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Abstract: The aim of this article is to describe sustained myopic eye growth’s effect on astrocyte
cellular distribution and its association with inner retinal layer thicknesses. Astrocyte density and
distribution, retinal nerve fiber layer (RNFL), ganglion cell layer, and inner plexiform layer (IPL) thick-
nesses were assessed using immunochemistry and spectral-domain optical coherence tomography on
seventeen common marmoset retinas (Callithrix jacchus): six induced with myopia from 2 to 6 months
of age (6-month-old myopes), three induced with myopia from 2 to 12 months of age (12-month-old
myopes), five age-matched 6-month-old controls, and three age-matched 12-month-old controls. Un-
treated marmoset eyes grew normally, and both RNFL and IPL thicknesses did not change with age,
with astrocyte numbers correlating to RNFL and IPL thicknesses in both control age groups. Myopic
marmosets did not follow this trend and, instead, exhibited decreased astrocyte density, increased
GFAP+ spatial coverage, and thinner RNFL and IPL, all of which worsened over time. Myopic
changes in astrocyte density, GFAP+ spatial coverage and inner retinal layer thicknesses suggest
astrocyte template reorganization during myopia development and progression which increased
over time. Whether or not these changes are constructive or destructive to the retina still remains to
be assessed.

Keywords: myopia; astrocytes; aging; neurovascular unit; marmoset

1. Introduction

Myopia is a refractive condition that can cause retinal pathology at severe stages. It is
a preeminent risk factor for developing retinopathies such as choroidal neovascularization,
glaucoma, and other maculopathies [1,2]. The projected global increase in myopia preva-
lence is staggering, predicted to affect almost 5 billion people by the year 2050 [3,4], and will
likely lead to public health crises and both financial and community burdens on healthcare
systems worldwide. Despite this increase in myopia prevalence, the mechanisms under-
lying myopic degeneration and its associated retinopathies remain unknown [3]. There
are no known strategies for preventing disease progression, and no early-stage diagnostic
markers of myopic pathology [1,2].

Myopia of all degrees is associated with higher risk for glaucoma [5], chorioretinopa-
thy [6], cataracts [7], and retinal detachment [8]. The development and progression of
myopia also results in structural changes, including inner retinal, choroidal, and scleral
thinning [9–11] and reduced retinal pigment epithelium cell density [10,12,13]. Both the
sclera and the choroid are affected by myopic stretch [14,15], with genetic and cellular
changes suggesting the existence of differential changes in mechanical response genes [16].
Cellular changes to the inner retina due to myopia progression have also been identified.
Previous work from our lab has described a decrease in astrocyte density along with in-
creased glial fibrillary acidic protein (GFAP) spatial coverage in myopic marmoset eyes
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(Callithrix jacchus), an established non-human primate model of myopia. This has also
been associated with retinal nerve fiber layer (RNFL) thickness changes [17]. There was
also decreased peripheral retinal branchpoint density, along with a central increase in
string vessels and retinal branchpoint density [17]. Supporting the existence of retinal
glia alterations in myopia, increased GFAP expression and both astrocyte and Müller cell
morphology changes have been demonstrated in a mouse model of myopia [18].

The relationship between neurons, glia, and the vasculature within the retina is collec-
tively called the retinal neurovascular unit, and is essential to maintaining homeostasis and
modulating neuronal activities [19]. Functions of the neurovascular unit include structure
regulation and nutritional support [19,20], blood–retinal barrier integrity maintenance [21],
and debris phagocytosis [20]. The neurovascular unit, upon the onset of systemic pathology,
wields a biphasic influence: degenerative when acute, and regenerative when chronic [22].
All glial, vascular, and neuronal cells in the neurovascular unit work together in a feedback
loop under both normal and abnormal development [23,24]. Astrocytes, located centrally
between endothelial cells of the vasculature and neurons [25], are a crucial element of
the neurovascular unit and cleverly adapt and help to regulate neuronal synaptic activity
and metabolism [26,27]. Astrocytes are highly heterogeneous and are among the most
commonly found glia cell type within the retina [28], and their degeneration and reactivity
precede ganglion cell degeneration and pathological neovascularization [23,29], possibly
leading to the progression of ocular diseases like glaucoma or oxygen-induced retinopathy.

Experimental research is crucial to bridge etiological and mechanistic knowledge
gaps with the end goal to advance human treatment [30–32]. The common marmoset is
an exceptional non-human primate (NHP) model for vision and neuroscience research
due to the presence of a high optical quality foveated eye akin to the human eye, quick
development, small animal size, and ease of care and handling [33–35]. In our lab, common
marmosets are successfully induced with varying degrees of myopia utilizing negative-
powered contact lenses, following a lens-induced myopia paradigm [33–37]. There is no
other lens-induced myopia NHP model, with a directly comparable ocular structure and
physiology to that of the human eye. Despite great progress in the research fields of myopia
control and etiology, myopia’s longitudinal effect on the retinal astrocyte template and
RNFL thickness, and how they change with longer periods of induced myopia, remains
unknown. In this study, the astrocyte density and distribution as well as RNFL, ganglion cell
layer (GCL), and inner plexiform layer (IPL) thicknesses were assessed in an experimental
NHP myopia model to study progressive myopia’s effect on the ocular tissues.

2. Methods
2.1. The Myopia Marmoset Model

Seventeen marmoset eyes were included, grouped into treated or age-matched un-
treated controls: six 6-month-old myopic eyes (6 mM) induced with myopia for 4 months,
five age-matched 6-month-old untreated controls (6 mC), three 12-month-old myopes in-
duced with myopia for 10 months (12 mM) and three age-matched 12-month-old controls
(12 mC). Myopes were induced with myopia using soft negative-powered full-field single-
vision contact lenses (either -5D or -10D powers) [17] for 4 months from 2 to 6 months of
age (6-month-old myopic marmosets, 6 mM), or for 10 months from 2 to 12 months of age
(12-month-old myopic marmosets, 12 mM). Details of each animal included (age, axial
length, refractive error, and gender) can be found in Table 1. Statistical power analysis using
published data from our lab indicates that 4 eyes per experimental group in our younger
cohort provides 80% power for our statistical analysis [17]. Our data are less variable in
the older marmosets induced with sustained myopia for longer, and the statistical power
analysis indicates that 3 eyes per older control and older myopic group provides 80% power
for our statistical analysis. All animal care and experimental protocols were approved by
the State University of New York College of Optometry Institutional Animal Care and
Use Committee (IACUC), and performed as recommended by the US National Research
Council’s Guide for the Care and Use of Laboratory Animals, the ARVO statement for
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the use of animals in ophthalmic and vision research, the Guide for the Care and Use of
Laboratory animals, and the US Public Health Service’s Policy on Humane Care and Use of
Laboratory Animals.

Table 1. Characteristics of control and myopic marmosets (axial length, refractive error, gender, age).
Myopic marmosets initiated lens wear at 10 weeks old (72.0 ± 5.5 days) following an established
protocol [34,37]. Daily morning contact lens insertion occurred between 8 and 10 am. Lights (700 lux)
were turned on at 10 am after lenses were inserted, and subsequently removed 9 h later at lights off
each day (9 h of light/15 h of dark). Contact lenses were either 3.6 or 3.8 mm base curve and 6.5 mm
diameter, made of methafilcon A (55% water content, DK: 17), and fit 0.10 mm flatter than the flattest
keratometry measurement. No corneal complications were observed in any of our treated myopic
animals in this or earlier marmoset studies [34,36,37].

6 m Control ID, Eye Eye Length
(mm)

Refraction
(D) Gender Age (Days) 6 m Myope ID, Eye Eye Length

(mm)
Refraction

(D) Gender Age (Days)

C16, Right 10.259 −0.66 Female 268 B17, Right 10.900 −7.93 Female 214

C16, Left 10.241 −0.13 Female 268 B17, Left 10.894 −7.97 Female 214

G16, Left 10.279 −1.15 Male 215 O17, Right 10.492 −7.28 Male 204

H16, Right 10.286 −0.63 Female 205 O17, Left 10.212 −3.91 Male 204

H16, Left 10.307 −1.12 Female 205 P17, Right 10.554 −7.96 Female 183

P17, Left 10.464 −3.08 Female 183

Average ± Standard
Deviation 10.27 ± 0.03 −0.74 ± 0.4 232.2 ± 32.9 Average ± Standard

Deviation 10.61 ± 0.3 −7.01 ± 1.8 200.3 ± 14.2

p < 0.05 p < 0.01 p > 0.05

12 m Control ID,
Eye

Eye Length
(mm)

Refraction
(D) Gender Age (Days) 12 m Myope ID,

Eye
Eye Length

(mm)
Refraction

(D) Gender Age (Days)

X15, Right 10.216 −1.12 Female 381 I19, Right 10.936 −7.34 Male 388

X15, Left 10.2202 −1.04 Female 381 J19, Right 10.791 −3.48 Male 388

S15, Right 10.181 −1.22 Female 396 J19, Left 10.766 −3.82 Male 388

Average ± Standard
Deviation 10.20 ± 0.02 −1.12 ± 0.1 386 ± 8.7 Average ± Standard

Deviation 10.83 ± 0.1 −4.08 ± 2.1 388 ± 0.0

p < 0.05 p < 0.01 p > 0.05

Cycloplegic refractive error was measured with the Nidek ARK-900 autorefractor
(Nidek Co., LTD, Gamagori, Japan) on alert marmosets. Cyclopleged animals were sub-
sequently anesthetized (alphaxalone, 15 mg/kg, intramuscular) for axial length (AL) and
optical coherence tomography (OCT) measurements. AL was performed using an ul-
trasound biometer (A-scan ultrasound 25 MHz, Panametrics, NDT Ltd., Waltham, MA,
USA), with eight individual A-scan traces averaged and taken to be the axial length
of each eye measured. RNFL, GCL, and IPL thicknesses were then measured using
a Spectral Domain Optical Coherence Tomography machine (SD-OCT) (Bioptigen SD-
OCT; 12 × 12 mm2, 700 A-scans/B-scan × 70 B-Scans × 5 Frames/B-scan, Bioptigen Inc.,
Durham, NC, USA). Marmosets wore custom-made plano rigid gas permeable lenses
(3.75 mm base curve/5 mm diameter, 0 D; Conforma Laboratories, Inc., Norfolk, VA, USA)
for the duration of OCT measurements to prevent ocular surface tear film evaporation. Cy-
cloplegic refractive error, axial length, and optical coherence tomography were performed
at baseline and at the end of treatment before collection of retinal tissue. SD-OCT images
were segmented using The Iowa Reference Algorithms (Version 3.6, Iowa Institute for
Biomedical Imaging, Iowa City, IA, USA). RNFL, GCL, and IPL exhibit retinal thinning and
cellular template remodeling secondary to myopia development [9,17] in marmoset eyes,
which is why the inner retinal layer thicknesses were analyzed.

