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Abstract: Glaucoma is one of the leading causes of blindness worldwide. Decreased aqueous humor
drainage causes an increase in intraocular pressure (IOP), which in turn damages the ganglion cells
of the retina and optic nerve. A mouse model of glaucoma was used to examine the behavior of
Myo/Nog (M/N) cells, which were previously shown to respond to cataract surgery and retinopathy
induced by hypoxia, light damage, and intravitreal injection of human retinal pigment epithelial cells.
M/N cells express the skeletal-muscle-specific transcription factor MyoD, the bone morphogenetic
protein inhibitor Noggin, and brain-specific angiogenesis inhibitor 1 (BAI1). Glaucoma was induced
by injecting microbeads into the anterior chamber (AC) of the right eye to obstruct the flow of
aqueous humor into the trabecular meshwork. IOP was elevated within three days of addition of
microbeads. Loss of retinal ganglion cells (RGCs) and thinning of the ganglion cell layer–nerve fiber
layer (GCL-NFL) was observed in tissue sections by day 32. The injection of microbeads resulted
in an increase in BAI1-positive (+) M/N cells in the trabecular meshwork, ciliary body, canal of
Schlemm, cornea, and ganglion cell layer (GCL). M/N cells ingested microbeads. The effect of further
increasing the population of M/N cells on IOP and RGC loss was determined by injecting BAI1+ cells
isolated from the brain into the AC of both eyes. Exogenous M/N cells prelabeled with CellTracker™
Red were found in the same tissues as the endogenous population of M/N cells in eyes with and
without elevated IOP. The addition of M/N cells did not significantly reduce IOP in bead-injected
eyes. However, there were significantly more RGCs and the NFL was thicker in glaucomatous eyes
with M/N cell supplementation than eyes injected with phosphate-buffered saline. The numbers of
RGCs and NFL thickness were similar in glaucomatous and non-glaucomatous eyes after adding
M/N cells. These results demonstrate that endogenous M/N cells respond to elevated IOP in the
anterior and posterior segments in response to induction of glaucoma. M/N cells’ mitigation of RGC
loss may reflect a neuroprotective effect within the retina, as opposed to a significant drop in IOP.

Keywords: glaucoma; intraocular pressure; Myo/Nog cells; retinal ganglion cells

1. Introduction

Glaucoma is the leading cause of irreversible blindness worldwide [1]. Disease pro-
gression is usually insidious, eventually leading to a loss of peripheral vision and, when
untreated, blindness [2–11]. The pathophysiology of glaucoma involves damage to the
optic nerve that usually results from an increase in intraocular pressure (IOP) [1,2]. In
closed-angle glaucoma, the clinical presentation is typically acute, with pain and loss of
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vision from pupillary dilation or lens dislocation into the iris [12–15]. Drainage of aque-
ous humor is impaired, leading to severely elevated IOP [1,16], resulting in ganglion cell
death and subsequent blindness. By contrast, open-angle glaucoma typically presents
asymptomatically and progresses more slowly than closed-angle glaucoma. In this case,
the aqueous humor outflow at Schlemm’s canal is impeded by pathologic resistance in the
trabecular meshwork or uveoscleral outflow [17,18]. The subsequent accumulation of fluid
increases IOP, leading to retinal ganglion cell (RGC)death, axonal thinning, optic nerve
cupping, and loss of vision [19–25].

Mouse models of glaucoma are useful for identifying factors involved in the elevation
of IOP and testing potential therapeutic interventions. One such model involves the
injection of microbeads into the anterior chamber (AC) of the murine eye. Microbeads
impede outflow at the canal of Schlemm [26,27], thereby replicating the pathophysiology
of open-angle glaucoma. Increased IOP causes progressive loss of RGCs that plateaus
approximately three weeks after bead injection [26,27].

