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Purroske. Although the mechanisms underlying glaucomatous neurodegeneration are not
yet well understood, cellular and small animal models suggest that lamina cribrosa (LC)
astrocytes undergo early morphologic and functional changes, indicating their role as
early responders to glaucomatous stress. These models, however, lack the LC found in
larger animals and humans, leaving the in situ morphology of LC astrocytes and their
role in glaucoma initiation underexplored. In this work, we aimed to characterize the
morphology of LC astrocytes in situ and determine differences and similarities with
astrocytes in the mouse glial lamina (GL), the analogous structure in a prominent
glaucoma model.

MEeTHODS. Astrocytes in the LCs of 22 eyes from goats, sheep, and pigs were stochastically
labeled via Multicolor DiOlistics and imaged in situ using confocal microscopy. The 3D
models of DiOlistically labeled LC astrocytes and hGFAPpr-GFP mouse GL astrocytes
were constructed to quantify morphological features related to astrocyte functions. LC
and GL astrocyte cross-pore contacts, branching complexity, branch tortuosity, and cell
and branch span were compared.

Resurrs. LC astrocytes displayed distinct spatial relationships with collagen, greater
branching complexity, and higher branch tortuosity compared to GL astrocytes. Despite
substantial differences in their anatomic environments, LC and GL astrocytes had similar
cell and branch spans.

ConcLusions. Astrocyte morphology in the LC was characterized through multicolor
DiOlistic labeling. LC and GL astrocytes have both distinct and shared morphological
features. Further research is needed to understand the potentially unique roles of LC
astrocytes in glaucoma initiation and progression.

Keywords: astrocyte, morphology, morphometry, lamina cribrosa (LC), glaucoma, optic
nerve head, eye

he lamina cribrosa (LC) is an initial site of injury to

the retinal ganglion cell axons in glaucoma.l'? This
injury is known to result in the progressive and irreversible
optic neuropathy characteristic of the disease. The underly-
ing mechanisms causing glaucomatous neurodegeneration
are poorly understood. Intraocular pressure (IOP) is often
elevated in glaucoma. IOP is currently the only clinically
modifiable risk factor in treatment of the disease. However,
even with pharmacotherapies and surgeries aimed to control
pressure, many patients continue to suffer from progressive
optic neuropathy and, as a result, progressive vision loss.
This points to a clear need to better understand the basic
structure and function of the LC, and particularly its compo-
nents influencing disease initiation and progression.

In health, astrocytes are known to play critical roles in
supporting neurons through processes including signaling
across networks,>~> neurovascular coupling,®” and respond-
ing to local mechanical strain.®-'° In the LC, astrocytes are
the most abundant glial cell type, accounting for over 90%
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of cell nuclei in human lamina.!’ In cellular and animal
models of glaucoma, LC astrocytes undergo morphologic
and functional changes early in the process of pathogene-
sis,!?"17 pointing to astrocytes as early responders to glauco-
matous stressors in the LC. Importantly, IOP-induced astro-
cyte morphologic changes have been detectable before any
observable neurodegeneration,'?'181® There has been long-
standing interest in better understanding the morphology
of these astrocytes and its relation to their roles in health
and glaucoma. Previous work has relied largely on in vitro
models, mouse models, and large animal or human donor
samples. The unique benefits and important limitations of
these previous works are discussed below.

Isolation and culture of LC astrocytes in vitro?>?! has
allowed excellent access and experimental flexibility for
investigation of these cells.??~2* A limitation of these in
vitro models is that before evaluation of astrocytes, they
are removed from their native tissue environment. This
impacts the inputs they normally receive as part of 3D tissue

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 International License. .: BY _NC_ND


mailto:ian@OcularBiomechanics.com
https://doi.org/10.1167/iovs.66.3.1
http://creativecommons.org/licenses/by-nc-nd/4.0/

Investigative Ophthalmology & Visual Science

Lamina Cribrosa Astrocyte Morphology

lamina cribrosa

@ - 2 T

IOVS | March 2025 | Vol. 66 | No.3 | Article 1 | 2

glial lamina

collagen

Ficure 1. The LC and GL are structurally distinct. Collagen organization and canal size differ substantially among the LC and GL. Example
images of the goat LC (left) and the mouse GL (7ight). Neural tissues (dark regions) in the LC are divided into pores by a network of robust
collagenous beams (grayscale). Neural tissues of the GL are not divided into pores by collagen beams. The LC is notably larger than the GL.
The GL occupies the space of approximately two to five LC neural tissue pores. The inset in the left panel shows the GL at the same scale

as the LC. Scale bars = 250 um.

under complex and variable mechanical strain. Culture of
cells on flat and/or unphysiologically stiff materials, such
as conventional polystyrene plates, is known to alter cell
morphology.?>?® Additionally, isolation and in vitro culture
of astrocytes removes the opportunity for interaction with
other cell types. In tissues, astrocytes exist in close associ-
ation with extracellular matrix and other cell types of the
neurovascular unit. As both tissue mechanics?’*® and cell-
cell communication®?*-3! are important aspects of LC physi-
ology in health and disease, models that are able to preserve
these features are likely to more closely represent what
takes place in the eyes of healthy people and patients with
glaucoma.

