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Purrose. To conduct quantitative analysis of astrocytic glial fibrillary acidic protein
(GFAP), actin and nuclei distribution in mouse optic nerve (ON) and investigate changes
in the measured features after 3 days of ocular hypertension (OHT).

MerHoD. Serial cross-sections of 3-day microbead-induced OHT and control ONs were
fluorescently labelled and imaged using confocal microscope. Eighteen structural features
were measured from the acquired images, including GFAP coverage, actin area fraction,
process thickness, and aspect ratio of cell nucleus. The measured features were analyzed
for variations with axial locations along ON and radial zones transverse to ON, as well
as for the correlations with degree of intraocular pressure (IOP) change.

Resurrs. The most significant changes in structural features after 3-day OHT occurred
in the unmyelinated ON region (R1), and the changes were greater with greater IOP
elevation. Although the GFAP, actin, axonal, and ON areas all increased in 3-day OHT
ONs in R1 (P < 0.004 for all), the area fraction of GFAP actually decreased (P = 0.02),
the actin area fraction was stable and individual axon compartments were unchanged
in size. Within R1, the number of nuclear clusters increased (P < 0.001), but the
mean size of nuclear clusters was smaller (P = 0.02) and the clusters became rounder
(P < 0.001). In all cross-sections of control ONs, astrocytic processes were thickest in the
rim zone compared with the central and peripheral zones (P < 0.002 for both), whereas
the overall process width in R1 decreased after 3 days of OHT (P < 0.001).

Concrusions. The changes in structure elucidated IOP-generated alterations that underlie

astrocyte mechanotranslational responses relevant to glaucoma.
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laucoma is an ocular disease characterized by regional
visual loss owing to gradual degeneration of reti-
nal ganglion cell axons at the optic nerve head (ONH).!
In human and large mammalian eyes, the ONH contains
supportive connective tissue beams covered by astrocytes,
referred to as the lamina cribrosa (LC). Retinal ganglion cell
axon bundles pass through openings between the beams
and fine astrocyte processes encircle axons in LC openings.
The external ONH border is delimited at the exit from the
retina by Bruch’s membrane opening (BMO). The astrocytic
lamina in rodents, smaller by an order of magnitude in diam-
eter than the human, is spanned by astrocytes with minimal
connective tissue, but with a comparable three-dimensional
network structure similar to the human. The mouse astro-
cytic lamina extends from the BMO to approximately
240 pm posteriorly, in an unmyelinated section of the optic
nerve (ON). Further cephalad, the mouse ON axons acquire
myelin. In large mammals, by contrast, myelination begins
at the posterior border of the LC.
The level of IOP is a key risk factor for glaucoma; the
higher the IOP, the more likely and the more severely
progressive is the damage.? A higher IOP is accompanied
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by axonal degeneration, which is preceded by blockage
of axonal transport in both human eyes® and in animal
models.*® The exact mechanisms linking IOP to axonal
damage have not been fully delineated, but the translation of
IOP into mechanical stress at the ONH has been extensively
studied and modeled.”~!! An increase in the IOP is postu-
lated to produce trans-LC axial stress and circumferential
hoop stress on the LC. Astrocytes bridge the mouse ONH and
are anchored by peripheral processes to the peripapillary
sclera. The structure suggests that astrocytes are important
for sensing and translating mechanical stress into beneficial
and pathologic events for the enclosed axons. The astro-
cytic network also serves to modulate ionic balance, store
neuroactive substances, optimize neuronal signaling, regu-
late blood flow, and provide hexose nutrition to axons.'?-4
The cytoskeleton of astrocytes consists of co-existing fila-
ments of actin and intermediate filaments.

Changes in astrocyte morphology in glaucoma models
have been reported, primarily through immunolabeling of
glial fibrillary acidic protein (GFAP), an intermediate fila-
ment component in astrocytes. Thickening and thinning
of processes,'>® development of new processes along the
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Initial Final Difference in Final
Mouse ID Gender Eye IOP (mm Hg) IOP (mm Hg) IOP (AIOP, mm Hg)
1 Male Left 9 23 9
Right 11 14
2 Male Left 7 22 7
Right 10 15
3 Male Left 7 19 8
Right 8 11
4 Male Left 8 16 8
Right 14 8
5 Female Left 13 13 -1
Right 14 14
6 Female Left 17 19 4
Right 14 15

ON axis,'” and reorganization of filaments'® have been
shown after different time points of axonal insult. Tehrani
et al® showed reorientation of actin-labelled rat astrocyte
processes from a direction transverse to the ON axis to that
along the ON axis. Both GFAP and actin contribute signif-
icantly to astrocyte stiffness and morphology, and actin is
also involved with force production and vesicle mobility.2°~22
Studying the GFAP, actin, and nuclei of ONH astrocytes will
likely improve knowledge of mechanisms leading to axonal
degeneration.

This study provides detailed and quantitative measure-
ment of the cytoskeletal network by analyzing fluorescently
labelled mouse ON sections after 3 days of ocular hyperten-
sion (OHT), and outlining the axial and radial differences
in the ON. Previous morphologic studies of astrocytes in
glaucoma research have often used cultured cells or tissue
sections of the ON, from which conclusions about the overall
astrocytic network in the intact tissue are difficult to discern.
Aligning observations relative to an anatomic reference and
providing indicators for morphologic variations may aid
future comparisons across studies. Serial ON sections were
imaged after immunolabeling or staining for GFAP, actin, and
nucleus. A custom morphologic algorithm?® was adapted to
quantify structural features, including area coverage, process
thickness, and aspect ratio of the nuclei. The outcomes
were used to examine differences after 3 days of OHT
and to assess the effect of IOP level. Our purpose was to
develop methods that will reveal alterations in mechanobi-
ological support to axons and to advance understanding of
IOP-induced mechanical changes that contribute to axonal
insults.

