage of total
area (analyzed by unpaired, one-tailed Student’s t-
test followed by the Shapiro–Wilk test for normality).
Comparison of these measurements in NT and OHT
tissue was used to evaluate the degree of axon transport
loss.

Statistical Analysis

All statistical analysis was performed in R. Data
were tested for normality with a Shapiro–Wilk test.
Normally distributed data were analyzed by Student’s
t-test or ANOVA (with Tukey’s HSD). Non-normally
distributed data were transformed using squared trans-
forms; data that remained non-normally distributed
were analyzed by a Kruskal–Wallis test followed by
Dunn’s tests with Benjamini and Hochberg correction.
Statistical tests are detailed at point of use. Unless
otherwise stated, *P < 0.05, **P < 0.01, and ***P <

0.001; NS, non-significant (P > 0.05). For box plots,
the center hinge represents the mean with upper and
lower hinges representing the first and third quartiles;
whiskers represent 1.5 times the interquartile range.

Results

OHT in the Rat Magnetic Bead Model
Demonstrates Reproducible Degeneration
Across Multiple RGC Compartments

Following intracameral injection (Fig. 1A), param-
agnetic beads were directed to the iridocorneal angle
(Fig. 1B). Clinically relevant histopathology confirmed
that beads were maintained in the angle for the
duration of the experiment, with beads evident within
the drainage structures of the trabecularmeshwork and
Schlemm’s canal (Fig. 1B). This resulted in a signifi-
cant and robust IOP increase that was sustained until
euthanasia (Fig. 1C). Peak IOP occurred at 3 days
post-induction (Fig. 1C). Fourteen days of sustained
OHT resulted in cupping of the optic nerve head which
was qualitatively assessed in H&E and Nissl stained
sections (0/6 cupped in NT eyes, 6/8 cupped in OHT
eyes) (Figs. 1D–1F). RBPMS labeling demonstrated
significant loss of RGCs at 14 days post-injection, with
RGC density reduced in OHT eyes compared to NT
eyes (Fig. 1G). There was no RGC death detected
at 3 days post-induction, which, in combination with
an absence of large IOP spikes, supports a pathol-
ogy without early ischemia-related RGC death. There
was a small increase in the nearest neighbor distance
between RGCs in OHT eyes; although this increase
was small (30% increase in OHT compared to NT),
the range of values for OHT was increased (doubling
of the interquartile range in OHT). There was no
detectable difference in RGC density between superior
and inferior retina in OHT eyes. Collectively, these
data suggest diffuse and random RGC death (i.e.,
not regional cell loss) (Fig. 1G). We have previously
demonstrated RGC dendritic atrophy at the single
RGC level.20,21 Supporting this, RGC dendritic loss in
the inner plexiform layer in OHT eyes was observed
through a reduction in reconstructed MAP2 volume
(Fig. 1H).

RGC Degenerative Processes Extend into
Terminal Brain Regions

RGC neurodegeneration during glaucoma is a
compartmentalized event, with OHT driving dendritic
and synaptic retraction, soma degeneration, and
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Figure 1. Induction of OHT via paramagnetic bead induction. (A) Brown Norway rats underwent intracameral injections of paramagnetic
beads bilaterally. Naïve, un-operated animals served as controls. (B) Beads were directed into the drainage structures of the eye via a rare-
earth magnet (5-mm tip) (left panel). Histology (right panels and insets) demonstrated that beads remained within the drainage structures
of the trabecular meshwork and Schlemm’s canal. This resulted in a significant and robust IOP increase, peaking at 72 hours post-induction
and sustaining until euthanasia. Scale bars: 500 μm (right panels); 100 μm (right inset, upper); 50 μm (right inset, lower). (C) Following 14 days
of OHT, changes to the RGC layer and nerve fiber layer thinning (black arrows at the optic nerve head) were apparent, with qualitatively
observed optic nerve excavation (asterisk; n = 13 rats and 26 eyes for NT; n = 15 rats and 30 eyes for OHT). Inner retinal morphology is
shown through twomodalities: H&E staining (D) and Nissl staining (E). Arrows denote the nerve fiber layer, and v denotes the central retinal
vessel. Scale bar: 100 μm. (F) Immunofluorescence for antibodies against RGC specific markers (RBPMS, β-tubulin, NF-M). Scale bar: 100 μm.