2.2. Collection of Retinal Tissue and Immunohistochemical Staining of Retinal Flatmounts

Eyes were enucleated and washed with phosphate-buffered saline (PBS; ThermoFisher,
Waltham, MA, USA) at the end of treatment. Retinas were fixed in Paraformaldehyde (PFA)
4% (Santa Cruz Biotechnology, Dallas, TX, USA) for 30 min, then washed with PBS five
times for 30 min each, and incubated in blocking buffer (5% normal donkey serum (Sigma
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Aldrich, St. Louis, MO, USA), 0.5% Triton X (Sigma Aldrich, St. Louis, MO, USA), and PBS)
for one hour. After blocking, retinal tissue was incubated for 3 days with primary antibodies
in blocking buffer at 4 ◦C. The primary antibodies used were mouse anti-GFAP to detect
GFAP intermediate filament protein (1:500, Catalog #MAB360, Millipore Sigma, Burlington,
MA, USA) and rabbit anti-Sox 9 to detect astrocyte nuclei (1:1000, Catalog #AB5535, Sigma
Aldrich, St. Louis, MO, USA). After primary antibody incubation period, retinas were
washed with PBS six times for 10 min each and incubated with secondary antibodies
(donkey-anti mouse 594 antibody (1:200, ThermoFisher, Catalog #A21203, Waltham, MA,
USA) and donkey-anti rabbit 488 (1:200, Catalog #A32790, ThermoFisher, Waltham, MA,
USA)) for 2 days. Retinal tissue was then washed one time for 30 min, and six times
for 10 min each time with PBS. Retinas were inspected for debris or tissue abnormalities
prior to plating onto SuperFrost slides (ThermoFisher, Waltham, MA, USA). Cover slips
were then placed on objectives with DAPI mounting medium (SKU: H-1200-10, Vector
Laboratories, Newark, CA, USA) and stored at −20 ◦C.

2.3. Confocal Microscopy

Plated retinal samples underwent confocal microscopy with the Olympus FV1200
MPE confocal microscope (Olympus Corporation, Tokyo, Japan). Images were gathered
and analyzed by one blind investigator in a randomized order. Both eyes were kept
separately after enucleation and distinguished by noting the presence of the foveal pit
and temporal region. Twelve images (317 µm × 317 µm horizontally, and 10 µm deep
vertically) were taken from each of the seventeen retinas quantified. Multiplane z-series
were taken using the 40× magnification objective, with each section 1 µm in depth. The
confocal microscope then processed each stack of 10 sections to form single z-stacks of
images from the retinal tissue. Fiji software (Mac OS, version 20200928-2004) was used
to process images, to quantify astrocyte density (astrocytes nuclei per mm2) and GFAP
immunopositive spatial coverage (percentage of GFAP immunopositive staining per mm2).
The two parameters were assessed via retinal quadrant imaging (nasal, temporal, inferior,
and superior) of different retinal locations (parafoveal, peripapillary, and peripheral). The
temporal region contained the fovea, while the nasal region was directly opposite the
temporal region. Inferior and superior retinas were categorized depending on the eye.
Quadrantal and regional analysis of the retina were performed to help identify whether
local changes occurred in myopic eyes known to experience asymmetrical growth.

2.4. Image and Statistical Analysis

Astrocyte density was calculated using the Fiji cell counter function, by manually
counting the number of astrocyte nuclei in every image and converting to astrocytes/mm2.
The image was then split into separate color channels to identify the channel corresponding
to GFAP-positive staining (red). The red channel’s image was made “binary”, (Process,
Binary, Make Binary) then converted to mask (Process, Binary, Convert to Mask). The
“masked” image is a white background with black particles, with the black particles
subsequently quantified as “percentage area covered” (Analyze, Analyze Particles, Ok).
We interpreted this automated Fiji value as GFAP-immunopositive staining and astrocyte
spatial coverage. Averaged values of the central RNFL, GCL, and IPL in both 6- and
12-month-old marmosets were gathered. Previous studies have confirmed the ability and
validity of SD-OCT scans to be used for measuring marmoset retinal thickness [9,17].

A two-dimensional magnification correction was also performed in order to account
for myopic retinal growth using a tangential equation. Data were assessed for normality
and analyzed using one-way analysis of variance (ANOVA) with post hoc analysis using
Tukey tests at significance level α = 0.05, and Student’s t-test was used to assess any
differences between different age groups of control and myopic eyes. Graphs were made
using OriginPro 2023 software (OriginLab, Northampton, MA, USA), and figures were
assembled in Adobe Indesign (Adobe, San Jose, CA, USA).
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3. Results

After correcting for magnification, the average myopic retinal area was similar to that
of the control eyes (0.64 mm controls vs. 0.65 mm in myopes), confirming the minimal
effect of image magnification on cell density and distribution quantifications.

Marmoset retinas were separated into four quadrants: superior, inferior, nasal, and
temporal quadrants (Figure 1A) (scale bar 1000 µm). The presence of the foveal pit (yellow
circle) demonstrated which quadrant was the temporal quadrant (blue wedge outline).
Each quadrant was then split into two regions: peripapillary (Pp) and periphery (Ph).
Confocal images in the peripapillary and peripheral retina in this study were taken at
40× magnification, with six focal areas of 40× magnification present when moving in a
straight line from the optic nerve head to the peripheral retina (white boxes, focal areas
1–6). Images quantified in this study were taken in all four quadrants in focal area 3 for
the peripapillary quantification and focal area 6 for the periphery quantification, and were
also directly adjacent to the foveal pit (yellow circle) for a total of 12 images per retina.
Locations of the parafoveal (1), peripapillary (2), and peripheral (3) regions may be seen
(Figure 1B) alongside 3D reconstructed images of the vasculature and astrocytes in the three
areas. Marmoset retinas contain two layers of parafoveal astrocytes (Figure 1B, box 1), both
located in the RNFL: the more superficial layer lies closer to the inner limiting membrane,
and the deeper layer lies closer to the GCL. The two layers of astrocytes correspond to
the two most superficial vascular plexi, the radial peripapillary capillary plexus (RPC),
and the superficial capillary plexus (SCP) [17]. The deeper vascular layers of the primate
retina, the intermediate capillary plexus (ICP) and deep capillary plexus (DCP), do not
contain astrocytes. The peripapillary and peripheral regions of marmoset retinas have one
layer of astrocytes only (Figure 1B boxes 2 and 3, respectively). Representative images are
shown in Figure 1C–E of the two layers of parafoveal astrocytes (Figure 1C), the single
layer of peripapillary astrocytes (Figure 1D), and the single layer of peripheral astrocytes
(Figure 1E). Astrocyte morphology and distribution in marmoset eyes has been described
in previous work from our lab [17].
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Lin et al. [17]. (A) A control marmoset’s retinal vasculature map [green; (ID: C16 Left)] is shown.
Outlined in blue is the temporal region of the eye, with fovea location denoted by a yellow circle.
The retinal vasculature shown is visualized using conjugated Isolectin-488, and consists of multiple
images acquired at 4× magnification and stitched together using Photoshop. The peripapillary (Pp)
and peripheral regions (Ph) quantified in this study are shown, as are the locations where the images
were taken. Focal areas away from the center of the retina (optic nerve) to periphery are shown via
the white boxes numbered 1–6. Inferior, superior, temporal, and nasal quadrants of the retina are
also shown. Scale bar, 1000µm. (B) An image of the temporal retina (left) is highlighted in blue, and
visualized using isolectin (green). The fovea location is shown by the yellow circle. Numbers in the
white boxes represent areas evaluated (1: parafoveal, 2: peripapillary, 3: periphery). Reconstructed
images (right) from areas 1, 2, and 3 show the distribution of astrocytes (red) and the vasculature
(green). The four vascular plexi, from the inner to outer retina, are the radial peripapillary capillary
(RPC), superficial (SCP), intermediate (ICP), and deep (DCP) plexi. Scale bar, 20 µm. (C–E) Images of
representative retinal astrocytes (red) found in areas 1, 2, and 3. Scale bar, 50 µm. In area 1 (parafovea),
astrocytes are distributed among two vascular layers, the RPC and SCP layers. In other areas (2, 3),
astrocytes are found only in one layer, the superficial layer.

3.1. Imposing Negative Defocus for 10 Months vs. 4 Months Increases the Effect of Myopia on
Retinal Astrocyte Density and GFAP Immunopositive Spatial Coverage

Astrocyte density was lower in the RPC parafoveal layer of myopic eyes (Figure 2A,B;
6 m p < 0.001, 12 m p < 0.001), with increased GFAP+ spatial coverage noted in myopic eyes
compared to that of controls (Figure 2C: 6 m p < 0.01, 12 m p < 0.01). The GFAP+ spatial
coverage may have originated from either or both astrocytes and Müller glia cells, with
myopic animals treated for a longer duration of time showing a greater effect than younger
myopic animals (Figure 2B: p < 0.001, Figure 2C: p < 0.001).
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images of control marmoset parafoveal RPC layer astrocytes (6-month control ID tag: H16 Right,
12-month control ID tag: X15 Right) and myopic marmoset parafoveal RPC layer astrocytes (6-month
myope ID tag: P17 Right, 12-month myope ID tag: I19 Right). Astrocyte cell nuclei and spatial
distribution were labeled with Sox9 (green) and GFAP (red) markers, respectively. (B) Analysis was
performed for astrocyte density in the parafoveal RPC layer (6-month control n = 5, 6-month myopic
n = 6, 12-month control n = 3, 12-month myopic n = 3). Data are shown as a box plot with SE as
the box and SD for whiskers, with the yellow section in the pie chart indicating the region that was
analyzed (parafoveal RPC layer) in (B,C). Significantly decreased parafoveal RPC layer astrocyte
density was seen in both young and older myopic eyes (6-month p < 0.001; 12-month p < 0.001).
(C) Increased GFAP+ spatial coverage was seen in the myopic parafoveal RPC layer of astrocytes
(6-month p < 0.01), which was still significant in aged myopic retinas (12-month p < 0.01).