METHODS

The following section summarizes in detail the methods
in specimen preparation, image processing, and network
analysis used to identify and quantify the features of the
ON network structure, as well as the statistical methods
for analysis of regional variations, and correlations between
measured changes and degree of IOP elevation. Experi-
mental protocols were approved by the Animal Care and
Use Review Board of Johns Hopkins University School of
Medicine. Mice were handled in a manner consistent with
the ARVO Statement for the Use of Animals in Ophthalmic
and Vision Research, and the Guide for the Care and
Use of Laboratory Animals (Institute of Laboratory Animal

Resources, the Public Health Services Policy on Humane
Care and Use of Laboratory Animals).

Specimen Preparation

Six 6-month-old genetically modified mice expressing green
fluorescent protein driven by the glutamate transporter
protein 1 promoter?* (acquired from Jeffrey Rothstein, Johns
Hopkins School of Medicine*®) were used for this study.
IOP elevation was induced unilaterally by injecting micro-
spheres consisting of 2 pL of 6 pm diameter beads, 2 yuL of
1 pm diameter beads, and 1 pL of viscoelastic compound
(10 mg/mL sodium hyaluronate, Healon; Advanced Medi-
cal Optics, Inc., Santa Ana, CA).?° The fellow eyes served as
contralateral controls. The IOP was measured with a Tono-
Lab tonometer (TioLat, Inc., Helsinki, Finland) before bead
injection and before sacrificing under anesthesia (Table 1).
Anesthesia consisted of intraperitoneal injection of 75 mg/kg
of ketamine, 10 mg/kg of xylazine, and 2 mg/kg of acepro-
mazine. The difference in IOP between the 3-day treated and
control eyes of each mouse was recorded as the IOP differ-
ence (AIOP).

For sacrifice, mice were exsanguinated under general
anesthesia as detailed elsewhere in this article, then
perfused with 4% paraformaldehyde in Sorenson’s phos-
phate buffer before enucleation. The globes were immersed
in the same fixative for 1 hour and were transferred into
0.1 M PO, buffer, where the extraocular tissues were
removed. An ON segment 1 mm in length was separated
from the posterior eye wall using a sharp razor blade and
embedded in a mixture of 20% sucrose buffer and OCT using
a modified protocol from Barthel and Raymond.?” The cryo-
embedded segment was further sectioned into 8 or 10 pm
slices starting from the posterior part of the ON using Cryo-
stat CM3050S (Leica Biosystems) at —25°C. The ON sections
were collected onto glass microscope slides. Sections that
were folded or torn during cryosectioning were excluded
from the analysis.

Immunolabeling and Staining

For immunolabeling, ON sections were first immersed in
2% normal goat serum and 0.1% Triton X-100 in PBS
solution to improve specificity and penetration of anti-
body. For GFAP labeling, sections were incubated with
primary rabbit anti-GFAP antibody (1:1000, Abcam AB7260)
overnight at 4°C in a humid chamber in the dark followed
by secondary Alexa Fluor 488 goat anti-rabbit antibody
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Figure 1. A series of image processing steps were applied to the fluorescent images to measure the features of the ON. The fluorescent
image was post-processed using a median filter and contrast-limited adaptive histogram equalization and the results are shown in a 42 pm x
42 pm area for GFAP, actin and nuclear channel. Each channel was then binarized using the Otsu thresholding method?® and morphologically
smoothed. The final binarized image of GFAP channel was used for structural measurements, while those of actin and nucleus channels
were further inverted to locate the axonal space. Each disconnected axonal space was randomly labelled as a separate axonal compartment
and each isolated nuclear area was randomly labelled as a separate nuclear cluster for visualization.

(1:500, Invitrogen A11008; Carlsbad, CA) for 1 hour at room
temperature. The ONH sections were also incubated with
Alexa Fluor 568 phalloidin (1:60, Invitrogen A1280) for
20 minutes to reveal actin filaments and 4’,6-diamidino-2-
phenylindole (DAPI; 1:1000; Roche 10-236-276-001; Basel,
Switzerland) for 1 hour for staining nuclei. All sections were
mounted with Dako mounting media and covered with glass
cover slips for imaging.

Image Acquisition

Confocal fluorescent images were obtained with a Zeiss LSM
710 confocal microscope using a Plan-Apochromat 40x oil-
immersion objective. Three channels of images at excita-
tion wavelength of 458 nm for GFAP, 561 nm for actin, and
405 nm for nuclei (Fig. 1) were captured for each ONH
section. The z-position (depth within a section) was selected
close to the surface, where signals from all three chan-
nels are visible. Each channel consisted of 3 x 3 tiled
images that were stitched with a 12% overlap. The result-
ing images with a resolution 0.1038 nm/pixel were exported
as TIFF files for structural characterization. During acquisi-
tion, the section immediately posterior to the level of retinal
photoreceptor nuclei was marked as the position of BMO.
Quantitative image processing was conducted on all images
posterior to the BMO, which comprised ON lengths ranging
from 640 pm to 960 pm.