→
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←
(G) RGC populations were assessed in flat-mount retinas confirming no early change in RGC density (3 days after OHT induction) and a
significant loss of RGCs and increased NNDof RGCs following 14 days of OHT (n= 6 NT; n= 6OHT at 14 days; n= 8OHT at 3 days). There was
no detectable region-specific loss between superior and inferior retina (n= 10 NT eyes; n= 10 OHT eyes from a separate cohort of animals).
Scale bar: 20 μm. (H) OHT also resulted in significant dendritic atrophy (MAP2 labeling) as assessed by MAP2 volume reconstructions in the
IPL (cropped area inwhite and corresponding reconstruction below; n= 6 eyes for NT; n= 6 eyes for OHT), which is suggestive of dendritic
atrophy and retraction. Scale bar: 50 μm. *P < 0.05, **P < 0.01, ***P < 0.001; NS, non-significant (P > 0.05). NND, nearest neighbor distance;
IPL, inner plexiform layer.

deafferentation.32 We confirmed loss of RGC axons
in the optic nerve by counting individual nerve fibers
assessed in neurofilament-labeled sections imaged at
ultra-high resolution (35 nm/pixel). The estimated total
number of axons in NT optic nerves (average 125,000)
reflected those reported in the literature for adult
Brown Norway rats.33 The total number of axons
was significantly reduced in OHT eyes compared to
NT, with no significant change in optic nerve area
when measured from the dura mater or pia mater
(Fig. 2A). GFAP labeling in optic nerves demonstrated
astrocyte remodeling, with a significant reduction in
fiber coherency following periods of OHT, support-
ing evidence from human glaucoma and that generated
from animal models of glaucoma34,35 (Fig. 2B). These
data support a model in which there is no uncoupling
of axon and soma neurodegenerative events.

We next assessed axonal transport in remaining
axons across the whole RGC, including projections to
the dLGN and SC (Fig. 2C). In NT animals, robust
labeling was evident throughout the optic nerve (with
crossover at the chiasm) and persisted to the SC and
dLGN (Fig. 2D). Labeling was visibly reduced in
OHT eyes in the optic nerve, further reducing pre-
chiasm, with reduced penetrance to the SC indicating
markedly reduced axonal transport and axon degenera-
tion (Fig. 2D). Although sectoral regions of functional
axonal transport remained, this was not uniform across
optic nerves or brain regions andwas further evidenced
in cryosections of eyes, optic nerves, and brain regions
(Fig. 2E). This observation supports an absence of
consistent sectoral RGC death seen in the RGC soma
counts but does not preclude some level of correspond-
ing localized dysfunction within the retina. In OHT
eyes, axonal transport was largely intact within the
retina, stalling at the optic nerve head myelin transi-
tion zone. Optic nerve proximal to the optic nerve head
demonstrated this lack of functional transport and
sectoral dysfunction that was further reduced distally,
indicating both a loss of axons (axon degeneration) and
a decrease in axon transport in remaining axons. Label-
ing in the dLGN was significantly reduced in OHT
animals, as both contralateral and ipsilateral projec-
tions were significantly reduced inOHTas a percentage
of overall dLGN area (but with some persisting ipsilat-

eral projections retained). Thismethod yielded percent-
ages similar to the known decussation rate of RGC
axons to the dLGN, as well as to previously published
work using this method.36 However, because the CT-
β labeling is punctate in nature, measuring the area
of labeling resulted in overlapping percentages (i.e.,
greater than 100% combined). Labeling in the SC was
also significantly reduced in OHT (Fig. 2E).

Retinal Vascular Changes Occur in the Rat
Magnetic Bead Model

We and others have previously identified vascular
dysfunction in the retina and ONH as a feature of
human and animal glaucoma models.37–40 Analysis of
isolectin B4-labeled vessels demonstrated a significant
reduction in total vessel length and junction density
and an increase in lacunarity, indicting reduced vessel
coverage of the inner retina (Fig. 3).