In this study, we examined the behavior of Myo/Nog (M/N) cells in a modified
version of this murine glaucoma model. M/N cells were named for their expression of
MyoD, a skeletal-muscle-specific transcription factor, and Noggin, an inhibitor of bone
morphogenetic proteins [28–34]. M/N cells also express brain-specific angiogenesis in-
hibitor 1 (BAI1) [35]. They are typically present in low numbers within the eye under
normal conditions [30,36–41]. Injury to the retina or lens activates M/N cells, stimulating
their proliferation and migration to wounds, and, in some cases, promotes their differentia-
tion into contractile myofibroblasts [37–39,42–45]. Depletion of M/N cells in a model of
oxygen-induced retinopathy (OIR) led to increased photoreceptor cell death [38], whereas
intravitreal injection of M/N cells isolated from murine brains into the light-damaged
retina actually reduced photoreceptor cell loss and preserved function [39]. Similarly, cell
death was decreased when M/N cells were injected into the site of focal brain injury [46].

The following study was undertaken to examine the behavior of endogenous M/N
cells in the anterior and posterior segments in response to elevated IOP. Also tested were
the effects of adding brain-derived (donor) M/N cells to the AC on IOP, RGC loss, and
thinning of the nerve fiber layer (NFL) of the retina.

2. Methods
2.1. Animals

Male and female C57BL/6J mice sourced from Jackson Laboratories (Bar Harbor, ME,
USA) were raised from birth in controlled conditions (12–12 h light/dark schedule at
5–8 lux) until three to five months of age. All procedures utilized were in accordance with
the Association for Research in Vision and Ophthalmology’s (ARVO) Statement for the Use
of Animals in Ophthalmic and Vision Research and were approved (Protocol #A17-012)
by the Philadelphia College of Osteopathic Medicine’s Institutional Animal Care and Use
Committee (IACUC).

2.2. Induction of Glaucomatous State

IOP was elevated in the right eye with a modification of the method described by
Ito et al. (2006) and Samsel et al. [26,27]. Just prior to microbead injection, mice were
anesthetized via administration of an 87.5 mg/Kg ketamine/12.5 mg/Kg xylazine mix-
ture. The ACs of the right eyes of the anesthetized mice were injected with a 2 µL solu-
tion of 4.5 µm magnetic polystyrene microbeads (Invitrogen Dynabeads™ M-450 Epoxy,
Thermo Fisher Scientific, Waltham, MA, USA) suspended in phosphate-buffered saline
(PBS) (1.6 × 106 beads/µL) with a 10 µL Gastight Hamilton syringe (Hamilton Company,
Reno, NV, USA). The epoxy coating was removed from the beads prior to their injection [26].
A hand-held magnet was used to attract the beads to the iridocorneal angle (Figure 1A).
The left eyes were used for intra-animal controls. IOP was measured using a Tonopen
(Icare, Raleigh, NC, USA) five minutes after administration of the ketamine cocktail. Sub-
sequent IOP measurements occurred on days (D) 4, 7, 14, 21, and 28 in both the right
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(glaucomatous) and left (non-glaucomatous) eyes (Figure 1B). An increase in IOP of more
than 30% in the right eye on D7 compared to D0 was considered a successful glaucoma
induction procedure.
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Figure 1. Induction of high IOP through intraocular injection of microbeads. (A) Sections of the
iridocorneal angle of eyes were stained with H&E on D32 after injection of microbeads. The beads
appear brown in tissue sections. Cor, CB, Be, and RT are the cornea, ciliary body, microbeads, and
retina, respectively. Scale bar represents 45 µm. (B) Intraocular pressure data from each treatment
group in eyes with and without bead injections (hatched lines and solid lines, respectively). Untreated
eyes received no injections. Injection of beads significantly elevated the IOP (Asterisk means a
p ≤ 0.05) in all three groups by D3 in the glaucomatous right eyes (GEs) compared to their non-
glaucomatous left eyes (NGEs).