Image Processing

Images were preprocessed with a 3 x 3 median filter to
reduce noise and with contrast-limited adaptive histogram
equalization®® to enhance contrast of acquired signals
(Fig. 1). All three channels were individually binarized using
the Otsu thresholding method,? such that the actin, GFAP,

and nuclear fluorescent regions were represented as 1, and
the background pixels were labelled as 0. An ON boundary
was automatically detected from the binarized GFAP image
by filling in spaces bounded by GFAP signals, and tracing
the outermost boundary of the filled region. An average of
eight sections across each ON had overestimated autotraced
boundaries owing to inclusion of connecting peripapillary
sclera and thus were manually corrected. The ON boundary
coordinates were used to extract the area of interest in actin
and nuclei channels as well. A series of morphologic smooth-
ing was performed to remove local artifacts owing to bina-
rization, adapted from a previously reported method.?:3°
These included using ’bwmorph’ with the options of ’clean,
’majority, and ’bridge’ to remove pixel-level noise. Morpho-
logic opening (Matlab function 'imopen’) was also applied
with disk element sizes of three and diamond element size of
four in the GFAP and nuclei channels, respectively, to sepa-
rate regions that were partly connected. The resulting bina-
rized images were used to measure the structural parame-
ters in each cross-section. For verification of the binarization
method, one local region of size 20 x 20 pm on the section
160 to 170 pm away from BMO of all ONs was selected for
manual segmentation of the DAPI signals. Similarly, a local
region of size 5 x 5 ym was manually traced on the GFAP
and actin images as well. The manual segmentations were
compared with that from the image processing algorithm
by calculating the percentage differences in the resulting
area fractions. The calculation of area fraction is described
in detail in the Structural Measurements section. The image
processing and structural measurement code is available on
GitHub (https://github.com/trayling/Morph_Analysis).

Structural Measurements

A total of 18 structural features were measured using a
custom code in Matlab R2019a (MathWorks, Inc., Natick,
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Ficure 2. The axial variations of outcomes measured from the GFAP channel, showing the (a) ON area, (b) GFAP area, and (c) GFAP area
fraction of both control and 3-day OHT measurement from representative mouse 1. The colored lines represent the moving mean of five
successive sections along the ON and the shaded areas represent the respective moving standard deviations. Separation of R1, R2, and R3
corresponds with the unmyelinated, myelin-transition, and myelinated regions of the ON, respectively. (d) Representative distance-matched
pairs of GFAP-labelled control and OHT ONs after median filter and contrast-limited adaptive histogram equalization were taken from each
axial region of mouse 1. The mouse ON typically transitions from a kidney bean shape in R1 into an oval shape in R2 and R3.

MA): six each from GFAP and nuclei channels, three from * GFAP, actin, and nuclei area: The total number of
the actin channel, and additional three from the nega- pixels labelled as foreground in each channel within
tive space of actin and nuclei images, which represented ON boundary.

the axonal space. The measured features were defined as * GFAP, actin, and nuclei area fraction: Area fractions

follows: were recorded as the GFAP, actin, and nuclei area
over the ON area.
GEAP process width: Each binarized GFAP image was

* ON area: The total area within the detected ON skeletonized using the Matlab function ’bwmorph’
boundary; the boundaries were highlighted in red with options ’thin’ and ’inf.” Skeletonization repre-
lines in (Fig. 2d). sents the middle line of each process with line width

* ON aspect ratio: The aspect ratio was determined by of 1 pixel. Process width at each skeleton pixel
fitting an ellipse to the ON boundary and calculating was measured as two times the shortest distance

the ratio of the major to minor axes. from the skeleton pixel to the boundary of the
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Ficure 3. Radial variations in GFAP process width, showing (a) a color map of measured process width and regional divisions. Central
zone (cen), peripheral (peri) and rim zone were divided as zones within 0% to 50%, 50% to 90%, and 90% to 100% of radii from fitted center
of the ON to the ON boundary. (b) In R1, the GFAP area fraction was lowest in the central zone compared with that in the peripheral and
rim zones. (¢) Processes were thicker in the rim zone compared with central and peripheral zones (P < 0.002 for both pairwise comparisons
from linear mixed model and after Bonferroni adjustment). (d) Processes became significantly thinner overall and in central and peripheral
zones after 3-day OHT, but not in the rim zone (P = 0.08 for the rim region and %xP < 0.001 for others).

foreground. Average process width was calculated
over all skeleton pixels in the area of interest. The
average beam width was calculated both within ON
and in each radial regions, as described elsewhere in
this article.

GFAP and actin process anisotropy: A histogram of
process orientations was first obtained by apply-
ing two-dimensional discrete Fourier transform to
the input image and then averaging the intensi-
ties of each pixel in a line segment that corre-
sponded to the respective orientation.>® A circular
average of process orientation was then calculated
using the Matlab circular statistics toolbox developed
by Berens et al.** The anisotropy of the processes
was defined by fitting the semicircular von Mises
probability density function to the histogram of
orientation angles centered about the circular aver-
age orientation. The resulting dispersion param-
eter, which signifies the degree of alignment
along the average orientation, was defined as the
anisotropy.”®> A network with processes aligned in
parallel with each other would yield an infinite
dispersion value, while a dispersion value of 0
would indicate that the processes are not selec-
tively aligned along any one direction in the imaging
plane.

Number of nuclear clusters: The number of sepa-
rated regions in the DAPI-labelled channel was
recorded as the number of nuclear clusters per
section (Fig. 1).

Nuclear cluster density: The number of nuclear clus-
ters per square millimeter was calculated to account
for change in ON area (Fig. 1).

Aspect ratio of nuclear clusters: The ratio of major to
minor axes of each nuclear cluster.

Axonal area: The total area within the ON that was
not labelled as actin or nuclei represented the axonal
area.

Number of axonal compartments: Number of discon-
nected regions in axonal area (Fig. 1).

Mean area of axonal compartments: The mean
number of pixels in each axonal compartment.