A large portion of what is known about the morphology
of these astrocytes in situ comes from research conducted
in mouse models.'>!> This work has been able to reveal
the detailed structures of astrocytes in the glial lamina
(GL), the mouse analog of the collagenous LC that humans
and other large mammals have3?-3* Mouse models of
glaucoma are powerful tools that have allowed investi-
gation of the earliest changes these astrocytes undergo,
in situ, in response to elevated IOP. Mouse glaucoma
models have shown IOP-induced astrocyte branch retrac-
tion and branching simplification,?*-35:3% which may result
in impaired contact and communication with blood vessels,
RGC axons, and neighboring astrocytes. Astrocyte struc-
tural changes are likely to alter vital processes necessary for
local support to axons. Notably, the degree of IOP-induced
astrocyte structural changes correlated with glaucoma
severity.!?

However, GL astrocytes cannot be assumed to faithfully
represent LC astrocytes. The LC, between the retina and
the optic nerve, is part of the central nervous system. In
other central nervous system tissues, mouse astrocytes differ
substantially in structure from those of larger mammals,
including nonhuman primates and humans. For example,
human cortical astrocytes are significantly larger and more
structurally complex than their rodent counterparts, with 10-
fold more GFAP+ primary processes.’” Structural differences
were coincident with functional differences, with human
astrocytes propagating calcium signals several-fold faster
than their rodent counterparts.>’ Additionally, the organiza-
tion and abundance of collagen in the LC and GL is distinct
(Fig. 1.)°®% Astrocytes in the LC exist in close association
with the dense network of collagenous beams. This colla-
gen network plays an important role in the mechanics of
the tissue and is substantially different in the GL. Given
the limited success of many therapies to translate between
mouse studies and clinical trials, investigation of models that
represent human anatomy and physiology to the best of our
ability are critical.

Genetically modified mouse models can allow excellent
visualization of individual astrocyte structures in the GL.
Yet, the same is not readily accomplished in large animal or
human eyes. In the absence of endogenously expressed fluo-
rescent reporters revealing cell morphology in situ, many
studies utilize immunolabeling means for astrocyte visual-
ization. GFAP, a common astrocyte marker, is widely used to
identify astrocytes.**=*> GFAP-labeling conducted in healthy
and glaucomatous human donor eyes optic nerve heads!!
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FiGgure 2. Astrocytes in the LC and GL had distinct and shared morphological features. LC astrocytes had greater branching complexity,
branch tortuosity, and cross-pore contacts. LC and GL astrocytes had similar cell and branch spans.

revealed significant differences in the relative abundance
and structure of GFAP in neural tissue pores. This suggests
alteration in overall astrocyte organization, in situ, between
health and glaucoma.

It is important to note that GFAP labeling reveals the
structure of intermediate filaments in a fraction of astro-
cyte processes. It does not, however, reveal the full extent of
astrocyte boundaries or morphology, as shown in the brain,
retina, and mouse GL.%°% In both the GL and LC, even
with GFAP revealing only a portion of the cell, the density
of astrocytes prevents understanding of where the bound-
aries of one astrocyte stop and its neighbor starts with light
microscopy. Because of this, it is challenging to draw empir-
ical conclusions about individual astrocyte morphologies or
changes between health and glaucoma with confidence.

In summary, the morphology of individual LC astrocytes
in the context of their native 3D environment is crucial
to support retinal ganglion cell axons, but poorly under-
stood. LC astrocytes are assumed to be represented by a
prominent glaucoma research model, the mouse, but this
has not been investigated in detail. To address this gap in
understanding, we previously adapted a multicolor DiOlis-
tic labeling (MuDi) method, developed by Gan et al.,* to
visualize individual LC astrocyte morphologies, in situ.
We demonstrated that MuDi-labeled cells with astrocyte

morphologies were GFAP-positive, visualized across high
order processes to their end-feet, and distinguished from
neighboring astrocytes through multicolor labeling. This
method worked across species with an LC, including goat,
sheep, pig, and nonhuman primates. We additionally demon-
strated that through confocal microscopy and 3D model
generation, we were able to quantify morphological features
of individual astrocytes at a cell-by-cell and branch-by-
branch level.°

In this work, we aimed to (1) characterize the morphol-
ogy of individual astrocytes in the LC, and (2) determine
differences and similarities with those from the mouse GL.
The scope of this work is focused on testing the hypothesis
that there are significant morphological differences between
astrocytes in the LC and in the GL. We demonstrate morpho-
logical differences between and similarities among astro-
cytes of the LC and GL that inform their potential for function
(Fig. 2).