Astrocyte density was lower in the SCP parafoveal layer of myopic eyes (Figure 3A,B:
6 m p < 0.001, 12 m p < 0.05), and also demonstrated increased GFAP+ spatial coverage
in myopic eyes compared to controls (Figure 3C: 6 m p > 0.05, 12 m p < 0.05). The GFAP+
spatial coverage may have originated from either or both astrocytes and Müller cells, with
myopic animals treated for a longer duration of time showing a greater effect than younger
myopic animals (Figure 3B: p < 0.001, Figure 3C: p < 0.001).Cells 2024, 13, x FOR PEER REVIEW 9 of 21 
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myopic n = 6, 12-month control n = 3, 12-month myopic n = 3). Data are shown as a box plot with SE 
as the box and SD for whiskers, with the yellow section in the pie chart indicating the region that 
was analyzed (parafoveal SCP layer) in (B,C).  Significantly decreased parafoveal SCP astrocyte 

Figure 3. Myopic marmoset retinas exhibit decreased astrocyte density and increased GFAP+ spatial
coverage in the parafoveal SCP layer retina. * = p < 0.05, *** = p < 0.001. (A) Some representative
images of control marmoset parafoveal SCP layer astrocytes (6-month control ID tag: H16 Right,
12-month control ID tag: S15 Right) and myopic marmoset parafoveal RPC layer astrocytes (6-month
myope ID tag: O17 Right, 12-month myope ID tag: I19 Right) are shown. Astrocyte cell nuclei and
spatial distribution were labeled with Sox9 (green) and GFAP (red) markers, respectively. (B) Analysis
was performed for astrocyte density in the parafoveal SCP layer (6-month control n = 5, 6-month
myopic n = 6, 12-month control n = 3, 12-month myopic n = 3). Data are shown as a box plot with
SE as the box and SD for whiskers, with the yellow section in the pie chart indicating the region
that was analyzed (parafoveal SCP layer) in (B,C). Significantly decreased parafoveal SCP astrocyte
density was identified in both young and older myopic eyes (6-month p < 0.001; 12-month p < 0.05).
(C) Increased GFAP+ spatial coverage was seen in the older myopic parafoveal SCP layer of astrocytes
(6-month p > 0.05, 12-month p < 0.05).
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Decreased astrocyte density was noted in the peripapillary region of myopic eyes
(Figure 4A,B; 6 m p < 0.01, 12 m p < 0.01), and also showed increased GFAP+ spatial
coverage in myopic eyes compared to controls (Figure 4C: 6 m p < 0.05, 12 m p < 0.05).
GFAP+ spatial coverage may have originated from either or both astrocytes and Müller
cells, with myopic animals treated for a longer duration of time showing a greater effect
than younger myopic animals (Figure 4B: p < 0.001, Figure 4C: p < 0.001).
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Figure 4. Myopic marmoset retinas exhibit decreased astrocyte density and increased GFAP+ spatial
coverage in the peripapillary retina. * = p < 0.05, ** = p < 0.01. (A) Some representative images of
control marmoset peripapillary astrocytes (6-month control ID tag: H16 Right, 12-month control
ID tag: X15 Right) and myopic marmoset peripapillary astrocytes (6-month myope ID tag: O17
Right, 12-month myope ID tag: I19 Right) are shown. Astrocyte cell nuclei and spatial distribution
were labeled with Sox9 (green) and GFAP (red) markers, respectively. (B) Analysis was performed
for astrocyte density in the peripapillary region (6-month control n = 5, 6-month myopic n = 6,
12-month control n = 3, 12-month myopic n = 3). Data are shown as a box plot with SE as the box
and SD for whiskers, with the yellow section in the pie chart indicating the region that was analyzed
(peripapillary) in (B,C). Significantly decreased peripapillary astrocyte density was seen in both
young and older myopic eyes (6-month p < 0.01; 12-month p < 0.01). (C) Increased GFAP+ spatial
coverage was seen in the myopic peripapillary retina (6-month p < 0.05, 12-month p < 0.05).

Decreased astrocyte density was noted in the peripheral retina of myopic eyes
(Figure 5A,B: 6 m p < 0.05, 12 m p < 0.01), and demonstrated increased GFAP+ spatial
coverage in myopic eyes compared to that of controls (Figure 5C: 6 m p > 0.05, 12 m p < 0.01).
The GFAP+ spatial coverage may have originated from either or both astrocyte and Müller
cells, with myopic animals treated for a longer duration of time showing a greater effect
than younger myopic animals (Figure 5B: p < 0.001, Figure 5C: p < 0.01).



Cells 2024, 13, 595 9 of 18

Cells 2024, 13, x FOR PEER REVIEW 11 of 21 
 

 

astrocyte density in the peripapillary region (6-month control n = 5, 6-month myopic n = 6, 12-month 
control n = 3, 12-month myopic n = 3). Data are shown as a box plot with SE as the box and SD for 
whiskers, with the yellow section in the pie chart indicating the region that was analyzed (peripapil-
lary) in (B,C). Significantly decreased peripapillary astrocyte density was seen in both young and 
older myopic eyes (6-month p < 0.01; 12-month p < 0.01). (C) Increased GFAP+ spatial coverage was 
seen in the myopic peripapillary retina (6-month p < 0.05, 12-month p < 0.05). 

 
Figure 5. Myopic marmoset retinas exhibit decreased astrocyte density and increased GFAP+ spatial 
coverage in the peripheral retina. * = p < 0.05, ** = p < 0.01, *** = p < 0.001. (A) Some representative 
images of control marmoset peripheral astrocytes (6-month control ID tag: H16 Right, 12-month 
control ID tag: X15 Right) and myopic marmoset peripheral astrocytes (6-month myope ID tag: P17 
Right, 12-month myope ID tag: I19 Right) are shown. Astrocyte cell nuclei and spatial distribution 
were labeled with Sox9 (green) and GFAP (red) markers, respectively. (B) Analysis was performed 
for astrocyte density in the peripheral region (6-month control n = 5, 6-month myopic n = 6, 12-
month control n = 3, 12-month myopic n = 3). Data are shown as a box plot with SE as the box and 
SD for whiskers, with the yellow section in the pie chart indicating the region that was analyzed 
(peripheral) in (B,C). Significantly decreased peripheral astrocyte density was identified in both 

Figure 5. Myopic marmoset retinas exhibit decreased astrocyte density and increased GFAP+ spatial
coverage in the peripheral retina. * = p < 0.05, ** = p < 0.01, *** = p < 0.001. (A) Some representative
images of control marmoset peripheral astrocytes (6-month control ID tag: H16 Right, 12-month
control ID tag: X15 Right) and myopic marmoset peripheral astrocytes (6-month myope ID tag: P17
Right, 12-month myope ID tag: I19 Right) are shown. Astrocyte cell nuclei and spatial distribution
were labeled with Sox9 (green) and GFAP (red) markers, respectively. (B) Analysis was performed
for astrocyte density in the peripheral region (6-month control n = 5, 6-month myopic n = 6, 12-month
control n = 3, 12-month myopic n = 3). Data are shown as a box plot with SE as the box and SD for
whiskers, with the yellow section in the pie chart indicating the region that was analyzed (peripheral)
in (B,C). Significantly decreased peripheral astrocyte density was identified in both young and older
myopic eyes (6-month p < 0.05; 12-month p < 0.01). (C) Increased GFAP+ spatial coverage was seen
in older myopic peripheral retinas (6-month p > 0.05, 12-month p < 0.01).

3.2. Eyes Induced with Myopia for 10 Months Had Thinner Retinal Nerve Fiber Layer (RNFL)
and Inner Plexiform Layer (IPL) Thicknesses than Eyes Induced with Myopia for 4 Months
and Controls

In myopic eyes, the parafoveal RNFL was significantly thinner compared to that of the
age-matched controls and did not change between myopic eyes induced for 4 versus 10 months
(Figure 6A: 6 m p < 0.01, 12 m p < 0.01). There was no difference in GCL thickness between
treatment groups (Figure 6B: 6 m p > 0.05, 6 m p > 0.05). However, the inner plexiform layer
(IPL) of myopic eyes treated for longer was thinner than that of the age-matched controls
(Figure 6C: 6 m p > 0.05, 12 m p < 0.05). These changes were associated with increased
axial length, decreased astrocyte density, and increased GFAP+ spatial coverage, with the
decreases in RNFL and IPL thicknesses in myopic eyes induced for 10 months notable even
after myopic magnification correction.
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Figure 6. Myopic marmosets have thinner RNFL and IPL thicknesses, with no change to GCL thick-
ness. * p < 0.05, ** p < 0.01. (A) Representative images of macular OCTs gathered from a 6-month-old
control (top left), myope treated with negative lenses for four months (top right), 12-month-old
control (bottom left), and myope treated with negative lenses for 10 months (bottom right). (B) My-
opic RNFL was significantly thinner parafoveally, with effects exacerbated by age (6-month p < 0.01,
12-month p < 0.01). (C) The parafoveal myopic GCL thickness did not differ from that of the control
parafoveal GCL thickness (6-month p > 0.05, 12-month p > 0.05). (D) The parafoveal IPL of older
myopes was significantly thinner than that of age-matched controls (6-month p > 0.05, 12-month
p < 0.05).

4. Discussion

This study provides evidence that sustained exposure to negative defocus and myopia
development exacerbates the changes known to occur in astrocytes and inner retinal
thicknesses in a lens-induced myopia NHP model. Myopic marmosets had lower astrocyte
density, increased GFAP+ spatial coverage pan-retinally, and thinner RNFLs and IPLs
compared to age-matched controls. Myopia’s effect on the astrocyte, GFAP+ template, and
inner retinal thicknesses was greater in marmosets induced with myopia for 10 months
compared to those induced for 4 months.

Astrocytes have become an important subject of retina research due to their critical
role in neuronal support as fundamental players in the metabolism and homeostasis of
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the neurovascular unit [23,38–40]. They have been studied in multiple animal species,
including mammals [17,41–45], mice [41,46,47], cats [42], and humans [48–50]. In primates
and mice, retinal astrocytes are radial in shape as they exit the optic nerve, and stellate
towards the periphery [40,45,50,51]. Their numbers are proportional to RNFL thickness,
with the most astrocytes found at the optic nerve [44]. Astrocytes produce many factors
such as Inter-leukin 33 [52] (protein signaling tissue damage and promoting homeostatic
tissue development and remodeling), ZO-1 [53] (tight-junction-associated protein crucial
for blood–retinal barrier regulation), TNF-α [54] (pro-inflammatory cytokine affecting
macrophage activity and regulating other pro-inflammatory cytokines), and astroglial
NF-Kb [55] (transcription factor regulating cellular behaviors like inflammatory responses,
cellular growth and apoptosis) that target and modulate retinal ganglion cells [52,56]. There-
fore, any potential alterations to the retinal astrocyte template during myopia development
and progression may also have an effect on retinal ganglion cells.