Regional Division

The ONs were divided lengthwise into three regions begin-
ning at BMO. The first segment was the unmyelinated region
(R1), defined by a distance of 0 to 240 pm from the BMO. The
second was the myelin transition region (R2), defined from
240 to 480 pm from the BMO and the third was the myelin
region (R3) defined as greater than 480 ym from the BMO
(Fig. 2a). These distances were based on the positions of
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Measured Features Control 3-Day IOP P-Value
GFAP
Aspect ratio of ON (mm/mm) 1.21 £ 0.08 1.26 + 0.09 0.22
ON area (mm?) 0.042 + 0.008 0.049 + 0.007 <0.001
GFAP area (mm?) 0.026 £+ 0.005 0.029 + 0.005 0.004
GFAP area fraction (mm?/mm?) 0.62 £ 0.02 0.60 £ 0.02 0.02
GFAP Beam anisotropy 0.11 &+ 0.08 0.13 £ 0.07 <0.0001
Process width (um) 1.65 + 0.09 1.62 + 0.06 <0.001
Process width - central (um) 1.64 + 0.11 1.60 + 0.10 <0.001
Process width - peripheral (um) 1.61 + 0.10 1.58 + 0.06 <0.001
Process width - rim (um) 1.77 £+ 0.09 1.72 + 0.10 0.08
Actin
Actin area (mm?) 0.028 £ 0.006 0.033 £ 0.005 <0.001
Actin area fraction (mm?2/mm?) 0.68 £+ 0.02 0.67 &+ 0.02 0.11
Actin process anisotropy 0.081 £ 0.059 0.082 £ 0.046 0.38
Axon
Axonal area (mm?) 0.009 £ 0.002 0.011 + 0.002 <0.001
No. of axonal compartments (7/cross-section) 6324 + 2009 6996 + 1949 0.001
Mean area of axonal compartments (um?) 1.56 £+ 0.25 1.56 + 0.16 1
Nuclei
Nuclear area (mm?) 0.003 £+ 0.001 0.004 + 0.001 0.02
Nuclear area fraction (mm?2/mm?) 0.071 £ 0.026 0.081 + 0.024 0.12
No. of nuclear clusters (72/cross-section) 86.66 + 8.49 127.17 £+ 14.05 <0.001
Nuclear cluster density (72/mm?) 2134.81 + 394.19 2665.64 £+ 516.92 0.005
Mean area of nuclear clusters (um?) 32.25 £ 5.43 30.05 £ 3.25 0.02
Mean aspect ratio of nuclear clusters (um/pm) 2.18 £ 0.15 2.03 =+ 0.08 <0.001

Results from general linear models for mean + standard deviation and P values for ratio of 3-day OHT over control different from 1,

estimated ratios are listed in column 3 of Table 3. All measured areas were higher in 3-day OHT nerves.

these anatomic regions in images of both control and treated
mouse ON.?® Within each cross-section, the ON was further
divided into three radial zones: the central, peripheral, and
rim zones (Fig. 3a). The zones were defined by first locating
the center of mass of the ON, and then separating the ON
by distances that were equal to 50% and 90% of the length
from the center to the ON outer boundary.

Statistical Analysis

The structural parameters (Table 2) measured from each
ON section were averaged every 40 pm interval from BMO
up to 640 pm distally, amounting to six intervals each
in R1 and R2, and four intervals in R3. A total of nine
intervals (4.7% of all intervals) had artifact that precluded
analysis of the GFAP signals. Four of these intervals had
corresponding actin and DAPI signals that were similarly
affected and were excluded from further analysis. To elim-
inate the intermouse variations in control measurements,
the ratio of 3-day OHT over control eyes was calculated for
each outcome in each interval to represent the fold change
after treatment. A ratio of 1 indicated that the outcome was
the same between treated and control nerves and a ratio of
greater than 1 indicated an increase in the outcome in 3-day
OHT eyes. The interval ratios were used to compare differ-
ences in structural outcomes after 3-day IOP elevation. In
addition, we assessed the effect of the estimated IOP differ-
ence on the ratio in region R1. Both analyses used general
linear models, which took into consideration the possible
correlations among repeat ratios in multiple intervals for
a single ON. The repeat measurements were assumed to
have an autoregressive correlation structure, for example,
the closer two intervals are in distance from the retina, the
higher the correlation. The GFAP and actin network were

mostly isotropic, with anisotropic dispersion values close
to 0, leading to ratio values that were much greater than
1.47 fold, the median of all anisotropy ratio values. There-
fore, anisotropy ratios that were more than four-fold were
removed as outliers (9 intervals from GFAP and 10 intervals
from actin), while the new median ratio value of 1.35-fold
remained at a similar level.

For comparison of GFAP process width among central,
peripheral and rim zones, all estimates and P-values were
obtained from mixed linear models to account for the clus-
tering of areas within each ON for a control eye, as well as
correlations among intervals. Again, intervals were assumed
to have an autoregressive correlation structure. Bonferroni
adjustment was implemented for P-values from multiple
pairwise comparisons. All aforementioned analyses were
performed using SAS 9.2 (SAS Institute, Cary, NC). In addi-
tion, to compare the differences among ON, actin, GFAP,
axonal and nuclear areas (Fig. 4a), as well as between their
area fractions in R1, one-way ANOVA followed by Bonferroni
correction (Matlab function ‘anoval’ followed by ‘multcom-
pare’) was used for the multiple pairwise comparison test.

REsuLTs
Measured Features in Control Eyes

In control nerves, the ON, GFAP, and actin areas were
smallest at the BMO. All three areas increased dramati-
cally through R1, peaked in R2, and decreased slightly
in R3 (Figs. 2a, 2b, and 5a). The GFAP area fraction in
control nerves was greatest at BMO and declined through
the length of ON (Fig. 2¢). The actin area fraction increased
steadily though R1 and remained at a similar level in R2 and
R3 (Fig. 5b). The actin channel showed more distinct and
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Ficure 4. Comparison of parameter areas and area fractions (region R1) in control (left graphs) and change as a ratio between 3-day
OHT and control ONs (right graphs). (a) Nuclear area is lowest compared with actin, GFAP and axonal areas (P < 0.001, 1-way ANOVA
after Bonferroni correction). (b) All areas in R1 were greater in 3-day OHT ONs than in controls (ratio > 1). Nuclear area had the largest
percentage increase (37%) after 3 days. (¢c) Control GFAP area fraction was lower than actin area fraction (P < 0.001, 1-way ANOVA). (d)
There was a significantly greater percentage decrease in GFAP area fraction over the change in actin area fraction after 3-day OHT treatment.