2.3. M/N Cell Extraction and Labeling

Primary M/N cells were isolated from C57BL/6J donor mouse brains according to
protocols described previously [39,46]. Briefly, the donor’s brain was sliced into small pieces
and incubated in 0.25% Trypsin-EDTA (Thermo Fisher Scientific, Waltham, MA, USA)
at 37 ◦C for 15 min. A single-cell suspension was produced through trituration. The
population that non-specifically bound magnetic anti-mouse IgM secondary antibodies was
removed from the cell sorting column (Miltenyi Biotec, Auburn, CA, USA). The remaining
cells were incubated with the G8 anti-BAI1 monoclonal antibody (mAb) and magnetic
anti-IgM secondary antibodies (Miltenyi Biotec). Bound, BAI1-positive cells were eluted
from the column in buffer according to the manufacturer’s instructions. Donor M/N cells
were labeled with CellTracker™ Red CMTPX fluorescent labeling dye (Invitrogen, Carlsbad,
CA, USA) [47]. Then, 2 µL of PBS containing 6000 pre-labelled M/N cells was injected into
both eyes of five mice on D7 using a 10 µL Gastight Hamilton syringe. Five control mice
received an injection of 2 µL of PBS.

2.4. Treatment Groups

All subjects were anesthetized with an 87.5 mg/Kg ketamine–12.5 mg/Kg xylazine
mixture. Five mice in three of the four treatment groups received bilateral AC injections
with a gas-tight syringe. Group 1 (treatment) received 2 µL of 6000 brain-derived M/N
cells. Group 2 (vehicle control) received 2 µL of PBS. Group 3 (no treatment) did not receive
AC injections. IOP was serially measured weekly as described above.

2.5. Embedding and Sectioning

Mice were euthanized on D32. Eyes were enucleated, washed in PBS, and fixed in 4%
formaldehyde overnight. Eyes were embedded in paraffin as described previously utilizing
a Lynx II tissue processor (Electron Microscopy Sciences, Hatfield, PA, USA) [28,30]. Then,
8 µM sections were obtained with the Epredia HM 355S microtome (Fisher Scientific,
Waltham, MA, USA).
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2.6. Quantitation of RGCs and Measurement of GCL-NFL Thickness

Tissue sections were stained with hematoxylin 2 and eosin-Y (H&E) (Richard Allan
Scientific, Kalamazoo, MI, USA). The number of RGCs was counted in five sections per eye
in the first three fields on either side of the optic nerve at 60× magnification. The GCL-
NFL/inner nuclear layer (INL) thickness ratio was quantified in these sections using the
measuring tool available in NIS Elements software (https://www.microscope.healthcare.
nikon.com/products/software/nis-elements accessed on 30 August 2023, Nikon Inc.,
Melville, NY, USA). Measurements were compared in five sections from the GEs and NGEs.
RGCs were distinguished from microglia, astrocytes, and displaced amacrine cells by
nuclear size and morphology. However, we did not label the GCL with a specific antibody
against them.

2.7. Immunofluorescence Microscopy

Sections were incubated with 0.9 µg/mL of the G8 mAb against BAI1 to detect M/N
cells as described previously [29,35,38]. BAI1 mAb binding was visualized with 2 µg/mL
goat anti-mouse IgM secondary antibody conjugated with anti-goat Alexa Fluor 488 (1:400
dilution in 10% goat serum in PBS). Slides were cover-slipped with Fluorogel-II containing
4′,6-diamidino-2-phenylindole (DAPI) (Electron Microscopy Sciences, Hatfield, PA, USA).

Quantitation of M/N cells throughout the eye was accomplished with the Nikon
Eclipse E800 epifluorescence microscope and NIS elements software (Nikon Inc.). RGCs
and the NFL/INL ratio were quantified in the glaucomatous and non-glaucomatous eyes
of the same mouse to compare the quantity and locations of M/N cells. Distinction
between endogenous and exogenous M/N cells was made by quantifying cells labeled
with Alexa 488 only (endogenous cells) and Alexa 488 plus CellTracker™ Red CMTPX dye
(exogenous cells).