4.1. The Decrease in Parafoveal Astrocyte Density and Associated Increased GFAP+ Spatial
Coverage Is Greater in Marmosets Induced with Myopia for 10 Months vs. 4 Months

In the parafovea of myopic marmosets, there is a time-dependent decrease in astrocyte
density that affects the astrocytes within the superficial capillary plexus (SCP) more than
those located in the radial peripapillary capillary plexus (RPC). The decrease in astro-
cytes in the parafovea concurrently shows an increase in GFAP spatial coverage that is
significantly greater in the older myopes that have experienced myopia for longer. These
results suggest an astrocyte template reorganization in the central retina as a consequence
of one year of sustained myopic growth. The fovea and parafoveal regions are often the
most severely affected areas in disorders causing retinal traction such as high myopia
and diabetes [57], in part due to the higher metabolic activity associated with the high
neuronal density in the area [43,58–60]. Astrocytes and Muller cells function together as
a viscoelastic network that mediates foveal structure stability [57] and mechanical tissue
homeostasis [61–63]. The decrease in parafoveal astrocyte density and parallel increase
in GFAP spatial coverage suggests that myopic eye growth has a more significant effect
on central retinal glia when eyes have experienced sustained myopic growth for longer
periods of time and are older. Mechanical stress is necessary in developing retinal circuitry
in normal development [64]. However, when mechanical stressors act on the retina for long
periods of time (like in myopic eye growth or after increased eye pressure), mechanosen-
sitive ion channels may get activated [65] and can lead to alterations in axonal transport
that may result in the biochemical dysregulation of critical neurotrophic factors crucial for
ganglion cell survival [66–70]. The health of Müller, astrocyte, and ganglion cells is critical
for axon survival and regeneration [29], and these cells are also extremely important for
mechanosensitivity regulation [71], a hallmark feature of myopic stretch. There is evidence
of increased GFAP immunoreactivity in human retinas as they age [72–76], which is also ac-
companied by a decrease in astroglial cell density [77–80]. These GFAP expression changes
can compromise retinal ganglion cells’ glial support and increase the risk of ganglion cell
axonal damage and dysfunction. Ocular diseases with increased GFAP expression include
macular degeneration [80], Alzheimer’s disease [8], multiple sclerosis [81], and retinal
degeneration [82,83]. Interestingly, mice induced with form deprivation myopia [18] also
exhibit an increased GFAP reactivity that may translate into increased foveal vulnerability
and subsequent changes to central retinal health in progressive myopia. Some retinal
conditions commonly afflicting the posterior pole of degenerative myopes include myopic
foveal retinoschisis [84], lacquer cracks [85], Fuch’s spots [86], and staphylomas [87]. The
findings in this study might represent subclinical cellular changes affecting glial cells and
preceding the presence of myopic retinal changes.
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4.2. The Decrease in Peripapillary and Peripheral Astrocyte Density and Associated Increased
GFAP+ Spatial Coverage Is Greater in Marmosets Induced with Myopia for 10 Months vs.
4 Months

In comparison to age-matched controls and myopic marmosets treated for a shorter
period of time, older myopic marmosets treated for longer demonstrate decreased astro-
cyte density and increased GFAP+ spatial coverage in the peripapillary and peripheral
retinas. The optic nerve head and its surroundings are crucial to the adequate function-
ing of all cells comprising the neurovascular unit [19]. In particular, the peripapillary
region is especially important to progressive diseases like glaucoma [88], diabetes [89],
and optic nerve edema [90]. This region’s retinal ganglion cells are most likely to be
damaged during the onset of glaucoma [91,92], in part because it contains a gap in the
corneo-scleral shell [93], which typically gives rise to a concentration in stress or strain [94].
Recently, mechanosensitivity has been shown to be a feature of many soft tissue cell
types [95–97], including retinal ganglion cells [71,98,99] and astrocytes [100]. Glial cells
are a part of the cascade of pathological neuron damage that comes after ischemic or
mechanical insults [101]. Ganglion cells contain metabolically expensive axons, mak-
ing them particularly vulnerable to disruptions in nutrition and signaling molecules,
which are provided by cells like glial and endothelial cells [71]. Mechanical stress, espe-
cially in conditions characterized by sustained mechanical stretch such as myopic growth,
may especially cause duress in supporting sensory systems like somatosensation and
vision [102,103]. In addition, distinct astrocytic morphological changes, astrocyte hypertro-
phy, and increased GFAP expression have been shown in human and rat retinal tissue with
aging [80,104,105]. Aging is also associated with decreased astrocyte density in human [80]
and rat retinas [106]. In addition, aging plays an important role in pathologic optic nerve
head remodeling [107]. Therefore, we hypothesize that myopia’s effect on the retinal astro-
cyte template interacts with age and increases the risk for mechanical insult to ganglion
cells due to the remodeling occurring near or at the optic nerve.

Eyes with high myopia have increased prevalence of optic nerve damage [108] which
is possibly related to the morphological consequences of myopic stretch. An upregulation
of GFAP in optic nerve [39,109–111] and retinal astrocytes [101] has been described in
human glaucoma. While optic nerve astrocytes may not perform the same functions as
astrocytes in the retina, especially when experiencing increased reactivity, in normal and
disease states they share multiple common properties [112]. Optic nerve astrocytes are
very important for supporting lamina structure, are transversely oriented to ganglion cell
axons [92], and are also known to directly sense and react to mechanical stimuli [100].
With reactivity, optic nerve head astrocytes increase their plasticity and can undergo
reversible reactive remodeling in cases of subtle, transient injury [113]. On the contrary,
when retinal astrocytes become reactive, they experience more persistent structural and
functional changes than optic nerve head astrocytes, including an increase in GFAP and
soma diameter shrinkage [114]. Reactivity also seems to occur in microdomains, and areas
of decreased astrocyte density may coincide with areas of increased GFAP [114]. Both optic
nerve and retinal astrocyte reactivities are significantly increased with increased severity
and stress duration [114].

The significantly greater astrocytic changes found in myopic marmosets induced
with myopia for longer periods might be associated with thinner RNFL [17]. Peripheral
retinas of myopic eyes tend to be thinner and can exhibit myopia-related peripheral retinal
degenerations, like lattice degeneration, retinal holes/detachments and paving stone degen-
eration [115]. As myopic eyes elongate, glial cells may also experience the stretch associated
with increased myopic growth. Whether the myopic decrease in astrocyte density and
concurrent increase in GFAP+ spatial coverage are detrimental or beneficial for the eye
remains unknown.



Cells 2024, 13, 595 13 of 18

4.3. The RNFL and IPL Are Thinner in Older Myopic Marmoset Eyes

This study showed both RNFL and IPL thinning in all ages of myopic marmoset eyes
studied, and the effect was more significant in the IPL of myopic eyes induced with myopia
for longer. The thinning of the RNFL and IPL remained present after correcting for myopic
magnification. Normal physiological aging without disease has been shown to exhibit
ganglion cell inner plexiform layer (GCIPL) [116] and circumpapillary RNFL thinning [11].
Decreasing RGC density and RNFL thickness are both associated with the number of RGCs
lost during normal aging, supporting the existence of a subset of age-dependent RNFL
axons that are affected with age [116]. High myopia and glaucoma both show progressive
GCIPL, RNFL, and ganglion cell complex [117] thinning. In fact, a thinning of the macular
region has also been found to correlate with increasing degrees of myopia [118].

IPL thinning has been observed in eyes with early retinal ganglion cell injury [119] as
well as in eyes diagnosed with advanced glaucoma [120], and the IPL’s structural alterations
correspond to functional alterations in visual fields [121]. In our study, both the RNFL and
IPL thinning remained significantly decreased after correcting for myopic magnification,
confirming that myopic eye growth triggers a reorganization of the ganglion and supporting
glial cell template that has been described in other eye diseases [107,122–125].

5. Conclusions

Our study confirms that the marmoset model can feasibly study cellular changes
that may occur with myopia development and progression. This article aims to study the
effect of sustained myopic defocus and eye growth on retinal astrocyte distribution and its
relationship with inner retinal thicknesses. The results of this study show that experiencing
myopia for longer exacerbates the decreased astrocyte density and increased GFAP+ spatial
coverage seen in a progressive model of non-human primate myopia. To date, this study is
the first to address sustained myopia’s effect on the retinal astrocyte template. However, the
constructive or destructive implications of these changes, subsequent alterations to other
parts of the neurovascular unit, and whether or not astrocyte function deteriorates with
disease progression is unknown, further supporting the significance of this work. Future
studies will quantitatively evaluate any functional alterations to the astrocyte template
with both increasing age and increasing myopia.

Author Contributions: Conceptualization, C.R.L. and A.B.-P.; methodology, C.R.L., A.T., R.K.A., M.S.
and A.B.-P.; formal analysis and investigation, C.R.L.; writing—original draft preparation, C.R.L.;
writing—review and editing, C.R.L., A.T., R.K.A., M.S. and A.B.-P.; data curation, C.R.L., A.T., M.S.
and A.B.-P.; funding acquisition, A.B.-P.; resources, A.B.-P.; supervision, C.R.L. and A.B.-P. All authors
have read and agreed to the published version of the manuscript.

Funding: National Institute of Health’s National Eye Institute T35 grant to CLin, American Academy
of Optometry Career Development Award to ABenavente, NIH R01 EY034086 to ABenavente, and
NIH K08 EY034545 to C.R.L.

Institutional Review Board Statement: The animal study protocol was approved by the IACUC
Ethics Committee of SUNY College of Optometry (protocol code AB2022-06-1, date of approval 24
June 2022).

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available upon reasonable request
from the corresponding author.

Acknowledgments: Stefanie Wohl for her immunohistochemical technique advice; Andrew Koo
for his help in conceptualizing our figures; Brian Song, Victoria Basciano, Donnicia James, Manish
Subedi, Christina Canellos, Gulnoza Azieva, Hardy Zhou, and Stephanie Liang for their help in lens
insertion and removal to treat the myopic marmosets; Ana Nour, Jibin Zachariah, Bailey Deng, Samuel
Alphonse, Rossy Angel, Mirella Camargo, and Xiomara Santiago for their care of the study marmosets.

Conflicts of Interest: The authors declare no conflicts of interest.



Cells 2024, 13, 595 14 of 18

References
1. Saw, S.M.; Gazzard, G.; Shih-Yen, E.C.; Chua, W.H. Myopia and associated pathological complications. Ophthalmic Physiol. Opt.

2005, 25, 381–391. [CrossRef]
2. Curtin, B.J. The Myopias: Basic Science and Clinical Management; Harper & Row: Philadelphia, PA, USA, 1985.
3. Holden, B.A.; Fricke, T.R.; Wilson, D.A.; Jong, M.; Naidoo, K.S.; Sankaridurg, P.; Wong, T.Y.; Naduvilath, T.J.; Resnikoff, S. Global

Prevalence of Myopia and High Myopia and Temporal Trends from 2000 through 2050. Ophthalmology 2016, 123, 1036–1042.
[CrossRef] [PubMed]

4. Flitcroft, D.I.; He, M.; Jonas, J.B.; Jong, M.; Naidoo, K.; Ohno-Matsui, K.; Rahi, J.; Resnikoff, S.; Vitale, S.; Yannuzzi, L. IMI—
Defining and Classifying Myopia: A Proposed Set of Standards for Clinical and Epidemiologic Studies. Investig. Ophthalmol. Vis.
Sci. 2019, 60, M20–M30. [CrossRef] [PubMed]

5. Wong, T.Y.; Klein, B.E.; Klein, R.; Knudtson, M.; Lee, K.E. Refractive errors, intraocular pressure, and glaucoma in a white
population. Ophthalmology 2003, 110, 211–217. [CrossRef]

6. Ueda, E.; Yasuda, M.; Fujiwara, K.; Hashimoto, S.; Ohno-Matsui, K.; Hata, J.; Ishibashi, T.; Ninomiya, T.; Sonoda, K.H. Trends in
the Prevalence of Myopia and Myopic Maculopathy in a Japanese Population: The Hisayama Study. Investig. Ophthalmol. Vis. Sci.
2019, 60, 2781–2786. [CrossRef]

7. Lim, R.; Mitchell, P.; Cumming, R.G. Refractive associations with cataract: The Blue Mountains Eye Study. Investig. Ophthalmol.
Vis. Sci. 1999, 40, 3021–3026.