METHODS

Twenty-two eyes with an LC were obtained from a local
butcher within 3 hours of death (goats: N = 16, sheep:
N = 4, and pigs: N = 2 eyes). The core analysis focused
on a comparison of goat LC astrocytes with mouse GL
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astrocytes. Data from sheep and pig LC astrocytes were
collected as a preliminary study to address the secondary
question of whether findings from the core analysis extend
to other species with LC. Methods for tissue preparation,
imaging, and image processing were described in detail in
our earlier work.*’ This study was conducted in accordance
with the Association of Research in Vision and Ophthal-
mology’s statement for the use of animals in ophthalmic
and vision research. We summarize these methods
below.

Tissue Preparation

Optic nerve heads were isolated from globes, fixed in 4%
PFA immediately upon receipt for 2 to 24 hours, embed-
ded in low melting temperature agarose (Sigma, A9045),
and sectioned into 150 pm-thick slices with a vibratome
(Leica, VT1200). Slices containing lamina cribrosa were
stored at 4°C in PBS for up to 48 hours. Individual astrocytes
throughout tissues were stochastically labeled across their
cell membranes with seven distinct dye combinations via
MuDi,* as done previously.*’ For MuDi labeling, gold micro-
carriers 1 pm in diameter were coated with all combina-
tions of 3 spectrally distinct dyes, Dil (Sigma-Aldrich 42364,
549/567 nm), DiO (Invitrogen D275, 484/501 nm), and DiD
(Invitrogen D7757, 644/665 nm excitation/emission). Dye-
coated microcarriers were loaded into Tefzel tubing (Bio-
Rad, 1652441) and propelled into tissues using a Helios
Gene Gun (BioRad, 1652411) at 150 to 200 PSI. Micro-
carriers which contacted individual astrocytes transferred
dye to the cell membrane of those astrocytes, allowing for
visualization.

Imaging

For representative images of LC and GL collagen in Figure 1,
second harmonic generation (SHG) imaging was conducted
with a multiphoton microscope (Al; Nikon) with a 25x
objective. These images were collected at a 1024 x 1024
XY image size and with a 1 to 5 pm Z step throughout the
visible thickness of the sample. For imaging LC astrocytes,
the tissues were screened for extent of dye spread with a 4 to
40x magnification objective via confocal microscopy (BX61;
Olympus) before collection of volumetric scans quantitative
analysis with a 40x magnification objective. These images
were collected at an XY image size of 1024 x 1024 or 800 x
800 pixels, and with a 0.5 to 2 pm Z step throughout the visi-
ble thickness of the samples. Volumetric images of healthy
naive hGFAPpr-GFP mouse?’ GL astrocytes collected via
confocal microscopy were obtained from work conducted
and published previously by Wang et al.'> The 3D segmen-
tations were created from images of 10 GL astrocytes from
this earlier work.!?

Image Processing

MubDi labeling is not restricted to astrocytes and can reveal
other cell types in the LC, including cells with LC cell-like
morphologies and retinal ganglion cell axons.“ Astrocyte
identity in MuDi-labeled samples was determined through
morphology and GFAP labeling, as described in our previous
work.®® Images of LC astrocytes and mouse GL astrocytes
were imported into Imaris software (Bitplane, version 9.9)
for 3D visualization and generation of models. The Filaments
tool and the “AutoPath-no loops” algorithm were used to
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automatically segment individual astrocytes. Each astrocyte
was created with a single starting point at its soma and seed
points along its branches. All Imaris-generated models were
checked to make sure they represented image volume infor-
mation faithfully. Aberrant branches were removed and miss-
ing branches were added manually. Supplementary Figure
S1 includes representations of incorrectly modeled and miss-
ing branches that were corrected manually. Forty 3D models
of goat LC astrocytes and 10 models of mouse GL astro-
cytes were generated for the core analysis of this study.
Sholl analysis was conducted with the Filament Sholl Anal-
ysis XTension. Astrocyte convex hull area and volume were
collected with the Filament Convex Hull function. Quantita-
tive branch-by-branch level information about morphologi-
cal features was extracted from the Statistics panel. These
features were branch number, hierarchy, length, thickness,
and straightness. Straightness is included as a percentage of
the value, defined as the shortest distance between the two
ends of the branch divided by the full path length of the
branch. Branch tortuosity was calculated as 1-straightness,
with values near 0% being straighter and values near 100%
being more tortuous. Figures were made in part with
BioRender.