2.8. Statistical Analyses

Data are reported as the means and standard deviations (SDs) within each group.
One-way ANOVA analyses were conducted with double-tailed t-tests to evaluate statistical
significance between treatment groups and controls for the numbers of M/N and RG cells,
and the NFL/IFL ratios. p < 0.05 was considered statistically significant. Calculations were
performed with Microsoft Excel (Microsoft, Redmond, WA, USA).

3. Results
3.1. Effect of Injecting Beads into the AC on IOP

Histological analysis showed that the beads were present within the iridocorneal angle
and appeared lodged within the trabecular meshwork (Figure 1A). Introducing beads into
the right eye’s AC resulted in increased IOP across all three treatment groups within three
days of their injection (Figure 1B). The increase in IOP peaked 7 days after the injection of
the beads and remained elevated through D28 (Figure 1B). No significant differences in
IOP were observed between the different treatment groups.

3.2. Effects of Elevated IOP on the Retina

The number of RGCs and the thickness of the NFL, given as NFL/INL ratio, were
compared in H&E-stained sections of eyes with normal and elevated IOP (Figure 2). Sig-
nificantly fewer RGCs were present in the right eyes with elevated IOP than the left
eyes that did not receive beads (Figure 2A–C). The GCL-NFL/INL ratio was also signifi-
cantly reduced in eyes with elevated IOP (Figure 2D), reflecting thinning of the GCL-NFL
(Figure 2A,D). These results demonstrate that the bead injection induced an increase in
high IOP that translated into damaging effects on the retina.

https://www.microscope.healthcare.nikon.com/products/software/nis-elements
https://www.microscope.healthcare.nikon.com/products/software/nis-elements
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Figure 2. Measurements of RGCs and retinal thickness in glaucomatous vs. non-glaucomatous eyes.
(A) H&E-stained retinal sections comparing glaucomatous (GEs) and non-glaucomatous eyes (NGEs)
in each of the three treatment groups. GCL/NFL, INL, and ONL indicate the ganglion cell layer,
the INL, and outer nuclear layer, respectively. Eyes received no injection (untreated), an injection of
PBS, or exogenous M/N cells (M/N). High IOP significantly thinned the GCL/NFL, and this was
ameliorated by the addition of exogenous M/N cells. (B) The total number of RGCs per field in each
treatment group in GEs and NGEs. (C) The number of RGCs relative to the distance from the optic
nerve in each treatment group in eyes with and without bead injections (hatched lines and solid
lines, respectively). There was no significant difference between the NGE groups. In the GE groups,
statistically significant difference between the M/N-treated group and the untreated and PBS-treated
groups is represented by an asterisk (* p ≤ 0.05). M/N-cell-treated GEs showed more RGCs than
those treated with PBS or left untreated. (D) GCL/NFL thickness is represented by the GCL-NFL/IFL
ratios in each treatment group of GEs and NGEs. GCL-NFL/IFL thickness ratios are shown in all
treatments in the NGEs (black bars) and GEs (white bars). Statistically significant difference between
the GEs and NGEs within treatment groups is represented by an asterisk (Asterisk means a p ≤ 0.05).
Exogenous treatment of the GEs prevented retinal thinning induced by high IOP.