8. The Eye Disease Case-Control Study Group. Risk factors for idiopathic rhegmatogenous retinal detachment. Am. J. Epidemiol.
1993, 137, 749–757.

9. Ablordeppey, R.K.; Lin, C.; Benavente-Perez, A. The age-related pattern of inner retinal thickening is affected by myopia
development and progression. Sci. Rep. 2022, 12, 22190. [CrossRef] [PubMed]

10. Norman, R.E.; Flanagan, J.G.; Rausch, S.M.; Sigal, I.A.; Tertinegg, I.; Eilaghi, A.; Portnoy, S.; Sled, J.G.; Ethier, C.R. Dimensions of
the human sclera: Thickness measurement and regional changes with axial length. Exp. Eye Res. 2010, 90, 277–284. [CrossRef]

11. Wei, Y.; Jiang, H.; Shi, Y.; Qu, D.; Gregori, G.; Zheng, F.; Rundek, T.; Wang, J. Age-Related Alterations in the Retinal Microvascula-
ture, Microcirculation, and Microstructure. Investig. Ophthalmol. Vis. Sci. 2017, 58, 3804–3817. [CrossRef]

12. Jonas, J.B.; Ohno-Matsui, K.; Panda-Jonas, S. Myopia: Anatomic Changes and Consequences for Its Etiology. Asia Pac. J.
Ophthalmol. 2019, 8, 355–359. [CrossRef] [PubMed]

13. Wei, W.B.; Xu, L.; Jonas, J.B.; Shao, L.; Du, K.F.; Wang, S.; Chen, C.X.; Xu, J.; Wang, Y.X.; Zhou, J.Q.; et al. Subfoveal choroidal
thickness: The Beijing Eye Study. Ophthalmology 2013, 120, 175–180. [CrossRef]

14. Phillips, J.R.; McBrien, N.A. Pressure-induced changes in axial eye length of chick and tree shrew: Significance of myofibroblasts
in the sclera. Investig. Ophthalmol. Vis. Sci. 2004, 45, 758–763. [CrossRef] [PubMed]

15. Avetisov, E.S.; Savitskaya, N.F.; Vinetskaya, M.I.; Iomdina, E.N. A study of biochemical and biomechanical qualities of normal
and myopic eye sclera in humans of different age groups. Metab. Pediatr. Syst. Ophthalmol. 1983, 7, 183–188. [PubMed]

16. Cui, W.; Bryant, M.R.; Sweet, P.M.; McDonnell, P.J. Changes in gene expression in response to mechanical strain in human scleral
fibroblasts. Exp. Eye Res. 2004, 78, 275–284. [CrossRef]

17. Lin, C.; Toychiev, A.; Ablordeppey, R.; Slavi, N.; Srinivas, M.; Benavente-Perez, A. Myopia Alters the Structural Organization of
the Retinal Vasculature, GFAP-Positive Glia, and Ganglion Cell Layer Thickness. Int. J. Mol. Sci. 2022, 23, 6202. [CrossRef]

18. Zhang, X.; Yu, X.; Wen, Y.; Jin, L.; Zhang, L.; Zhu, H.; Zhang, D.; Xie, C.; Guo, D.; Tong, J.; et al. Functions of retinal astrocytes and
Muller cells in mammalian myopia. BMC Ophthalmol. 2022, 22, 451. [CrossRef] [PubMed]

19. Hawkins, B.T.; Davis, T.P. The blood-brain barrier/neurovascular unit in health and disease. Pharmacol. Rev. 2005, 57, 173–185.
[CrossRef]

20. Vecino, E.; Rodriguez, F.D.; Ruzafa, N.; Pereiro, X.; Sharma, S.C. Glia-neuron interactions in the mammalian retina. Prog. Retin.
Eye Res. 2016, 51, 1–40. [CrossRef]

21. Sapieha, P. Eyeing central neurons in vascular growth and reparative angiogenesis. Blood 2012, 120, 2182–2194. [CrossRef]
22. Maki, T.; Hayakawa, K.; Pham, L.D.; Xing, C.; Lo, E.H.; Arai, K. Biphasic mechanisms of neurovascular unit injury and protection

in CNS diseases. CNS Neurol. Disord. Drug Targets 2013, 12, 302–315. [CrossRef] [PubMed]
23. Dorrell, M.I.; Aguilar, E.; Jacobson, R.; Trauger, S.A.; Friedlander, J.; Siuzdak, G.; Friedlander, M. Maintaining retinal astrocytes

normalizes revascularization and prevents vascular pathology associated with oxygen-induced retinopathy. Glia 2010, 58, 43–54.
[CrossRef] [PubMed]

24. Ramirez, J.M.; Trivino, A.; Ramirez, A.I.; Salazar, J.J.; Garcia-Sanchez, J. Structural specializations of human retinal glial cells.
Vision. Res. 1996, 36, 2029–2036. [CrossRef] [PubMed]

25. Liu, L.R.; Liu, J.C.; Bao, J.S.; Bai, Q.Q.; Wang, G.Q. Interaction of Microglia and Astrocytes in the Neurovascular Unit. Front.
Immunol. 2020, 11, 1024. [CrossRef] [PubMed]

26. Carmichael, S.T. Emergent properties of neural repair: Elemental biology to therapeutic concepts. Ann. Neurol. 2016, 79, 895–906.
[CrossRef] [PubMed]

27. Filosa, J.A.; Morrison, H.W.; Iddings, J.A.; Du, W.; Kim, K.J. Beyond neurovascular coupling, role of astrocytes in the regulation of
vascular tone. Neuroscience 2016, 323, 96–109. [CrossRef] [PubMed]

28. Sofroniew, M.V.; Vinters, H.V. Astrocytes: Biology and pathology. Acta Neuropathol. 2010, 119, 7–35. [CrossRef] [PubMed]
29. Sun, D.; Jakobs, T.C. Structural remodeling of astrocytes in the injured CNS. Neuroscientist 2012, 18, 567–588. [CrossRef]

https://doi.org/10.1111/j.1475-1313.2005.00298.x
https://doi.org/10.1016/j.ophtha.2016.01.006
https://www.ncbi.nlm.nih.gov/pubmed/26875007
https://doi.org/10.1167/iovs.18-25957
https://www.ncbi.nlm.nih.gov/pubmed/30817826
https://doi.org/10.1016/S0161-6420(02)01260-5
https://doi.org/10.1167/iovs.19-26580
https://doi.org/10.1038/s41598-022-26598-w
https://www.ncbi.nlm.nih.gov/pubmed/36564498
https://doi.org/10.1016/j.exer.2009.11.001
https://doi.org/10.1167/iovs.17-21460
https://doi.org/10.1097/01.APO.0000578944.25956.8b
https://www.ncbi.nlm.nih.gov/pubmed/31425168
https://doi.org/10.1016/j.ophtha.2012.07.048
https://doi.org/10.1167/iovs.03-0732
https://www.ncbi.nlm.nih.gov/pubmed/14985287
https://www.ncbi.nlm.nih.gov/pubmed/6678372
https://doi.org/10.1016/j.exer.2003.10.007
https://doi.org/10.3390/ijms23116202
https://doi.org/10.1186/s12886-022-02643-0
https://www.ncbi.nlm.nih.gov/pubmed/36418970
https://doi.org/10.1124/pr.57.2.4
https://doi.org/10.1016/j.preteyeres.2015.06.003
https://doi.org/10.1182/blood-2012-04-396846
https://doi.org/10.2174/1871527311312030004
https://www.ncbi.nlm.nih.gov/pubmed/23469847
https://doi.org/10.1002/glia.20900
https://www.ncbi.nlm.nih.gov/pubmed/19544395
https://doi.org/10.1016/0042-6989(95)00322-3
https://www.ncbi.nlm.nih.gov/pubmed/8776469
https://doi.org/10.3389/fimmu.2020.01024
https://www.ncbi.nlm.nih.gov/pubmed/32733433
https://doi.org/10.1002/ana.24653
https://www.ncbi.nlm.nih.gov/pubmed/27043816
https://doi.org/10.1016/j.neuroscience.2015.03.064
https://www.ncbi.nlm.nih.gov/pubmed/25843438
https://doi.org/10.1007/s00401-009-0619-8
https://www.ncbi.nlm.nih.gov/pubmed/20012068
https://doi.org/10.1177/1073858411423441


Cells 2024, 13, 595 15 of 18

30. Kishi, N.; Sato, K.; Sasaki, E.; Okano, H. Common marmoset as a new model animal for neuroscience research and genome
editing technology. Dev. Growth Differ. 2014, 56, 53–62. [CrossRef]

31. Okano, H.; Hikishima, K.; Iriki, A.; Sasaki, E. The common marmoset as a novel animal model system for biomedical and
neuroscience research applications. Semin. Fetal Neonatal Med. 2012, 17, 336–340. [CrossRef]

32. Mansfield, K. Marmoset models commonly used in biomedical research. Comp. Med. 2003, 53, 383–392. [PubMed]
33. Troilo, D.; Judge, S.J. Ocular development and visual deprivation myopia in the common marmoset (Callithrix jacchus). Vis. Res.

1993, 33, 1311–1324. [CrossRef] [PubMed]
34. Benavente-Perez, A.; Nour, A.; Troilo, D. Axial eye growth and refractive error development can be modified by exposing the

peripheral retina to relative myopic or hyperopic defocus. Investig. Ophthalmol. Vis. Sci. 2014, 55, 6765–6773. [CrossRef] [PubMed]
35. Nickla, D.L.; Wildsoet, C.F.; Troilo, D. Diurnal rhythms in intraocular pressure, axial length, and choroidal thickness in a primate

model of eye growth, the common marmoset. Investig. Ophthalmol. Vis. Sci. 2002, 43, 2519–2528.
36. Benavente-Perez, A.; Nour, A.; Troilo, D. Short Interruptions of Imposed Hyperopic Defocus Earlier in Treatment are More

Effective at Preventing Myopia Development. Sci. Rep. 2019, 9, 11459. [CrossRef] [PubMed]
37. Benavente-Perez, A.; Nour, A.; Troilo, D. The effect of simultaneous negative and positive defocus on eye growth and development

of refractive state in marmosets. Investig. Ophthalmol. Vis. Sci. 2012, 53, 6479–6487. [CrossRef] [PubMed]
38. Dorrell, M.I.; Aguilar, E.; Friedlander, M. Retinal vascular development is mediated by endothelial filopodia, a preexisting

astrocytic template and specific R-cadherin adhesion. Investig. Ophthalmol. Vis. Sci. 2002, 43, 3500–3510.
39. Varela, H.J.; Hernandez, M.R. Astrocyte responses in human optic nerve head with primary open-angle glaucoma. J. Glaucoma

1997, 6, 303–313. [CrossRef] [PubMed]
40. Ogden, T.E. Nerve fiber layer astrocytes of the primate retina: Morphology, distribution, and density. Investig. Ophthalmol. Vis.