Feature Selection

The morphological features selected for investigation were
informed by features which undergo changes between
health and glaucoma in mice. It has been previously
indicated that the following astrocyte features differ
between naive and glaucoma model mice: relationships
with surrounding collagen,'?® Sholl area under the curve,'®
convex polygon area,'> number of branches per astrocyte,!®
branch hierarchy, tortuosity, thickness, length, and longitu-
dinal processes.'?!> We address these differences in greater
detail and what they indicate of astrocyte function in the
Discussion section.

Statistical Analysis

Statistical testing and plotting were completed in Python
version 3.1 through SciPy,*® Matplotlib,* and seaborn.>
Astrocyte center points and branches with lengths of under
2 pm, often erroneously produced at branch points, were
filtered out of the dataset. Violin plots show data within
the 95th percentile for each morphological feature evalu-
ated. For each violin plot, the density distribution of data
is shown in blue or red, the median is shown in white, the
wider black line denotes the interquartile range, and thin-
ner black lines denote the minimum and maximum values
of the distribution, excluding outliers. For comparison of
astrocyte features from the LC versus the GL, data were first
analyzed for equality of variance and normality of distribu-
tion. Data with unequal variances and/or non-normal distri-
butions were compared with a Kruskal-Wallis test. Data with
normal distributions and equal variances were compared
with an independent samples #test.

REsuULTS

We previously described MuDi labeling as a method to reveal
LC astrocyte morphology in situ.** High-resolution volumet-
ric images of MuDi-labeled astrocytes allowed quantifica-
tion of cell-by-cell and branch-by-branch morphometry. In
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Ficure 3. LC astrocyte morphologies are diverse. Forty image-derived 3D segmentations of goat LC astrocytes were created for morpho-
metric analysis. Soma center points are indicated in blue and astrocyte branches are indicated in gray. (Left) Coronal view and (right)

sagittal view.

this work, we leveraged these techniques to visualize and
quantify astrocyte LC astrocyte morphologies. We character-
ized the morphology of individual LC astrocytes, in situ, and
determined differences and similarities with astrocytes in the
mouse GL. We show quantitative morphological differences
between astrocytes of the LC and GL as well as features that
were similar across the two.

Model Generation

We generated 40 astrocyte 3D models from images of

MuDi-labeled®*% goat LC (Fig. 3). Astrocyte morpholo-
gies were diverse, similar to fibrous astrocyte morpholo-
gies in other areas of the central nervous system.’” Indi-
vidual LC astrocytes occupied more space along the coro-
nal plane (see Fig. 3A) than the sagittal plane (see Fig. 3B).
Additionally, we generated 10 3D models from images

of naive mouse GL astrocytes, previously investigated in
Wang et al.'’> We quantified morphologic features of 3561
branches from 40 LC astrocytes and 399 branches from
10 GL astrocytes. Models of 11 astrocytes from sheep LC
and 5 from pig LC were collected as a preliminary test to
investigate if there were any large differences in astrocyte
morphology observed across LC astrocytes among different
species.

Astrocyte Relationships to Collagen

One key anatomic difference between the LC and GL is the
abundance and arrangement of collagen in the region. As the
name connotes, the LC is a collagen-dense structure,?-51->3
composed of a network of collagenous beams which form
pores occupied by neural tissue. In the GL, collagenous
beams are absent; processes of individual astrocytes can
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Ficure 4. The arrangement of individual LC astrocytes within the network of LC collagenous beams. Astrocytes can be (A) confined
to a single neural tissue pore or (B) span multiple pores. Top rows in A and B show neural tissue pore boundaries delineated in yellow.
Bottom rows show astrocyte images without pore delineations. Astrocytes are shown in color. DAPI and collagenous beams are shown in
grayscale. Sample with *, second from the right in panel A, was not DAPI-labeled. Dark regions indicate neural tissue pore areas without

labeled astrocytes. Scale bars = 20 ym.

span the width of the nerve and contact the collagenous
canal perimeter.

In this work, we observed that the arrangement of astro-
cytes across the network of pores composing the LC is
distinct from that of the GL. The extent to which the orga-
nization of individual astrocytes in the LC pores differ
from those in the GL is not well known. It is additionally
not well known if LC astrocytes are isolated to individual
neural tissue pores or span multiple neural tissue pores. We
observed that astrocytes in the LC can be confined to indi-
vidual neural tissue pores (Fig. 4A), similar to how GL astro-
cytes are confined to the width of the canal. We addition-
ally observed that some astrocytes in the LC can span multi-
ple pores (Fig. 4B), indicating potential for direct cell-cell
communication and/or complex mechanosensation across
the pores. Given the anatomy of the GL in comparison to the
LC (see Fig. 1), this arrangement of LC astrocytes spanning
multiple neural tissue pores cannot be accounted for in the
mouse. This spatial arrangement of LC astrocytes may allow

for complex mechanosensation across substantially different
mechanical microenvironments. This may additionally allow
direct cellular communication across pores through an inter-
connected network rather than isolated domains.