Ocular Stretch May ConfoundMeasurement
of RGC Densities in OHT Eyes

After 14 days of OHT, we observed an increase in
the size of OHT eyes and hypothesized that chronic
high IOP may lead to scleral remodeling and enlarge-
ment of the eye.We therefore recorded calipermeasure-
ments of the eyes before surgery (diameter at the
limbus) and after euthanasia at day 14 post-OHT
induction (diameter at the limbus and axial length
from cornea to optic nerve) and compared those
measurements to those for NT controls. OHT eyes
demonstrated a significant increase in diameter by
14 days compared to both pre-surgery size (30%
increase, P < 0.001) and NT controls (19% increase,
P < 0.001) (Fig. 4A). The difference in the magnitude
of increase is likely due to the difference in measure-
ment pre-surgery and post-euthanasia. This is reflected
in the significant difference between pre-surgery OHT
eyes and NT eyes (9% increase, P < 0.001) (Fig. 4A).
Eye diameter at the limbus and axial length at day 14
demonstrated reasonable correlation to measures of
IOP, indicating a relationship between the magnitude
of increase in IOP and the magnitude of increase in eye
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Figure2. OHT results in axondegeneration anddeficits in axoplasmic transport. (A) Total axonnumberwas assessed inoptic nerve sections
byhigh-resolution imagingofNF-M-positive axonfibers andmyelinbundles (n=4NTnerves;n=5OHTnerves). The estimated total number
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of axons in NT optic nerves (average, 125,000) matched that reported in the literature for adult Brown Norway rats33 and was significantly
reduced in OHT eyes. The reduction is likely an overestimate due to an increased number of dystrophic axons in OHT optic nerves that may
mask individual small caliber axons. There were no gross changes to optic nerve total size (as measured from the dura or pia mater), but
there was a significant loss of RGC axons. Scale bars: 100 μm (left panels); 10 μm (right insets). (B) OHT results in significant remodeling of
optic nerve astrocytes (a decrease in fiber alignment and coherency as assessed by OrientationJ). Scale bars: 100 μm (left panels); 50 μm
(right insets). (C) Axoplasmic transport was assessed by two-color CT-β tracing from the retina to the terminal visual thalami (dLGN and SC;
n= 3 bilateral NT animals; n= 3 bilateral OHT animals). A schematic showing RGC trajectories and visual thalami is shown. OHT results in an
absence of axoplasmic transport to terminal regions assessed by both low-power flat-mount SCs (D) and in cryosections (E), based onmean
pixel intensity and fractal analysis (for both NT and OHT, n = 6 eyes, n = 6 optic nerves, n = 6 dLGN hemispheres, n = 6 SC hemispheres).
Scale bars: 100 μm (ONH); 500 μm (ON, dLGN, SC). Axoplasmic transport was primarily stalled within the optic nerve head (asterisk in E; at
the site of the myelin transition zone [MTZ]), resulting in partial transport through the optic nerve to the dLGN and SC. Optic nerves were
assessed both proximal to the eye and proximal to the chiasm. The dLGN and SCwere assessed in three sections representing rostral, medial,
and caudal dLGN or SC, respectively (and expressed as a mean). Both contralateral and ipsilateral projections were reduced in the dLGN (as
a percentage of total dLGN area), indicating axonal transport disruption to both hemispheres from a single OHT eye. All panels in a single
column (i.e., NT or OHT) are from the same visual tract. *P< 0.05, **P< 0.01, ***P< 0.001; NS, non-significant (P> 0.05). ON, optic nerve; ONH,
optic nerve head.

size (Figs. 4B, 4C). There was no correlation between
eye size and animal weight, confirming that neither
animal age nor size was driving the observed difference
(Fig. 4D).