Sci. 1978, 17, 499–510.
41. Cooper, M.L.; Crish, S.D.; Inman, D.M.; Horner, P.J.; Calkins, D.J. Early astrocyte redistribution in the optic nerve precedes

axonopathy in the DBA/2J mouse model of glaucoma. Exp. Eye Res. 2016, 150, 22–33. [CrossRef]
42. Hollander, H.; Makarov, F.; Dreher, Z.; van Driel, D.; Chan-Ling, T.L.; Stone, J. Structure of the macroglia of the retina: Sharing

and division of labour between astrocytes and Muller cells. J. Comp. Neurol. 1991, 313, 587–603. [CrossRef] [PubMed]
43. Provis, J.M. Development of the primate retinal vasculature. Prog. Retin. Eye Res. 2001, 20, 799–821. [CrossRef]
44. Rungger-Brandle, E.; Messerli, J.M.; Niemeyer, G.; Eppenberger, H.M. Confocal microscopy and computer-assisted image

reconstruction of astrocytes in the mammalian retina. Eur. J. Neurosci. 1993, 5, 1093–1106. [CrossRef] [PubMed]
45. Bussow, H. The astrocytes in the retina and optic nerve head of mammals: A special glia for the ganglion cell axons. Cell Tissue

Res. 1980, 206, 367–378. [CrossRef] [PubMed]
46. Amato, R.; Cammalleri, M.; Melecchi, A.; Bagnoli, P.; Porciatti, V. Natural History of Glaucoma Progression in the DBA/2J Model:

Early Contribution of Muller Cell Gliosis. Cells 2023, 12, 1272. [CrossRef] [PubMed]
47. Fernandez-Sanchez, L.; Lax, P.; Campello, L.; Pinilla, I.; Cuenca, N. Astrocytes and Muller Cell Alterations During Retinal

Degeneration in a Transgenic Rat Model of Retinitis Pigmentosa. Front. Cell Neurosci. 2015, 9, 484. [CrossRef] [PubMed]
48. Schnitzer, J. The development of astrocytes and blood vessels in the postnatal rabbit retina. J. Neurocytol. 1988, 17, 433–449.

[CrossRef] [PubMed]
49. Karschin, A.; Wassle, H.; Schnitzer, J. Shape and distribution of astrocytes in the cat retina. Investig. Ophthalmol. Vis. Sci. 1986, 27,

828–831.
50. Uga, S.; Ikui, H.; Kono, T. Electron microscope study on astrocytes in the human retina (author’s transl). Nippon. Ganka Gakkai

Zasshi 1974, 78, 681–685.
51. Liang, X.; Zhou, H.; Ding, Y.; Li, J.; Yang, C.; Luo, Y.; Li, S.; Sun, G.; Liao, X.; Min, W. TMP prevents retinal neovascularization and

imparts neuroprotection in an oxygen-induced retinopathy model. Investig. Ophthalmol. Vis. Sci. 2012, 53, 2157–2169. [CrossRef]
52. Vainchtein, I.D.; Chin, G.; Cho, F.S.; Kelley, K.W.; Miller, J.G.; Chien, E.C.; Liddelow, S.A.; Nguyen, P.T.; Nakao-Inoue, H.; Dorman,

L.C.; et al. Astrocyte-derived interleukin-33 promotes microglial synapse engulfment and neural circuit development. Science
2018, 359, 1269–1273. [CrossRef] [PubMed]

53. Gardner, T.W.; Lieth, E.; Khin, S.A.; Barber, A.J.; Bonsall, D.J.; Lesher, T.; Rice, K.; Brennan, W.A., Jr. Astrocytes increase barrier
properties and ZO-1 expression in retinal vascular endothelial cells. Investig. Ophthalmol. Vis. Sci. 1997, 38, 2423–2427.

54. Dvoriantchikova, G.; Ivanov, D. Tumor necrosis factor-alpha mediates activation of NF-kappaB and JNK signaling cascades in
retinal ganglion cells and astrocytes in opposite ways. Eur. J. Neurosci. 2014, 40, 3171–3178. [CrossRef] [PubMed]

55. Barakat, D.J.; Dvoriantchikova, G.; Ivanov, D.; Shestopalov, V.I. Astroglial NF-kappaB mediates oxidative stress by regulation of
NADPH oxidase in a model of retinal ischemia reperfusion injury. J. Neurochem. 2012, 120, 586–597. [CrossRef] [PubMed]

56. Clarke, L.E.; Barres, B.A. Emerging roles of astrocytes in neural circuit development. Nat. Rev. Neurosci. 2013, 14, 311–321.
[CrossRef] [PubMed]

57. Bringmann, A.; Unterlauft, J.D.; Barth, T.; Wiedemann, R.; Rehak, M.; Wiedemann, P. Muller cells and astrocytes in tractional
macular disorders. Prog. Retin. Eye Res. 2022, 86, 100977. [CrossRef] [PubMed]

58. Provis, J.M.; Dubis, A.M.; Maddess, T.; Carroll, J. Adaptation of the central retina for high acuity vision: Cones, the fovea and the
avascular zone. Prog. Retin. Eye Res. 2013, 35, 63–81. [CrossRef] [PubMed]

59. Provis, J.M.; Sandercoe, T.; Hendrickson, A.E. Astrocytes and blood vessels define the foveal rim during primate retinal
development. Investig. Ophthalmol. Vis. Sci. 2000, 41, 2827–2836.

https://doi.org/10.1111/dgd.12109
https://doi.org/10.1016/j.siny.2012.07.002
https://www.ncbi.nlm.nih.gov/pubmed/14524414
https://doi.org/10.1016/0042-6989(93)90039-Y
https://www.ncbi.nlm.nih.gov/pubmed/8333155
https://doi.org/10.1167/iovs.14-14524
https://www.ncbi.nlm.nih.gov/pubmed/25190657
https://doi.org/10.1038/s41598-019-48009-3
https://www.ncbi.nlm.nih.gov/pubmed/31391523
https://doi.org/10.1167/iovs.12-9822
https://www.ncbi.nlm.nih.gov/pubmed/22918633
https://doi.org/10.1097/00061198-199710000-00007
https://www.ncbi.nlm.nih.gov/pubmed/9327349
https://doi.org/10.1016/j.exer.2015.11.016
https://doi.org/10.1002/cne.903130405
https://www.ncbi.nlm.nih.gov/pubmed/1783683
https://doi.org/10.1016/S1350-9462(01)00012-X
https://doi.org/10.1111/j.1460-9568.1993.tb00963.x
https://www.ncbi.nlm.nih.gov/pubmed/8281313
https://doi.org/10.1007/BF00237966
https://www.ncbi.nlm.nih.gov/pubmed/6771013
https://doi.org/10.3390/cells12091272
https://www.ncbi.nlm.nih.gov/pubmed/37174673
https://doi.org/10.3389/fncel.2015.00484
https://www.ncbi.nlm.nih.gov/pubmed/26733810
https://doi.org/10.1007/BF01189801
https://www.ncbi.nlm.nih.gov/pubmed/3193125
https://doi.org/10.1167/iovs.11-9315
https://doi.org/10.1126/science.aal3589
https://www.ncbi.nlm.nih.gov/pubmed/29420261
https://doi.org/10.1111/ejn.12710
https://www.ncbi.nlm.nih.gov/pubmed/25160799
https://doi.org/10.1111/j.1471-4159.2011.07595.x
https://www.ncbi.nlm.nih.gov/pubmed/22118627
https://doi.org/10.1038/nrn3484
https://www.ncbi.nlm.nih.gov/pubmed/23595014
https://doi.org/10.1016/j.preteyeres.2021.100977
https://www.ncbi.nlm.nih.gov/pubmed/34102317
https://doi.org/10.1016/j.preteyeres.2013.01.005
https://www.ncbi.nlm.nih.gov/pubmed/23500068


Cells 2024, 13, 595 16 of 18

60. Yu, D.Y.; Cringle, S.J. Oxygen distribution and consumption within the retina in vascularised and avascular retinas and in animal
models of retinal disease. Prog. Retin. Eye Res. 2001, 20, 175–208. [CrossRef]

61. Willbold, E.; Layer, P.G. Muller glia cells and their possible roles during retina differentiation in vivo and in vitro. Histol.
Histopathol. 1998, 13, 531–552. [CrossRef]

62. MacDonald, I.R.; Garcia-Pineda, O.; Beet, A.; Daneshgar Asl, S.; Feng, L.; Graettinger, G.; French-McCay, D.; Holmes, J.; Hu, C.;
Huffer, F.; et al. Natural and unnatural oil slicks in the Gulf of Mexico. J. Geophys. Res. Oceans 2015, 120, 8364–8380. [CrossRef]
[PubMed]

63. Bringmann, A.; Karol, M.; Unterlauft, J.D.; Barth, T.; Wiedemann, R.; Kohen, L.; Rehak, M.; Wiedemann, P. Foveal regeneration
after resolution of cystoid macular edema without and with internal limiting membrane detachment: Presumed role of glial cells
for foveal structure stabilization. Int. J. Ophthalmol. 2021, 14, 818–833. [CrossRef] [PubMed]

64. Coulombre, A.J.; Coulombre, J.L. The role of intraocular pressure in the development of the chick eye. IV. Corneal curvature.
AMA Arch. Ophthalmol. 1958, 59, 502–506. [CrossRef] [PubMed]

65. del Rio, A.; Perez-Jimenez, R.; Liu, R.; Roca-Cusachs, P.; Fernandez, J.M.; Sheetz, M.P. Stretching single talin rod molecules
activates vinculin binding. Science 2009, 323, 638–641. [CrossRef] [PubMed]

66. Quigley, H.A.; Green, W.R. The histology of human glaucoma cupping and optic nerve damage: Clinicopathologic correlation in
21 eyes. Ophthalmology 1979, 86, 1803–1830. [CrossRef] [PubMed]

67. Adalbert, R.; Coleman, M.P. Review: Axon pathology in age-related neurodegenerative disorders. Neuropathol. Appl. Neurobiol.
2013, 39, 90–108. [CrossRef] [PubMed]

68. Crish, S.D.; Sappington, R.M.; Inman, D.M.; Horner, P.J.; Calkins, D.J. Distal axonopathy with structural persistence in glaucoma-
tous neurodegeneration. Proc. Natl. Acad. Sci. USA 2010, 107, 5196–5201. [CrossRef] [PubMed]

69. Danias, J.; Lee, K.C.; Zamora, M.F.; Chen, B.; Shen, F.; Filippopoulos, T.; Su, Y.; Goldblum, D.; Podos, S.M.; Mittag, T. Quantitative
analysis of retinal ganglion cell (RGC) loss in aging DBA/2NNia glaucomatous mice: Comparison with RGC loss in aging
C57/BL6 mice. Investig. Ophthalmol. Vis. Sci. 2003, 44, 5151–5162. [CrossRef]