P-values for (b) and (d) were recorded from general mixed models.

elongated bundles in R1, and the actin staining in R2 and
R3 had less distinct bundles (Fig. 5d-f and Supplementary
Fig. S1). The total number of nuclear clusters increased from
BMO through the myelinated region (Fig. 5c and Supple-
mentary Fig. S2), and the number of axonal compartments
increased steadily in R1 and R2, but became stable in R3.
All cross-sectional structural outcomes were averaged 40-um
intervals and separated into axial regions of R1, R2, or R3
(Table 2 and Supplementary Tables S1 and S2) for compari-
son after 3-day OHT.

For ON sections in the unmyelinated region R1 of control
eyes, the average ON area was 0.042 & 0.008 mm?, whereas
the GFAP and actin areas covered 62% and 68% of the ON
area (Fig. 4¢). The average number of nuclear clusters within
the ON was 86.7 + 8.5 per section, covering 7.1% of the ON
area. The axonal compartments occupied 21% of the ON area
(Fig. 1). The average astrocyte process width measured from
the GFAP channel was 1.65 = 0.09 pm. Overall, astrocyte
actin coverage in ON sections was greatest, followed by the
GFAP, axonal area, and nuclear area (P < 0.001 , Fig. 4a).

The average GFAP process width in the central zone of
ONs in R1 was 6.7% thinner than in the rim zone, and in
the peripheral zone processes were 8.4% thinner than in the
rim zone (P < 0.002 for both comparisons; Figs. 3a and 3¢).
The GFAP area fraction in the central zone (57.5%) was
also lower than in the peripheral (61.6%) and the rim zone
(68.4%; P < 0.001 for both comparisons; Fig. 3b).

Change in Parameters After 3 Days of OHT
Treatment

Across all measured features, the ratios between 3-day OHT
and control nerves were similar between R2 and R3, whereas
changes in R1 were most significant (Table 3), including
increases in OHT ON area, actin area, and axonal area and
a decrease in GFAP area fraction. The increase in number of
nuclear clusters and decrease in aspect ratio of the clusters
were also larger in R1 than R2 (P < 0.02 for both). Thus,
we present in detail only results in R1 after 3 days of OHT
treatment (Table 2).

The estimated mean areas of ON, GFAP and actin were
1.16, 1.12, and 1.15 times larger, respectively, for the 3-day
OHT group than controls (P < 0.01, Fig. 4). In addition, the
axonal area and nuclear area were 1.13 (P < 0.001) and
1.27 times larger (P = 0.02) (Table 2). Because the increase
in the GFAP area was proportionately less than that of the
ON area, there was a 5.3% decrease in GFAP area fraction
(P = 0.02). The actin and nuclear area fractions remained
unchanged. The GFAP process width decreased from
1.65 pm to 1.62 pm (P < 0.001), and the percentage decrease
in central zone (3.7%, P < 0.001) was larger than that in
the peripheral zone (2.5%, P < 0.001; Fig. 3¢). Processes in
the rim region were 2.1% thinner, but the observation was
not significant (P = 0.08). The number of individual axonal
compartments was 1.13 times larger (P = 0.001), but the
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Ficure 5. The axial variations of outcomes measured from the actin and nucleus channels, showing the (a) actin area, (b) actin area fraction
and (¢) number of nuclear clusters of both control and 3-day OHT measurement from representative mouse 1. The colored lines represent
the moving mean of five successive sections along the ON and the shaded areas represent the respective moving standard deviations. Region
R1, R2, and R3 correspond with the unmyelinated, myelin-transition, and myelinated regions of the ON, respectively. (d) A 42 pm x 42
pm area of distance-matched pairs of control and 3-day OHT actin networks after median filter and contrast-limited adaptive histogram
equalization were taken from each region of the mouse 1. The actin fiber bundles were straighter and more distinct in R1 than in R2 and

R3, where they take on a wavier appearance.

average area of axon compartments remained the same at
1.56 ym?. The number of nuclear clusters increased from 87
to 127 per cross-section (P < 0.001), whereas the mean clus-
ter area decreased by 6.8% (P = 0.02). On average, nuclear
clusters were less elongated; their aspect ratio decreased
from 2.18 to 2.03 pym/pm (P < 0.001, Fig. 6). The GFAP
processes were aligned more in parallel with each other after
3 days of OHT, with an average dispersion of 0.11 in
controls compared with 0.13 in OHT nerves (0 = completely
isotropic; P < 0.001). The actin-labelled processes alignment
and ON aspect ratio were not significantly different after
3 days of OHT treatment.

Morphologic Changes Were Associated With
Difference in the Final IOP

The ratios of 3-day OHT over control data in several
measured parameters were correlated with the difference
in IOP between 3-day OHT and control pairs (Supplemen-
tary Table S3). The enlargement of ON area increased with
greater AIOP (Fig. 7a). Similarly, the fold increase in GFAP
area, and in number of axonal compartments also increased
with increased AIOP (Figs. 7b and 7¢). In contrast, the GFAP
processes in the central zone were thinner with a larger
AIOP (Fig. 7d).