3.3. Effects of Elevated IOP on the Distribution of Endogenous M/N Cells

Endogenous M/N cells were present in low numbers in the anterior and posterior
chambers in non-glaucomatous eyes (NGEs) and had normal IOP, with or without the
addition of exogenous M/N cells (Figure 3A). Glaucomatous eyes (GEs) and GEs with
PBS showed elevated numbers of endogenous M/N cells throughout the eye on D32
(Figures 3A,B and 4A–Y). Endogenous M/N cells appeared to phagocytose beads around
the trabecular meshwork (Figure 4Z–DD)
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Figure 3. Anatomical distribution of exogeneous and endogenous M/N cells. (A,B) represent the
distribution of endogenous (black, white, and orange bars) and exogenous M/N cells (red bars)
on D32 in glaucomatous (GEs) and non-glaucomatous eyes (NGEs) of mice that did not receive
an injection of beads (untreated) and that received 2 µL PBS or 2 µL of purified M/N cells (M/N
exogenous). Both exogenous and endogenous M/N cells were counted in the GE group that received
brain-derived M/N cells. Statistically significant difference from the untreated control group within
each area of the eye is represented by an asterisk (* p ≤ 0.05).
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Figure 4. Distribution of M/N cells in glaucomatous mice treated with exogenous M/N cells.
Glaucoma was induced by injecting metallic beads into the AC of the mouse eye and positioned at
the iridocorneal angle utilizing a magnet. Mice were injected with exogenous M/N cells labeled with
CellTrackerTM Red (CT Red) 7 days after induction of glaucoma and culled at 32 days. Tissue sections
were labeled with Dapi (blue) and G8 BAI1 mAb (green) and imaged with 60× (A–Y) and 100× lenses
(Z–DD). Chevrons illustrate endogenous M/N cells with green fluorescence only. Triangles illustrate
exogenous M/N cells that fluoresced red and green. (B,G,L,Q,V,AA) are merged images of red,
green, and blue fluorescence. DIC images show the iris, ciliary body, and microbeads in (A,F,K,P,U,Z),
respectively. (A–E) are images of the trabecular meshwork (TM). The canal of Schlemm (CS) is shown
in (F). (K–O) are images of the ciliary body (CB). The cornea (C) is shown in (P–T). (U–Y) are images
of the ganglion cell layer (GCL). Microbeads present in the cytoplasm of endogenous M/N cells are
labeled with chevrons near the iris (Z–CC). Bar = 9 µm in A–Y and 4.5 µm in (Z–DD).

3.4. Distribution of Exogenous M/N Cells in Glaucomatous and Non-Glaucomatous Eyes

The anti-BAI1 G8 mAb was used to isolate M/N cells from the brain [39,46], and the
purified cells were injected into the AC of both eyes. Isolated M/N cells were prelabeled
with CellTracker™ Red before injection. Exogenous M/N cells were integrated into the
anterior and posterior segments of both eyes of non-glaucomatous and glaucomatous
eyes (Figure 3A,B). In non-glaucomatous eyes, most of the exogenous M/N cells were
integrated into the RGCs, while in the glaucomatous eyes, exogenous M/N cells were
found to increase in all ocular tissues analyzed, with the highest increase found in the
cornea and the RGC layer (Figures 3 and 4). These analyses demonstrate that the injected
M/N cells are viable and able to populate tissues of the anterior and posterior segments in
eyes with and without elevated IOP and affect the endogenous population in some areas.
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3.5. Effects of Exogenous M/N Cells on Endogenous M/N Cells, IOP, and RGCs

The addition of brain-derived M/N cells significantly decreased the number of en-
dogenous M/N cells in the trabecular meshwork and significantly increased their number
in the cornea of glaucomatous eyes (Figures 3A,B and 4P–T) compared to the untreated
and PBS groups (Figures 3A,B and 4A–E,P–T). Exogenous M/N cells did not significantly
reduce IOP (Figure 1B). However, the addition of M/N cells did significantly reduce
cell loss in the GCL, such that the numbers of RGCs were similar in the GEs and NGEs
(Figure 2A–C). Exogenous M/N cells also ameliorated the thinning of the NFL in glaucoma-
tous eyes (Figure 2A,D). Thus, increasing the number of M/N cells affects the endogenous
population and mitigates the damaging effects of elevated IOP on the retina.