70. Schlamp, C.L.; Li, Y.; Dietz, J.A.; Janssen, K.T.; Nickells, R.W. Progressive ganglion cell loss and optic nerve degeneration in
DBA/2J mice is variable and asymmetric. BMC Neurosci. 2006, 7, 66. [CrossRef]

71. Krizaj, D.; Ryskamp, D.A.; Tian, N.; Tezel, G.; Mitchell, C.H.; Slepak, V.Z.; Shestopalov, V.I. From mechanosensitivity to
inflammatory responses: New players in the pathology of glaucoma. Curr. Eye Res. 2014, 39, 105–119. [CrossRef]

72. Clarke, L.E.; Liddelow, S.A.; Chakraborty, C.; Munch, A.E.; Heiman, M.; Barres, B.A. Normal aging induces A1-like astrocyte
reactivity. Proc. Natl. Acad. Sci. USA 2018, 115, E1896–E1905. [CrossRef] [PubMed]

73. Kohama, S.G.; Goss, J.R.; Finch, C.E.; McNeill, T.H. Increases of glial fibrillary acidic protein in the aging female mouse brain.
Neurobiol. Aging 1995, 16, 59–67. [CrossRef] [PubMed]

74. Nichols, N.R.; Day, J.R.; Laping, N.J.; Johnson, S.A.; Finch, C.E. GFAP mRNA increases with age in rat and human brain. Neurobiol.
Aging 1993, 14, 421–429. [CrossRef] [PubMed]

75. Rozovsky, I.; Finch, C.E.; Morgan, T.E. Age-related activation of microglia and astrocytes: In vitro studies show persistent
phenotypes of aging, increased proliferation, and resistance to down-regulation. Neurobiol. Aging 1998, 19, 97–103. [CrossRef]
[PubMed]

76. Wu, Y.; Zhang, A.Q.; Yew, D.T. Age related changes of various markers of astrocytes in senescence-accelerated mice hippocampus.
Neurochem. Int. 2005, 46, 565–574. [CrossRef] [PubMed]

77. Zamanian, J.L.; Xu, L.; Foo, L.C.; Nouri, N.; Zhou, L.; Giffard, R.G.; Barres, B.A. Genomic analysis of reactive astrogliosis. J.
Neurosci. 2012, 32, 6391–6410. [CrossRef] [PubMed]

78. Sofroniew, M.V. Astrogliosis. Cold Spring Harb. Perspect. Biol. 2014, 7, a020420. [CrossRef] [PubMed]
79. Liddelow, S.A.; Barres, B.A. Reactive Astrocytes: Production, Function, and Therapeutic Potential. Immunity 2017, 46, 957–967.

[CrossRef]
80. Ramirez, J.M.; Ramirez, A.I.; Salazar, J.J.; de Hoz, R.; Trivino, A. Changes of astrocytes in retinal ageing and age-related macular

degeneration. Exp. Eye Res. 2001, 73, 601–615. [CrossRef]
81. Eng, L.F.; Ghirnikar, R.S. GFAP and astrogliosis. Brain Pathol. 1994, 4, 229–237. [CrossRef]
82. Grosche, J.; Hartig, W.; Reichenbach, A. Expression of glial fibrillary acidic protein (GFAP), glutamine synthetase (GS), and

Bcl-2 protooncogene protein by Muller (glial) cells in retinal light damage of rats. Neurosci. Lett. 1995, 185, 119–122. [CrossRef]
[PubMed]

83. Lewis, G.P.; Matsumoto, B.; Fisher, S.K. Changes in the organization and expression of cytoskeletal proteins during retinal
degeneration induced by retinal detachment. Investig. Ophthalmol. Vis. Sci. 1995, 36, 2404–2416.

84. Takano, M.; Kishi, S. Foveal retinoschisis and retinal detachment in severely myopic eyes with posterior staphyloma. Am. J.
Ophthalmol. 1999, 128, 472–476. [CrossRef] [PubMed]

85. Ohno-Matsui, K.; Tokoro, T. The progression of lacquer cracks in pathologic myopia. Retina 1996, 16, 29–37. [CrossRef]
86. Grossniklaus, H.E.; Green, W.R. Pathologic findings in pathologic myopia. Retina 1992, 12, 127–133. [CrossRef] [PubMed]
87. Ohno-Matsui, K.; Jonas, J.B. Posterior staphyloma in pathologic myopia. Prog. Retin. Eye Res. 2019, 70, 99–109. [CrossRef]
88. Wareham, L.K.; Calkins, D.J. The Neurovascular Unit in Glaucomatous Neurodegeneration. Front. Cell Dev. Biol. 2020, 8, 452.

[CrossRef] [PubMed]

https://doi.org/10.1016/S1350-9462(00)00027-6
https://doi.org/10.14670/HH-13.531
https://doi.org/10.1002/2015JC011062
https://www.ncbi.nlm.nih.gov/pubmed/27774370
https://doi.org/10.18240/ijo.2021.06.06
https://www.ncbi.nlm.nih.gov/pubmed/34150536
https://doi.org/10.1001/archopht.1958.00940050058005
https://www.ncbi.nlm.nih.gov/pubmed/13519969
https://doi.org/10.1126/science.1162912
https://www.ncbi.nlm.nih.gov/pubmed/19179532
https://doi.org/10.1016/S0161-6420(79)35338-6
https://www.ncbi.nlm.nih.gov/pubmed/553256
https://doi.org/10.1111/j.1365-2990.2012.01308.x
https://www.ncbi.nlm.nih.gov/pubmed/23046254
https://doi.org/10.1073/pnas.0913141107
https://www.ncbi.nlm.nih.gov/pubmed/20194762
https://doi.org/10.1167/iovs.02-1101
https://doi.org/10.1186/1471-2202-7-66
https://doi.org/10.3109/02713683.2013.836541
https://doi.org/10.1073/pnas.1800165115
https://www.ncbi.nlm.nih.gov/pubmed/29437957
https://doi.org/10.1016/0197-4580(95)80008-F
https://www.ncbi.nlm.nih.gov/pubmed/7723937
https://doi.org/10.1016/0197-4580(93)90100-P
https://www.ncbi.nlm.nih.gov/pubmed/8247224
https://doi.org/10.1016/S0197-4580(97)00169-3
https://www.ncbi.nlm.nih.gov/pubmed/9562510
https://doi.org/10.1016/j.neuint.2005.01.002
https://www.ncbi.nlm.nih.gov/pubmed/15843051
https://doi.org/10.1523/JNEUROSCI.6221-11.2012
https://www.ncbi.nlm.nih.gov/pubmed/22553043
https://doi.org/10.1101/cshperspect.a020420
https://www.ncbi.nlm.nih.gov/pubmed/25380660
https://doi.org/10.1016/j.immuni.2017.06.006
https://doi.org/10.1006/exer.2001.1061
https://doi.org/10.1111/j.1750-3639.1994.tb00838.x
https://doi.org/10.1016/0304-3940(94)11239-F
https://www.ncbi.nlm.nih.gov/pubmed/7746501
https://doi.org/10.1016/S0002-9394(99)00186-5
https://www.ncbi.nlm.nih.gov/pubmed/10577588
https://doi.org/10.1097/00006982-199616010-00006
https://doi.org/10.1097/00006982-199212020-00009
https://www.ncbi.nlm.nih.gov/pubmed/1439243
https://doi.org/10.1016/j.preteyeres.2018.12.001
https://doi.org/10.3389/fcell.2020.00452
https://www.ncbi.nlm.nih.gov/pubmed/32656207


Cells 2024, 13, 595 17 of 18

89. Cao, D.; Yang, D.; Yu, H.; Xie, J.; Zeng, Y.; Wang, J.; Zhang, L. Optic nerve head perfusion changes preceding peripapillary retinal
nerve fibre layer thinning in preclinical diabetic retinopathy. Clin. Exp. Ophthalmol. 2019, 47, 219–225. [CrossRef]

90. Kupersmith, M.J.; Sibony, P.; Mandel, G.; Durbin, M.; Kardon, R.H. Optical coherence tomography of the swollen optic nerve
head: Deformation of the peripapillary retinal pigment epithelium layer in papilledema. Investig. Ophthalmol. Vis. Sci. 2011, 52,
6558–6564. [CrossRef]

91. Anderson, D.R.; Hendrickson, A. Effect of intraocular pressure on rapid axoplasmic transport in monkey optic nerve. Invest.
Ophthalmol. 1974, 13, 771–783.

92. Quigley, H.; Anderson, D.R. The dynamics and location of axonal transport blockade by acute intraocular pressure elevation in
primate optic nerve. Investig. Ophthalmol. 1976, 15, 606–616.

93. Sigal, I.A.; Ethier, C.R. Biomechanics of the optic nerve head. Exp. Eye Res. 2009, 88, 799–807. [CrossRef] [PubMed]
94. Omens, J.H. Stress and strain as regulators of myocardial growth. Prog. Biophys. Mol. Biol. 1998, 69, 559–572. [CrossRef]
95. Ingber, D.E. Mechanobiology and diseases of mechanotransduction. Ann. Med. 2003, 35, 564–577. [CrossRef] [PubMed]
96. Huang, H.; Kamm, R.D.; Lee, R.T. Cell mechanics and mechanotransduction: Pathways, probes, and physiology. Am. J. Physiol.

Cell Physiol. 2004, 287, C1–C11. [CrossRef] [PubMed]
97. Coste, B.; Mathur, J.; Schmidt, M.; Earley, T.J.; Ranade, S.; Petrus, M.J.; Dubin, A.E.; Patapoutian, A. Piezo1 and Piezo2 are essential

components of distinct mechanically activated cation channels. Science 2010, 330, 55–60. [CrossRef] [PubMed]
98. Morozumi, W.; Inagaki, S.; Iwata, Y.; Nakamura, S.; Hara, H.; Shimazawa, M. Piezo channel plays a part in retinal ganglion cell

damage. Exp. Eye Res. 2020, 191, 107900. [CrossRef] [PubMed]
99. Tan, N.Y.Q.; Sng, C.C.A.; Jonas, J.B.; Wong, T.Y.; Jansonius, N.M.; Ang, M. Glaucoma in myopia: Diagnostic dilemmas. Br. J.

Ophthalmol. 2019, 103, 1347–1355. [CrossRef] [PubMed]
100. Choi, H.J.; Sun, D.; Jakobs, T.C. Astrocytes in the optic nerve head express putative mechanosensitive channels. Mol. Vis. 2015, 21,

749–766.
101. Wang, L.; Cioffi, G.A.; Cull, G.; Dong, J.; Fortune, B. Immunohistologic evidence for retinal glial cell changes in human glaucoma.

Investig. Ophthalmol. Vis. Sci. 2002, 43, 1088–1094.
102. Christensen, A.P.; Corey, D.P. TRP channels in mechanosensation: Direct or indirect activation? Nat. Rev. Neurosci. 2007, 8,

510–521. [CrossRef] [PubMed]
103. Nilius, B.; Owsianik, G. Transient receptor potential channelopathies. Pflugers Arch. 2010, 460, 437–450. [CrossRef] [PubMed]
104. Madigan, M.C.; Penfold, P.L.; Provis, J.M.; Balind, T.K.; Billson, F.A. Intermediate filament expression in human retinal macroglia.