Investigative Ophthalmology & Visual Science

Pressure-Induced Changes in Astrocyte Morphology

IOVS | September 2020 | Vol. 61 | No. 11 | Article 14 | 9

TaBLE 3. Results From General Linear Models for Comparison of Measured Outcomes Among Axial Regions

Estimated Mean Ratio (95% CI) Adjusted P-Value
Measured Features R1 R2 R3 R1vsR2 R2vsR3
GFAP
Aspect ratio of ON (mm/mm) 1.05 (0.97-1.12) 1.03 (0.97-1.09) 1.00 (0.95-1.05) NS NS
ON area (mm?) 1.16 (1.10-1.22)* 1.07 (1.03-1.11)* 1.05 (1.02-1.09)* <0.0003 <0.0003
GFAP area (mm?) 1.12 (1.04-1.20)* 1.09 (1.00-1.17)* 1.07 (0.99-1.14) NS NS
GFAP area fraction (mm?/mm?) 0.96 (0.93-1.00)* 1.00 (0.96-1.05) 1.00 (0.95-1.04) 0.01 NS
GFAP beam anisotropy 1.51 (1.32-1.71)*  1.89 (1.39-2.39)* 1.56 (1.04-2.08)* 0.08 NS
Process width (um) 0.97 (0.96-0.98)*  0.98 (0.96-1.01) 0.98 (0.94-1.02) NS NS
Process width - central (um) 0.96 (0.95-0.98)*  0.99 (0.94-1.03) 0.97 (0.92-1.02) NS NS
Process width - peripheral (um) 0.97 (0.96-0.99)*  0.99 (0.96-1.02) 0.98 (0.94-1.02) NS NS
Process width - rim (um) 0.98 (0.96-1.00) 0.98 (0.94-1.02) 0.96 (0.90-1.03) NS NS
Actin
Actin area (mm?) 1.15 (1.09-1.20)* 1.07 (1.03-1.11)* 1.05 (1.01-1.09)* <0.0003 <0.0003
Actin area fraction (mm?/mm?) 0.99 (0.98-1.00) 0.995 (0.991-0.998)* 1.00 (0.99-1.01) NS NS
Actin process anisotropy 1.13 (0.84-1.41) 1.69 (1.14-2.24)* 1.40 (1.11-1.69)* NS NS
Axon
Axonal area (mm?) 1.13 (1.06-1.20)*  1.04 (1.00-1.08)* 1.06 (1.00-1.12) 0.002 0.05
No. of axonal compartments (#2/cross-section) 1.13 (1.05-1.2D)*  1.07 (0.98-1.15) 1.05 (0.94-1.15) NS NS
Mean area of axonal compartments (pmz) 1.00 (0.90-1.10) 1.99 (0.89-1.11) 1.04 (0.90-1.17) NS NS
Nuclei
Nuclear area (mm?3) 1.27 (1.04-1.51)*  1.19 (1.02-1.36)* 1.16 (1.04-1.28)* NS NS
Nuclear area fraction (mm?/mm?) 1.13 (0.97-1.29)  1.10 (1.00-1.20) 1.07 (0.97-1.17) NS NS
No. of nuclear clusters (72/cross-section) 1.38 (1.18-1.58)*  1.30 (1.13-1.47)* 1.25 (1.12-1.37)* 0.02 NS
Nuclear cluster density (1/mm?) 1.19 (1.06-1.33)*  1.19 (1.08-1.31)* 1.15 (1.05-1.24)* NS NS
Mean area of nuclear clusters (um?) 0.93 (0.88-0.99)*  0.92 (0.90-0.95)* 0.98 (0.94-1.01) NS NS
Mean aspect ratio of nuclear clusters (um/pm)  0.93 (0.91-0.96)*  0.99 (0.98-1.00) 1.00 (0.98-1.03) <0.0003 0.002

Results showing the mean ratios of 3-day OHT over control outcomes and the Bonferroni adjusted P-values for pairwise ratio comparisons.
ON, GFAP, actin and nuclear area had ratios significantly higher than 1 in all axial regions. The ratios were higher in R1 than R2 and were

not significantly different between R2 and R3.

Pairwise ratio comparisons with P values that were not significant were marked as NS. In columns 3-5, ratio values significantly different

from 1 were highlighted with xfor P values of <0.05.

DiscussION

This study presented differences in normal astrocyte struc-
ture between the region closer to the eye (R1) and ON
regions more cephalad. In controls, the GFAP area frac-
tion and GFAP-labelled process width were greatest at BMO
and both decreased toward the myelinated ON. This find-
ing could be caused in part by the addition of oligoden-
drocytes and myelin in regions R2 and R3; however, the
decrease in the GFAP fraction was already evident within
R1, before any myelination. In R1 of control mouse ON,
the average cross-sectional area was 0.042 mm?, with an
average of 87 nuclear clusters per section. Both of these
are consistent with the mean area of 0.04 to 0.06 mm? and
with a mean number of 41 to 275 nuclei reported in Swiss
black mice.?* The measured GFAP process thicknesses in
R1 were slightly higher than the 1.30 pm reported by Lye-
Barthel et al.>> We measured the average thickness of all
GFAP processes, including those bordering the peripapillary
sclera, whereas Lye-Barthel et al.3> measured only the thick-
ness of 50 processes at a distance of 10 to 15 pm from the
nucleus. The discrepancies could also be due to differences
in animal models and strains of mice.

The control ON, GFAP, and actin areas increased through-
out the unmyelinated region R1, but were relatively uniform
in regions R2 and R3. The actin bundles and GFAP processes
in R1 seemed to span across the entire width of the ON,
forming a network in the plane of the ON cross-section.
The interlacing process network in each ON cross-section
was similar to the honeycomb architecture of the astrocytic

network reported by Sun et al.’® resembling the connec-
tive tissue beam-pore network structure in the human LC,
the load bearing tissue at the ONH that protects retinal
ganglion cell axons. The actin processes seemed to be more
convoluted in regions R2 and R3, coinciding with a more
curved connective tissue pattern in the myelinated human
ON.*’ After 3 days of OHT, the actin network in R1 remained
isotropically arranged in the cross-section. Because actin is
known to extend fibers to align with the direction of load,
this suggested that the in-plane stresses experienced by the
actin network were more dominant than the out of plane
stresses directly contributed by the trans-laminar pressure
gradient.