Sholl Analysis

Sholl analysis was used to quantify branching complex-
ity of individual astrocytes. The 3D Sholl analysis quan-
tifies the number of branch crossings along the edge of
spheres with increasingly large radii, each centered at an
astrocyte center point. The more highly branched an astro-
cyte is at a given distance from its center point, the higher
number of crossings it will have. Sholl analysis (Fig. 5)
revealed a significantly larger area under the curve for
goat LC astrocytes compared to mouse GL astrocytes (LC =
709.4 + 238.9, mean £ SD, n = 40 cells, and GL = 478.0
+ 2389, n = 10 cells, P = 0.009, independent samples
t-test), indicating higher astrocyte branching complexity
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Ficure 5. Sholl analysis reveals higher branching complexity in LC astrocytes than in GL astrocytes. Branching complexity was
measured via 3D Sholl analysis. Area under the Sholl curve was compared between LC and GL astrocytes. (A) Bold lines represent the
mean crossings at each Sholl sphere radius, and the shaded areas represent the standard deviation. 7Thin lines show traces from example

individual ¢
Sholl analysis.

in the LC. Mean number of total Sholl crossings for LC
and GL astrocytes were 78.4 + 24.1 and 52.1 £+ 26.8,
respectively.

Maximum Sholl span signifies the length that astrocytes
can span from the center point to the distal tip. Despite
substantial differences in the anatomy and size of the LC
and the GL, maximum Sholl span of the LC and GL astro-
cytes was not significantly different (maximum Sholl span
per cell; LC = 77.9 £ 26.6 ym, and GL = 86.0 + 26.3,
P = 0.352, independent samples -test).

shown below in (B). Scale bars = 20 pm. * Denotes a significant difference in area under the curve for LC and GL astrocyte

Astrocyte Branch Features

A number of branches per astrocyte (Fig. 6) was significantly
higher in the LC (86.4 &+ 25.3 branches) than in the GL (39.3
=+ 18.5 branches, P < 0.001, independent samples #-test) by
119.8%. Branch hierarchy of astrocytes (Fig. 7) was signifi-
cantly higher in the goat LC (6.6 + 3.5 pm) than the mouse
GL (4.2 £ 2.0 pym, P < 0.001, Kruskal-Wallace test) by 2.4,
57.14% higher. Maximum branch hierarchy was 22 for LC
astrocytes and 12 for mouse GL astrocytes. Branch tortuos-
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Ficure 6. LC astrocytes have more branches than GL astrocytes. (A) Distribution of a number of branches per astrocyte shown in a
violin plot, * connotes a significant difference between the LC and GL, P < 0.05. (B) Number of branches per astrocyte, sorted from low to
high. (C) Example LC (blue) and GL (red) astrocytes with the lowest (left) and highest (right) number of branches. Scale bars = 20 pm.
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Ficure 7. Branch hierarchy is deeper in LC astrocytes than GL astrocytes. (A) Branch hierarchy was significantly deeper in LC astrocytes
than GL astrocytes (P < 0.001). (B) Branch hierarchy of LC astrocytes by cell. Each box plot represents an individual astrocyte, blue points
each represent a branch, and orange points represent the mean branch hierarchy per astrocyte. Note that measurements of hierarchy are
integers, which results in clusters of points in the box plots. The points in these clusters do not look identical because the plotting technique
uses horizontal jitter and partial transparency to help more clearly display multiple points corresponding with branches of the same hierarchy.
Example astrocytes with low, near-middle, and high mean branch hierarchy are shown below. Their respective box plots are highlighted in
yellow. Scale bar = 20 pm.
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Ficure 8. Branch tortuosity is higher in LC astrocytes than GL astrocytes. (A) Branch tortuosity was significantly higher in LC astrocytes
than GL astrocytes (P < 0.001). (B) Branch tortuosity of LC astrocytes by cell. Each box plot represents an individual astrocyte, blue points
each represent a branch, and orange points represent mean branch hierarchy per astrocyte. Example astrocytes with low, near-middle, and

high mean branch tortuosity shown below and their respective box plots are highlighted in yellow. Scale bar = 20 pm.
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Ficure 9. Branch length was not significantly different between LC and GL astrocytes. (A) Branch length of LC astrocytes was not
significantly different between LC and GL astrocytes (P = 0.10). (B) Branch length of LC astrocytes by cell. Each box plot represents an
individual astrocyte, blue points each represent a branch, and orange points represent mean branch hierarchy per astrocyte. Example
astrocytes with low, near-middle, and high mean branch length shown below and their respective box plots are bighlighted in yellow. Scale

bar = 20 ym.