Histopathologic changes associated with age-related macular degeneration. Retina 1994, 14, 65–74. [CrossRef] [PubMed]
105. Cavallotti, C.; Cavallotti, D.; Pescosolido, N.; Pacella, E. Age-related changes in rat optic nerve: Morphological studies. Anat.

Histol. Embryol. 2003, 32, 12–16. [CrossRef]
106. Mansour, H.; Chamberlain, C.G.; Weible, M.W., 2nd; Hughes, S.; Chu, Y.; Chan-Ling, T. Aging-related changes in astrocytes

in the rat retina: Imbalance between cell proliferation and cell death reduces astrocyte availability. Aging Cell 2008, 7, 526–540.
[CrossRef] [PubMed]

107. Grytz, R.; Yang, H.; Hua, Y.; Samuels, B.C.; Sigal, I.A. Connective Tissue Remodeling in Myopia and its Potential Role in Increasing
Risk of Glaucoma. Curr. Opin. Biomed. Eng. 2020, 15, 40–50. [CrossRef] [PubMed]

108. Jonas, J.B.; Weber, P.; Nagaoka, N.; Ohno-Matsui, K. Glaucoma in high myopia and parapapillary delta zone. PLoS ONE 2017, 12,
e0175120. [CrossRef]

109. Ricard, C.S.; Kobayashi, S.; Pena, J.D.; Salvador-Silva, M.; Agapova, O.; Hernandez, M.R. Selective expression of neural cell
adhesion molecule (NCAM)-180 in optic nerve head astrocytes exposed to elevated hydrostatic pressure in vitro. Brain Res. Mol.
Brain Res. 2000, 81, 62–79. [CrossRef] [PubMed]

110. Elkington, A.R.; Inman, C.B.; Steart, P.V.; Weller, R.O. The structure of the lamina cribrosa of the human eye: An immunocyto-
chemical and electron microscopical study. Eye 1990, 4, 42–57. [CrossRef]

111. Hurley, L.H.; Needham-VanDevanter, D.R.; Lee, C.S. Demonstration of the asymmetric effect of CC-1065 on local DNA structure
using a site-directed adduct in a 117-base-pair fragment from M13mp1. Proc. Natl. Acad. Sci. USA 1987, 84, 6412–6416. [CrossRef]

112. Ling, T.L.; Mitrofanis, J.; Stone, J. Origin of retinal astrocytes in the rat: Evidence of migration from the optic nerve. J. Comp.
Neurol. 1989, 286, 345–352. [CrossRef] [PubMed]

113. Sun, D.; Qu, J.; Jakobs, T.C. Reversible reactivity by optic nerve astrocytes. Glia 2013, 61, 1218–1235. [CrossRef] [PubMed]
114. Formichella, C.R.; Abella, S.K.; Sims, S.M.; Cathcart, H.M.; Sappington, R.M. Astrocyte Reactivity: A Biomarker for Retinal

Ganglion Cell Health in Retinal Neurodegeneration. J. Clin. Cell Immunol. 2014, 5, 188. [CrossRef] [PubMed]
115. Pierro, L.; Camesasca, F.I.; Mischi, M.; Brancato, R. Peripheral retinal changes and axial myopia. Retina 1992, 12, 12–17. [CrossRef]
116. Harwerth, R.S.; Wheat, J.L. Modeling the effects of aging on retinal ganglion cell density and nerve fiber layer thickness. Graefes

Arch. Clin. Exp. Ophthalmol. 2008, 246, 305–314. [CrossRef] [PubMed]
117. Shin, J.W.; Song, M.K.; Sung, K.R. Longitudinal Macular Ganglion Cell-Inner Plexiform Layer Measurements to Detect Glaucoma

Progression in High Myopia. Am. J. Ophthalmol. 2021, 223, 9–20. [CrossRef] [PubMed]
118. Lam, D.S.; Leung, K.S.; Mohamed, S.; Chan, W.M.; Palanivelu, M.S.; Cheung, C.Y.; Li, E.Y.; Lai, R.Y.; Leung, C.K. Regional

variations in the relationship between macular thickness measurements and myopia. Investig. Ophthalmol. Vis. Sci. 2007, 48,
376–382. [CrossRef]

https://doi.org/10.1111/ceo.13390
https://doi.org/10.1167/iovs.10-6782
https://doi.org/10.1016/j.exer.2009.02.003
https://www.ncbi.nlm.nih.gov/pubmed/19217902
https://doi.org/10.1016/S0079-6107(98)00025-X
https://doi.org/10.1080/07853890310016333
https://www.ncbi.nlm.nih.gov/pubmed/14708967
https://doi.org/10.1152/ajpcell.00559.2003
https://www.ncbi.nlm.nih.gov/pubmed/15189819
https://doi.org/10.1126/science.1193270
https://www.ncbi.nlm.nih.gov/pubmed/20813920
https://doi.org/10.1016/j.exer.2019.107900
https://www.ncbi.nlm.nih.gov/pubmed/31874142
https://doi.org/10.1136/bjophthalmol-2018-313530
https://www.ncbi.nlm.nih.gov/pubmed/31040131
https://doi.org/10.1038/nrn2149
https://www.ncbi.nlm.nih.gov/pubmed/17585304
https://doi.org/10.1007/s00424-010-0788-2
https://www.ncbi.nlm.nih.gov/pubmed/20127491
https://doi.org/10.1097/00006982-199401000-00014
https://www.ncbi.nlm.nih.gov/pubmed/8016466
https://doi.org/10.1046/j.1439-0264.2003.00431.x
https://doi.org/10.1111/j.1474-9726.2008.00402.x
https://www.ncbi.nlm.nih.gov/pubmed/18489730
https://doi.org/10.1016/j.cobme.2020.01.001
https://www.ncbi.nlm.nih.gov/pubmed/32211567
https://doi.org/10.1371/journal.pone.0175120
https://doi.org/10.1016/S0169-328X(00)00150-9
https://www.ncbi.nlm.nih.gov/pubmed/11000479
https://doi.org/10.1038/eye.1990.5
https://doi.org/10.1073/pnas.84.18.6412
https://doi.org/10.1002/cne.902860305
https://www.ncbi.nlm.nih.gov/pubmed/2768562
https://doi.org/10.1002/glia.22507
https://www.ncbi.nlm.nih.gov/pubmed/23650091
https://doi.org/10.4172/2155-9899.1000188
https://www.ncbi.nlm.nih.gov/pubmed/25133067
https://doi.org/10.1097/00006982-199212010-00003
https://doi.org/10.1007/s00417-007-0691-5
https://www.ncbi.nlm.nih.gov/pubmed/17934750
https://doi.org/10.1016/j.ajo.2020.09.039
https://www.ncbi.nlm.nih.gov/pubmed/33007275
https://doi.org/10.1167/iovs.06-0426


Cells 2024, 13, 595 18 of 18

119. Kim, E.K.; Park, H.L.; Park, C.K. Segmented inner plexiform layer thickness as a potential biomarker to evaluate open-angle
glaucoma: Dendritic degeneration of retinal ganglion cell. PLoS ONE 2017, 12, e0182404. [CrossRef]

120. Moura, A.L.; Raza, A.S.; Lazow, M.A.; De Moraes, C.G.; Hood, D.C. Retinal ganglion cell and inner plexiform layer thickness
measurements in regions of severe visual field sensitivity loss in patients with glaucoma. Eye 2012, 26, 1188–1193. [CrossRef]

121. De Moraes, C.G.; Hood, D.C.; Thenappan, A.; Girkin, C.A.; Medeiros, F.A.; Weinreb, R.N.; Zangwill, L.M.; Liebmann, J.M. 24-2
Visual Fields Miss Central Defects Shown on 10-2 Tests in Glaucoma Suspects, Ocular Hypertensives, and Early Glaucoma.
Ophthalmology 2017, 124, 1449–1456. [CrossRef]

122. Lee, E.K.; Yu, H.G. Ganglion Cell-Inner Plexiform Layer and Peripapillary Retinal Nerve Fiber Layer Thicknesses in Age-Related
Macular Degeneration. Investig. Ophthalmol. Vis. Sci. 2015, 56, 3976–3983. [CrossRef] [PubMed]

123. Seo, S.; Lee, C.E.; Jeong, J.H.; Park, K.H.; Kim, D.M.; Jeoung, J.W. Ganglion cell-inner plexiform layer and retinal nerve fiber layer
thickness according to myopia and optic disc area: A quantitative and three-dimensional analysis. BMC Ophthalmol. 2017, 17, 22.
[CrossRef] [PubMed]

124. Chen, M.; Nofziger, J.; Datta, R.; Gee, J.C.; Morgan, J.; Aguirre, G.K. The Influence of Axial Length Upon the Retinal Ganglion
Cell Layer of the Human Eye. Transl. Vis. Sci. Technol. 2020, 9, 9. [CrossRef] [PubMed]

125. Jonas, J.B.; Wang, Y.X.; Dong, L.; Panda-Jonas, S. High Myopia and Glaucoma-Like Optic Neuropathy. Asia Pac. J. Ophthalmol.
2020, 9, 234–238. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1371/journal.pone.0182404
https://doi.org/10.1038/eye.2012.110
https://doi.org/10.1016/j.ophtha.2017.04.021
https://doi.org/10.1167/iovs.15-17013
https://www.ncbi.nlm.nih.gov/pubmed/26087362
https://doi.org/10.1186/s12886-017-0419-1
https://www.ncbi.nlm.nih.gov/pubmed/28283025
https://doi.org/10.1167/tvst.9.13.9
https://www.ncbi.nlm.nih.gov/pubmed/33344053
https://doi.org/10.1097/APO.0000000000000288

	Introduction 
	Methods 
	The Myopia Marmoset Model 
	Collection of Retinal Tissue and Immunohistochemical Staining of Retinal Flatmounts 
	Confocal Microscopy 
	Image and Statistical Analysis 

	Results 
	Imposing Negative Defocus for 10 Months vs. 4 Months Increases the Effect of Myopia on Retinal Astrocyte Density and GFAP Immunopositive Spatial Coverage 
	Eyes Induced with Myopia for 10 Months Had Thinner Retinal Nerve Fiber Layer (RNFL)and Inner Plexiform Layer (IPL) Thicknesses than Eyes Induced with Myopia for 4 Months and Controls 

	Discussion 
	The Decrease in Parafoveal Astrocyte Density and Associated Increased GFAP+ Spatial Coverage Is Greater in Marmosets Induced with Myopia for 10 Months vs. 4 Months 
	The Decrease in Peripapillary and Peripheral Astrocyte Density and Associated Increased GFAP+ Spatial Coverage Is Greater in Marmosets Induced with Myopia for 10 Months vs. 4 Months 
	The RNFL and IPL Are Thinner in Older Myopic Marmoset Eyes 

	Conclusions 
	References