The 3-day OHT nerves had greater ON, GFAP, actin,
axonal, and nuclear areas in R1, R2, and R3, but the increases
were markedly greater in the unmyelinated R1 region. The
increase in the ON area in R1 was also demonstrated in a
prior study.*® In addition, the OHT nerves in R1 exhibited
a decrease in the GFAP area fraction, decrease in process
width, increase in the number of axonal compartments, and
increase in axonal area. Greater IOP elevations relative to
the baseline produced greater morphologic changes in R1.
Larger study groups with more detailed IOP measures over
longer periods are needed to verify the associations between
IOP elevation and the extent of remodeling in the astro-
cytic lamina. An increase in the IOP would subject the astro-
cytic lamina to a greater translaminar pressure gradient and
a greater hoop stress in the eye wall. The effect would be
larger in R1 than in R2 and R3, which may explain why
greater remodeling of the astrocyte network structure was
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Ficure 6. Comparison of nuclear clusters from a region-matched pair of ON sections, showing individually labelled nuclear clusters of (a)
3-day OHT and (b) control nerves. The 3-day OHT ON had (¢) a higher number of nuclear clusters, but (d) a lower aspect ratio of clusters

in R1.

measured in R1. R1 is also the region where axonal trans-
port is blocked in mice.”**~4! Similarly, in larger mammalian
eyes and humans, transport block in axons occurs in the
connective tissue zone of the LC and myelination begins
just posterior to this>%-% The accumulation of amyloid
precursor protein®® during axonal obstruction can lead to
axonal swelling,*%* resulting in the increase in axonal area
measured in this work.

Not only was the astrocytic network structure different
from R1 to R2 and R3, it also differed quantitatively between
the central, peripheral, and rim zones of the mouse ONH in
control eyes. GFAP-labelled processes were thickest in the
rim zone when compared with the periphery and center
of the control ON in R1. The thickness of processes in
the central and peripheral zones decreased significantly in
the 3-day OHT nerves, but remained unchanged in the rim
zone. The thicker rim zone processes contact their base-
ment membranes adjoining the peripapillary sclera. Recent
work using transmission electron microscopy“® also showed
that processes in the rim zone normally are wider, forming
shapes similar to the base of doric pillars. At this site, they
form electron dense junctional complexes that are integrin-
and dystroglycan-linked through the cell membrane to the
actin network, altering its configuration as a response to
mechanical stress. Larger processes in the rim zone may
provide greater structural reinforcements against loading

from translamina pressure gradient and the scleral hoop
stress. This finding was consistent with our finding that IOP-
induced strain responses were greater in the central ON of
mice than in the periphery with ex vivo inflation testing.*’

Studies of astrocytes in culture have shown that mechan-
ical stress can increase the production of GFAP* and upreg-
ulate the expression of intermediate filaments.”” The GFAP
area was greater in R1 of the 3-day OHT eyes, which may be
a result of the stress-stimulated GFAP production. However,
previous studies of mouse and rat glaucoma models did
not find an increase in GFAP gene expression.!®>*5! In rat
glaucoma, GFAP was reportedly downregulated.”® Thus, the
increase in GFAP area may be caused by a redistribution of
overlapping processes, although the effect on the GFAP area
was not proportional to the enlargement of ON area, which
caused the area fraction to decrease. A redistribution of fila-
ments after an increase in hydrostatic pressure has also been
reported in cultured human astrocytes.”

Rearrangement of the actin cytoskeleton stimulated by
hydrostatic pressure or other forms of mechanical stress is
known to be a mechanotranslational response in different
cell types.!® 545 In neurodegenerative diseases, actin reor-
ganization occurs®’ and in experimental and human glau-
coma, astrocytes move to fill ONH pores previously occu-
pied by axons.! Although axonal loss is not present within 3
days in the bead injection model, actin reorganization may



Investigative Ophthalmology & Visual Science

Pressure-Induced Changes in Astrocyte Morphology

IOVS | September 2020 | Vol.61 | No. 11 | Article 14 | 11

157 S14r .
3 © mean ratio = ° mean ratio
= 140 —fitted curve S —fitted curve o
g |l -95%cCl ©01.3+|-—95%Cl e
< — L
13+ P=0.001 5 P<0.001 P o o
O ° =12y e
= o 4 9 _—
% 1.2r - — 8 g //// °
— 1.1+ _—
Tqqp° _— © ,
@ _— o —
° | ° e < ,° o
< 1 LT i a [
5 | g
0.9 : : : : ‘ Soo9 : : : : :
0 2 4 6 8 (0] 2 4 6 8
Difference in Final IOP (mmHg) Difference in Final IOP (mmHg)
(a) (b)
1.4+ . 1.02;
© mean ratio c °
g —fitted curve 8 _ —— o
=1.3-—95%Cl o L= A ~~
% = P=0.002 g ° £ £ T
g5 . 25 -
£ 012 ° - =2 0098} ~_ .
SE o o= N ° ~_
= CI> _— ® % T
S 2 1.1 _— 82096 .
o — = O
3 = e . e R P=0.0017
- 1 — % 0C 0.94H o mean ratio N °
*O.: - - - LL ——fitted curve .
© - 95%Cl .
0.9 0.92 ‘ ‘ : : —

0 2 4 6 8
Difference in Final IOP (mmHg)
(c)

0 2 4 6 8
Difference in Final IOP (mmHg)

(d)

Figure 7. Ratios between 3-day OHT and control eye pairs for 4 parameters, calculated from each of the six 40 pm intervals in R1, were
greater with larger IOP difference (AIOP) in (a) ON area, (b) GFAP area, and (¢) number of axonal compartments, while the GFAP process
width ratio was smaller with greater IOP difference. (d) Each data point represent mean of the interval ratios in R1 from each mouse. The
large variations in ratios for each mouse were due to the large axial variations in R1, as shown in (Figs. 2a-2c). The correlation was analyzed
using general linear models, which take into consideration correlations among repeat measurements in multiple intervals for a single ON.

represent an initial result of IOP-produced strain. The
increase in actin area in R1 could be due to the extension
of new fine processes!’ to separate adjoining axons that
were swelling, resulting in the increase in individual axonal
compartments presented in this study.