4. Discussion

The loss of ganglion cells in glaucoma eventually leads to blindness. In the case of open-
angle glaucoma, blockage of the trabecular meshwork impedes the outflow of aqueous
humor [48–50]. There are several characteristics of M/N cells that led us to investigate their
behavior in a mouse model of glaucoma. First, they are activated in response to a variety
of perturbations in homeostasis, including hypoxia, cell death, incisional and abrasion
injuries, and cancer [37–39,41,46,51,52]. Under these conditions, they rapidly accumulate
in areas of stress and within wounds. Following injection of microbeads into the AC,
M/N cells increase in number in the trabecular meshwork, canal of Schlemm, cornea,
and GCL. Brain-derived M/N cells injected into the AC accumulated in the same areas
as the endogenous M/N cells. The presence of beads, elevation in IOP, and subsequent
tissue damage are likely stimuli for the activation of endogenous M/N cells and homing
of both populations of M/N cells to areas of compromise throughout the eye. However,
the addition of exogenous cells prevented an increase in endogenous cells in the trabecular
meshwork when compared to the no treatment and vehicle control groups in glaucomatous
eyes. Apart from the trabecular meshwork, the total number of M/N cells (both exogenous
and endogenous) almost doubled compared to the no treatment and vehicle control groups
in response to elevated IOP. It is possible that the phagocytosed magnetic beds triggered
apoptosis in the M/N cells, thereby lowering their number in this region. The increased
number of endogenous Myo/Nog cells in the cornea after injection is probably due to
the stress that the injection causes in this tissue and the acute increase in IOP forcing the
corneal tissue to stretch, as well as being the location of the injection.

Importantly, M/N cells participated in the clearance of microbeads. M/N cells also
ingest tattoo ink in the skin and dead cells in the lens and retina [37,43,53]. We also reported
that M/N cells engulf microbeads injected into the AC [53]. It is possible that there were
too many beads to clear, even with M/N cell supplementation, to significantly reduce IOP.
Furthermore, the polystyrene beads, like tattoo ink, may remain within the cytoplasm of
M/N cells once internalized.

Another important characteristic of M/N cells relevant to this study is their ability
to protect photoreceptors in oxygen-induced retinopathy and from light damage [38,39].
Their migration to focal wounds in the brain also mitigated cell death [46]. In this mouse
model of glaucoma, exogenous M/N cells reduced RGC loss and preserved GCL-NFL
thickness in the absence of a significant reduction in IOP. M/N cells’ mitigation of RGC
loss appears to reflect a neuroprotective effect within the retina, as opposed to a significant
drop in IOP, and suggests that their mediation of neuroprotection involves the release of
factors within the vitreous and/or the retina itself. Although we assessed RGC numbers
using their morphology and nuclear size, we did not label RGCs with a specific antibody
against them. Hence, it is possible that in some of the counts that we carried out, Myo/Nog
cells, microglia, or astrocytes could have been mistakenly counted. However, the numbers
of most of these will increase in stressed tissue. The reduction in cell numbers in the GCL
caused by M/N cell injection indicates that it reduced the level of stress in that layer and,
likely, the overall number of ganglion cells.
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M/N cells’ mitigation of RGC loss in this model of glaucoma is predicted to involve
multiple mechanisms, including the regulation of the BMP signaling pathway via the
release of Noggin. M/N cells are the primary, if not exclusive, source of Noggin throughout
the embryo and all adult tissues studied thus far [30,36–40,43,45,46]. Their release of Noggin
is critical for normal development of the central nervous system and the eyes [30,36,51].
Implantation of Noggin-soaked beads compensates for the loss of M/N cells during early
embryonic development and restores eye morphogenesis [36] Overexpression of Noggin
in the brain reduces neuronal cell loss and facilitates neuronal repair in several models of
neuronal injury [38,46,54–61].

Like Noggin, BAI1 recognized by G8 mAb, and a commercially available anti-BAI1
mAb appears to be expressed exclusively in M/N cells within the eye [35,38,43,45]. BAI1
is a receptor for phosphatidylserine present on the outer leaflet of the plasma membrane
in apoptotic cells and triggers the engulfment process [62]. Examination of the relative
contributions of M/N cells and macrophages in maintaining the patency of the trabecular
meshwork under normal conditions and in a more slowly progressing model of glaucoma,
as well as the relationship between M/N cells and microglia and their roles in clearance in
the retina and brain, is warranted. Mechanistic studies are crucial to leveraging M/N cells
or the molecules they release for therapeutic purposes in glaucoma and other retinopathies.
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