We reasoned that an increase in eye size may cause
the retina to stretch, and, as such, measurements of
RGC density could be confounded, thus overestimat-
ing cell loss. Retinal length was variable in both NT
eyes (8.5± 0.8 mm) and OHT eyes (9.5± 1.0 mm), and
no significant increase in retinal length was observed.
RGC density (as an average across the whole retina)
was significantly reduced in OHT eyes compared to
NT eyes (57% decrease, P < 0.001) (Fig. 4E). RGC
density was highly correlated with IOP measures and
eye size (Fig. 4F), whereas retinal length demon-
strated more modest correlations (Fig. 4G). We cannot
preclude changes to the tissue that may have resulted
from the processing procedures, but, because all eyes
were subject to the same protocol and processed as
a single batch, comparisons relative to one another
may diminish any possible impact of this. There is,
however, no definitive way to establish the impact of
a tissue processing artifact. Overall, these data demon-
strate that globe expansion is a feature of the rat
magnetic bead model. Although globe expansion did
not result in significant retinal stretch in this dataset,
analysis of the whole retinal area in flat-mount prepa-
rations may give a better indication of any possible
retinal expansion that should be considered for RGC
density measurements (especially reported as percent-
age reduction relative to the contralateral eye). Care
must be used to excise the retina fully from the eye
cup without leaving peripheral retina if flat-mounting
tissue is to be used for measurements. These changes
in size may primarily reflect expansion of the cornea
as the result of anterior chamber deepening with
OHT. The observed decrease in blood vessel branch-

ing density and increase in lacunarity could also be
explained by the changes to globe and retina size.

Discussion

In this study, we defined the neurodegenerative
components of an inducible OHTmodel of glaucoma.
Induction of OHT by blocking aqueous humor
outflow with beads has previously been achieved in a
number of species.16,18,41 Use of paramagnetic beads
allows for control of distribution within the eye; it
was initially described by our group19 but with limited
characterization beyond cell death in the ganglion cell
layer and RGC dendritic atrophy.20,21 Here, we have
demonstrated that this model produces robust RGC
soma and axon loss, axon transport dysfunction, and
vascular disruption, and we confirmed the presence of
dendritic atrophy.

This model demonstrated robust RGC soma and
axon loss in response to sustainedOHT below ischemic
thresholds.42 We saw no loss of retinal ganglion cells
following 3 days of OHT, representing peak IOP in this
model. Retinal ischemia induced by short-term, acute
IOP elevation is frequently used to model glaucoma-
like insults to the retina and optic nerve. In these
models, pressure is often raised in excess of 100 mm
Hg, resulting in ischemia, subsequent hypoxia, and
rapid cell loss (with the range of hours to days).43–45
We observed no ischemic IOP spike within the first
24 hours after surgery. Supporting this, short-term
increases in pressures (up to 50 mm Hg) have not
been found to result in ischemia or RGC loss.46 This
does not fully preclude the occurrence of an ischemic-
like insult driven by hypoxia or hypoxic molecular
events, but analysis of this is beyond the scope of
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Figure 3. Vascular remodeling following OHT. (A) Flat-mounted retinas were labeled with isolectin B4, and the inner retina was imaged to
assess blood vessel morphology (n= 10 NT eyes; n= 8 OHT eyes). Blood vessels were reconstructedwith AngioTool (right panel; red, vessels;
blue, junctions). (B,C) FollowingOHT therewas significant vascular remodeling, as indicated by a decrease in total vessel length and number
of vessel junctions and an increase in lacunarity, suggesting reduced vessel coverage of the inner retina. Lacunarity is a measure of space
filling within the image, where high lacunarity equals less space filling by blood vessels. Scale bar: 500 μm in B. *P < 0.05, **P < 0.01, ***P <

0.001; NS, non-significant (P > 0.05).

this study. Using a rat laser photocoagulation model
of OHT, Chidlow et al.47 reported a highly variable
degree of axon transport disruption and pimonida-
zole labeling that did not correspond statistically with
the degree of IOP elevation. Furthermore, Jassim and
Inman23 observed no pimonidazole labeling in the
retina 2 weeks after the induction of ocular hyper-
tension in a mouse bead model of OHT; yet, cell
loss was as great as 50% in some eyes. In this study,
numerous pimonidazole-positive glia were detected at
4 weeks. These demonstrate that hypoxia can occur
even during short-term, low-amplitude IOP increases
but is unlikely to be a driver of major cell loss.
Many independent groups have demonstrated signif-
icant short-term RGC degeneration (<21 days after
ocular hypertension induction) using bead prepara-
tions without ischemic pressures.22,23,48,49 The bead
model in rodents can induce rapid RGC loss follow-
ing moderate, sub-ischemic threshold IOP elevations

which is likely a feature of rodent OHT models and
should be taken into account when comparing them
to non-human primate models or human glaucoma
samples.