ity of LC astrocytes (Fig. 8, 12.3 £ 9.2%) was significantly
higher than in the GL (7.3 £ 6.7%, P < 0.001, Kruskal-
Wallace test), with LC tortuosity 68.5% higher GL tortuosity.
Astrocyte branch length (Fig. 9) was not significantly differ-
ent between those from the LC (13.7 & 11.5 pm) and the GL
(17.0 £ 17.2 pm, P = 0.10, Kruskal-Wallace test). Maximum
LC astrocyte branch length was 179.6 pm. Astrocyte branch
diameter (Fig. 10) was not significantly different between the
LC (1.8 + 1.1 pm) and the mouse GL (1.8 1.0 pm, P = 0.64,
Kruskal-Wallace test).

Astrocyte Spatial Territory/Span

Astrocyte convex hulls were created to gain a quanti-
tative understanding of cellular spatial territories. Astro-

cytes of the LC and GL were found to occupy similar
extents of spatial territory (Fig. 11). The convex hull area
(IC = 1.8 x 10* £ 7.0 x 10° ym?, and GL = 2.0 x
10 &£ 1.7 x 10* pm?; see Fig. 11A) was not signifi-
cantly different among LC and GL astrocytes. Convex hull
volume (LC = 1.3 x 10° &+ 7.8 x 10% and GL = 1.4
x 10° £ 1.8 x 10°; see Fig. 11B) was also not signifi-
cantly different among LC and GL astrocytes. Convex hulls
tended to occupy more space along the coronal plane
than the sagittal one (see Fig. 11C), consistent with astro-
cyte models shown in Figure 3. Additionally, astrocytes
in the LC were found to occupy shared spatial territories
(Fig. 12), like those in the GL.® This is in contrast with
astrocytes in other regions of the central nervous system,
which demonstrate a tiled arrangement with limited spatial
overlap.i1-43,54
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Ficure 10. Branch thickness of LC astrocytes was not significantly different between LC and GL astrocytes. (A) Branch length of
LC astrocytes was not significantly different between LC and GL astrocytes. (P > 0.05). (B) Branch thickness of LC astrocytes by cell. Each
box plot represents an individual astrocyte, blue points each represent a branch, and orange points represent mean branch hierarchy per
astrocyte. Example astrocytes with low, near-middle, and high mean branch thickness shown below and their respective box plots are

bigblighted in yellow. Scale bar = 20 pm.

Longitudinal Processes

Although most GL astrocyte branches are oriented along
the coronal plane, longitudinally oriented branches have
been observed.'>!3 In LC astrocytes, where most astrocyte
branches are also primarily oriented along the coronal plane
(see Fig. 3), we observed astrocytes with similar longitudi-
nally oriented branches. Example LC astrocytes with longi-
tudinally oriented branches color-coded by their position
along the anterior-posterior axis are shown in Figure 13.

Cross-Species LC Comparisons

Our data on astrocyte branch features in other species with
an LC suggests that goat LC astrocytes represent astrocytes of
other tested species with a LC well (Fig. 14). Mean number
of branches per astrocyte, astrocyte branch hierarchy, and
astrocyte branch tortuosity were higher in goat LC astrocytes
than mouse GL astrocytes (see Figs. 6, 7, 8). Mean astro-
cyte branch thickness and branch length were similar among
goat LC astrocytes and mouse GL astrocytes (see Figs. 9, 10).
The relationships among goat LC astrocytes and mouse GL
astrocytes appeared to hold true for a more general pattern
of LC versus GL astrocytes. For example, goat, pig, and
sheep astrocytes all had a greater mean number of branches
per astrocyte, greater mean branch hierarchy, and greater
branch tortuosity than mouse GL astrocytes (see Fig. 14, top
3 panels). Additionally, goat, pig, and sheep astrocytes had
similar mean branch lengths and thicknesses compared with
mouse GL astrocytes (see Fig. 14, bottom 2 panels). Overall,
these findings suggest that LC astrocyte morphologies may
generally be more similar to each other than they are to GL
astrocyte morphologies. This must be investigated further
with a dataset of more astrocytes across species with an LC.

DISCUSSION

The present study builds upon previously published work,
focused on establishing MuDi as a method to visualize
LC astrocytes, in situ.’’ In the earlier work, we provided
preliminary, qualitative insights into individual LC astro-

cyte morphologies. Quantitative morphometric information
was included from three example astrocytes as a proof
of concept that the MuDi method allows for morphome-
tric analysis. Having reported on the capabilities of this
method, the aims of this current work are to (1) characterize
the morphology of individual astrocytes in the LC, and (2)
determine differences and similarities with those from the
mouse GL.