From a biomechanical perspective, the cytoskeleton
provides structural properties for cells, and the expression
of GFAP and actin are correlated with tissue stiffness in
murine glial cells.¥-% The initial increase in both the actin
and GFAP network may serve to restore mechanical environ-
ment for axons. However, the increase in thin actin processes
may not be sufficient to restore local mechanical support.
This process could result in a more compliant response
under pressure. Further, astrocytes in the ONH express
mechanosensitive channels.! Larger strains experienced on
the cell membrane may trigger downstream mechanically-
linked signaling pathways.

The number of nuclear clusters increased dramatically,
while their mean size decreased. The increase in the number
of nuclei may be caused by the separation of originally over-
lapping nuclei. Perturbations of the intermediate filaments,
which include GFAP, could alter nuclear positioning in astro-
cytes.%2 However, significant astrocyte proliferation has been
reported by Ki67 labeling in mice 1 week after IOP eleva-
tion®® and in rat glaucoma models.> Thus, some of the
increase in nuclear clusters may be caused by a prolifera-
tion of astrocytes or microglia. Because external stresses are

transmitted from the plasma membrane via the cytoskele-
ton to the nucleus, a change in nuclear shape or conforma-
tion is expected, as we observed and has been previously
reported.% The less elongated and smaller nuclear clus-
ters could also suggest possible reorientation of the cell and
nucleus toward the long axis of the nerve.

There were limitations in this study. Although GFAP
served as an astrocyte-specific indicator in the ONH, phal-
loidin and DAPI stains are nonspecific to astrocytes. The
actin area and nuclear count could include other types of
cell, such as the microglia, capillary endothelium, and peri-
cytes that are present in the ON, although they represent a
small fraction of all cells. A recent study of rat ONH showed
that the ON consists of 78% astrocytes.”> The GFAP anti-
bodies had limited depth penetration in sections, necessi-
tating our image capture from the more superficial layer
of each section. The axonal compartments were inferred
from the negative space of binarized actin and nuclear
images, which could include extracellular fluids or voids.
The acquired signals were thresholded and binarized for
quantitative measurements, potentially eliminating the vari-
ations in signal brightness and, hence, the nonuniformity of
cytoskeletal proteins across the cytoplasm. However, these
should not interfere with valid comparisons of the relative
differences between OHT and control ON. To ensure that
the images were adequately processed, the GFAP, actin, and
nuclear area fractions calculated from a local region of the
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binarized images were compared with that from manual trac-
ings. The average absolute percentage difference in area
fractions from the custom algorithm compared with that
from the manual segmentation was 6.8%, slightly lower than
the percentage difference between two manual tracings of
the nuclear channels by the same operator (7.1%).

Measuring IOP at multiple time points would elucidate
the total IOP exposure after bead injection. However, we
only measured IOP preinjection and presacrifice to mini-
mize the effect of repeated anesthesia exposure over the
short 3-day OHT duration, which could lead to loss of some
animals and a change in blood pressure, as well as a dramatic
increase in physiologic stress.®® We chose to evaluate the
changes in network structure after 3 days of OHT based on
previous studies of axonal transport and mechanical behav-
ior of the astrocytic lamina. Previous studies have shown
little change in axonal transport and astrocytic structure
after 24 hours of IOP elevation in mouse eyes.*® Likewise,
the axonal transport obstruction was barely detectable at
24 hours, but was significant at 3 days.” More than 1 week
of IOP elevation led to substantial axonal degeneration and
represented a different phase of the remodeling process.
There were also large changes in strain response after 3
days of OHT.*® Some of the changes may be reversible if
the IOP were lowered, or may progress over a longer period
of time. At longer times, the remodeling of the connective
tissue structure of the sclera may also alter the mechani-
cal loading on the astrocytic lamina. We are currently devel-
oping methods to evaluate simultaneously changes in the
mechanical behavior of the astrocytic lamina and peripapil-
lary sclera of the eyes after 3 days and 6 weeks of OHT. We
studied the changes in the cellular, astrocytic lamina, but are
approaching alterations in the adjoining peripapillary sclera
with other methods.

CONCLUSIONS

A total of 18 structural features were measured in 6 pairs
of control and OHT mouse ONs. The structural features
measured in cross-sections varied with axial location and
region, and were correlated with degree of IOP change.
Specifically, the main findings included the following.

1. There are major differences after 3 days of OHT treat-
ment in the unmyelinated ON region, but not in the
myelin transition and myelinated regions.

2. GFAP processes were thicker in the rim region
compared with the central and peripheral zones.
Within the unmyelinated region, processes became
thinner in the central and peripheral zones after 3 days
of OHT.

3. The measured ON, GFAP, actin, and nuclear areas
were greater in 3-day OHT ONs in the unmyeli-
nated region, but the GFAP area fraction was lower.
The actin-labelled processes remained isotropically
arranged in the cross-section after 3 days of OHT.

4. The differences between 3-day OHT and control
nerves in some measured outcomes increased with
larger IOP difference.

Overall, changes in the astrocytic network could affect
the local biomechanical and physiologic support for retinal
ganglion cell axons and may be predictive of the suscepti-
bility to glaucomatous axonal damage.
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