RGC axon dysfunction has been well described,50,51
and disruption of axoplasmic transport, in particular,
has long been considered one of the earliest features
of glaucoma,52,53 but it is also disrupted by OHT in
the absence of neurodegeneration with rapid recov-
ery following pressure normalization.54–56 We observed
significant axon transport disruption with little CT-β
labeling in the optic nerve or terminal brain regions.
Our end-stage assessment reflects both axon transport
deficit and axon loss in the optic nerve (given the
significant reduction in axon counts). Axon loss in the
optic nerve was substantial but is likely an overesti-
mate due to an increased number of dystrophic axons
in OHT optic nerves that may mask individual NF-
M-positive puncta. Transmission electron microscopy
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Figure 4. Sustained OHT results in ocular stretch. (A) OHT
eyes demonstrated a significant increase in diameter by 14 days
compared to both pre-surgery size and NT controls (n= 31 NT eyes;
n = 35 OHT eyes, of which 20 were measured preoperatively, pre-
OHT). (B, C) Eye diameter at the limbus and axial length at day
14 demonstrated reasonable correlation to measures of IOP (AUC,
mean, peak), indicatinga relationshipbetween themagnitudeof IOP
increase and increase in the size of the eye. (D) These correlations
were not driven by animal age or weight. (E) To assess retinal stretch

would be necessary to verify the true degree of axon
loss and would reduce the variability in densities
calculated for controls, particularly because this is
the only method with sufficient resolution to identify
small-caliber axons. Further experiments could explore
the time course and/or reversibility of axoplasmic
transport loss at different time points in this model,
which could separate transport deficits from axon loss,
especially as axon transport loss is an early and persis-
tent feature of OHT rodent models, and significant
failure is observed with limited axon loss.13,50,57 Trans-
port failure has been shown to progress in severity from
distal to proximal to the retina.50 Although minimal
transport to the terminal brain regions is evident at
early stages, this does not coincide with early degen-
eration (assessed by a global volume loss) in these
regions,50 but it is a later feature that increases with
disease severity.58 We see evidence of axoplasmic trans-
port disruption at the level of the optic nerve head,
with themajority of CT-β labeling stalling at themyelin
transition zone and limited penetrance to the optic
nerve and brain, as well as disruption to both contralat-
eral and ipsilateral projections. These data corroborate
clinically available human glaucoma data suggesting
that damage at the site of the optic nerve head is one
of the earliest key damaging events of glaucoma.3,59

We observed evidence of vascular compromise in
the magnetic bead model. Morphological changes to
vasculature have been reported in human glaucoma,
including reduced arteriolar and venular vessel
caliber60,61 and reduced fractal dimension of vessel
patterns.62 It has been suggested that these changes
may reflect a response to reduced metabolic demand
following RGC death or that degenerative processes
may impair blood vessel regulation through produc-
tion of vasoconstrictive substances such as reactive
oxygen species or endothelin.37,63,64

Following periods of OHT, we determined that
global eye expansion is a feature of the paramagnetic
bead model. Although this is not a feature of adult
glaucoma, it occurs in congenital glaucoma, where the
sclera is less rigid and more elastic.65,66 Increased eye
diameter and axial length were highly correlated with

←
following OHT, whole eyes were paraffin embedded and sectioned,
and RGCs were labeled with antibodies against RBPMS (n = 6 NT
eyes; n = 8 OHT eyes). There was no significant increase in total
retinal length following OHT, which was highly variable even across
NTeyes. RGC counts across the retina confirmedgross RGC loss. Scale
bars: 1 mm (upper panel), 20 μm (lower panel). (F) RGC density was
highly correlated with all measured of IOP and eye size. (G) Retinal
length correlated with measures of IOP but to a lesser degree. For
complete n values, please see the Methods section. *P < 0.05, **P <

0.01, ***P < 0.001; NS, non-significant (P > 0.05).
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the magnitude and cumulative degree of IOP elevation.
As the retina is fixed at the optic nerve and ora serrata,
we reasoned that it may stretch with the eye globe.
Retinal length was highly variable following OHT and
trended toward an increase, but no significant change
was detected. Global expansion should be considered
when comparing RGC density as percentage reduction
to contralateral control eyes in unilateral OHT models,
particularly given that RGC numbers differ among
eyes, even within individual animals where expansion
may compound these errors further.33
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