In the work here, we quantified morphological features
of astrocytes in the LC to provide an in-depth characteri-
zation of the morphology of these cells, in situ. Addition-
ally, we compared the morphology of LC astrocytes with
the morphology of astrocytes in an analogous structure,
the GL from the mouse, a common glaucoma research
model. This has revealed key findings related to differences
between LC and GL astrocytes, and similarities between
them. Astrocytes of the LC and GL differed substantially in
(1) their spatial relationships to surrounding collagen, (2)
branching complexity, and (3) branch tortuosity. Regarding
similarities, LC and GL astrocytes had (4) similar cell and
branch span, despite differences in the size of their anatomic
environments.

DIFrFERENCES BETWEEN LC AND GL ASTROCYTE
STRUCTURES

Spatial Relationships With Collagen

The anatomies of the GL and the LC are distinct, particu-
larly in relation to their size and organization of collagen.
The mouse GL spans approximately 200 to 300 pym along
the coronal direction.®® GL astrocytes typically span at least
half the diameter of the canal and have numerous contacts
with its collagenous perimeter.®® The GL lacks collagenous
beams®® which divide neural tissue into pores, characteristic
of the LC.

The LC is present in the eyes of large mammals, includ-
ing humans. It spans 1.3 to 2.2mm°*>’ along the coronal
direction in humans and is generally slightly larger in ungu-
lates.>!52:58 Average pore diameter in the human and nonhu-
man primate LC is approximately 25 ym and again slightly
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Figure 11. Astrocytes in the LC and GL occupy similar degrees of spatial territory. Astrocyte spatial territories were quantified as
convex hull area and volume. Convex hull (A) area and (B) volume were not significantly different between the LC and GL (P = 0.98 and
0.21, respectively). Violin plots show aggregate data distribution and bar charts show cell-by-cell distribution. Bars bolded in (A) indicate
representative LC and GL astrocyte convex hulls shown in C. LC = blue; GL = red. Scale bar =20 pm.
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Ficure 12. LC astrocytes demonstrate shared spatial territories. In contrast with other central nervous system tissues, astrocytes in the
LC do not demonstrate distinct spatial domains or tiling. Overlapping astrocyte spatial territories has been demonstrated previously in the
mouse GL. Example LC astrocytes with overlapping spatial territories are shown in (A), (B), and (C). Detail of regions where astrocytes
overlap is shown in (A%, (B’), and (C’). Scale bars = 20 ym.

anterior posterior
T

Ficure 13. Longitudinal processes of LC astrocytes. Example LC astrocytes with processes oriented primarily along the anterior-posterior
direction. Color scale denotes astrocyte branch location along the anterior-posterior axis. Scale bars = 20 pm.
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Ficure 14. Differences and similarities between the GL and
LC branch features appear consistent across species. Branch
features of all astrocytes quantified from species with an LC (blue)
and from the GL (red) demonstrate similar relationships of goat
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larger in ungulates.3>3458-%1 Limited knowledge is available

about the arrangement of individual astrocytes in the LC or
how this compares to the GL. Other work has character-
ized the abundance and distribution of nuclei and GFAP in
serial sections of human donor eyes.!' This has provided an
understanding of how many astrocytes exist in the LC and
the extent of their GFAP-positive coverage. Given the abun-
dance of GFAP in the LC, it is not possible to distinguish
individual astrocytes. Additionally, GFAP does not reveal the
full extent of astrocyte morphology.i0-4>

In our work, we observed individual LC astrocytes with
variable spatial relationships to LC collagenous beams.
Some astrocytes were confined to individual neural tissue
pores, with many branches contacting pore perimeters. The
arrangement of these astrocytes within individual neural
tissue pores is similar to the arrangement of astrocytes
within the entirety of the mouse GL. Additionally, we
observed LC astrocytes spanning across neural tissue pores.
These LC astrocyte spatial relationships to collagen are
unique from those in the GL.

The ability of LC astrocytes to span multiple pores has
interesting implications for local mechanosensation and cell
signaling. Because the arrangement of collagen influences
the biomechanics of the LC,3%-9%% the experiences of astro-
cytes at healthy and glaucomatous IOPs may have impor-
tant differences between the GL and LC. Future work must
be done to determine how astrocytes across different LC
regions and with different spatial relationships to collage-
nous beams respond to IOP. As glaucomatous damage to
RGC axons can be focal® and astrocytes can play a role in
this damage,®> work must additionally be directed at under-
standing regionally specific LC astrocyte signaling within
pores and across them.

Branching Complexity

Overall, each metric related to branching complexity
collected was found to be higher in the LC compared to
the GL. Sholl analysis indicated a significantly higher area
under the curve and a higher number of Sholl crossings per
cell in the LC than in the GL. The number of branches per
astrocyte was higher in the LC than the GL. Branch hierarchy
was deeper in the LC compared to the GL.

Higher astrocyte branching complexity has been docu-
mented in central nervous system tissues of larger mammals,
including nonhuman primates and humans, compared to
the mouse.’” These structural differences were coincident
with functional differences. For example, the rate of astro-
cyte calcium wave transmission was significantly faster in
humans than in mice.’” Human astrocytes were more suscep-
tible to oxidative stress than mouse astrocytes.”® As both
calcium signaling and oxidative stress are implicated in glau-
coma, it can be valuable to look further into how mouse
GL astrocytes may differ functionally from those in larger
mammals, including humans.

Branch complexity has been observed to decrease in
the mouse GL under hypertensive conditions.'®> Decreased

versus mouse with a more general pattern of LC versus GL. Mean
number of branches per astrocyte, branch hierarchy, and branch
tortuosity were higher in all species with an LC compared to mouse.
Mean branch thickness and length were relatively similar among
species with an LC and with mouse.
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astrocyte branch with high tortuosity
astrocyte branch with low tortuosity

Branches with tortuosity less than stretch may be
susceptible to stretch-induced damage.
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Ficure 15. Astrocyte branch tortuosity as a mechanism to withstand IOP-induced insult. Astrocyte branches with slack to withstand
IOP-induced stretch may be mechanically protected in comparison to astrocyte branches that do not have the degree of slack to withstand
IOP-induced stretch. Example astrocyte branches with high and low tortuosity are shown in blue and red, respectively.

branch complexity provides fewer opportunities for astro-
cyte contacts with surrounding collagen, blood vessels,
axons, and other astrocytes. This is likely to impact their
capacity for sensing and signaling, contributing to glauco-
matous dysfunction. The extent to which astrocyte branch-
ing simplification takes place in glaucoma in larger eyes is
not known. It is possible that increased branch complexity
of LC astrocytes provides a degree of protective redundancy.

Alternatively, it may indicate distinct physiological require-
ments for healthy function.

Branch Tortuosity

Images from studies of the GL suggest that under hyperten-
sive conditions, GL astrocyte branches become straighter.'?
Additionally, these astrocytes express mechanosensitive



Investigative Ophthalmology & Visual Science

Lamina Cribrosa Astrocyte Morphology

channels,!® indicating that they have the capacity for
mechanosensation. In both the GL and LC, moderate IOPs
typically do not cause RGC injury. However, large IOP
increases can lead to astrocyte activation, contributing
to RGC axon damage.? Astrocyte branch tortuosity may
provide mechanical slack, influencing the effects of IOP-
induced stretch on astrocyte mechanosensation. Astrocyte
branches with lower tortuosity may be more susceptible to
IOP-induced stretch beyond their degree of slack, and there-
fore potentially more susceptible to mechanical damage
(Fig. 15).-% In cases of glaucoma with normal or only
moderately elevated IOP, low astrocyte branch tortuosity
may be an indicator of individual sensitivity to IOP. Astro-
cytes in the LC had significantly higher branch tortuos-
ity than GL astrocytes. This difference may have important
mechanical implications in the context of health and glau-
coma.

Collagen is a key load-bearing component of the LC.
Collagen fibers have a natural degree of tortuosity or
“crimp” that influences their biomechanics. As IOP increases,
crimped LC collagen has been shown to straighten and
become stiffer.®>7%7! With LC astrocyte branch tortuosity
from this work computed as arc length/chord length, as in
other work focused on LC collagen crimp,’® mean astrocyte
branch tortuosity was 1.155 £ 0.146. In work using sheep
eyes fixed at 5 millimeters of mercury (mm Hg) IOP, mean LC
collagen crimp tortuosity was 1.017 &+ 0.028 for thin beams
and 1.025 £ 0.037 for thick beams.’® This LC collagen tortu-
osity is lower than LC astrocyte branch tortuosity. This may
suggest that LC collagen will generally straighten and stiffen
before astrocyte branches are stretched beyond their degree
of slack. A mismatch between local LC collagen tortuos-
ity and local LC astrocyte branch tortuosity could indicate
predisposition to mechanical insult.

It must be noted that all LC and GL astrocytes analyzed
in this work were fixed and imaged at 0 mm Hg IOP. Branch
tortuosity at higher IOPs is expected to be lower than at this
unpressurized baseline. In future work, it will be valuable
to compare IOP-induced changes in LC collagen tortuosity
directly with changes in astrocyte branch tortuosity in the
same tissues.

SiMILARITIES BETWEEN LC AND GL ASTROCYTE
STRUCTURES

Cell and Branch Span

Despite anatomic environments that are substantially differ-
ent in size and collagen composition, LC and GL astrocytes
demonstrated similar cell and branch spans. Astrocyte cell
span (indicated by maximum Sholl sphere crossing radius,
convex hull area, and convex hull volume) and branch span
(indicated by branch thickness and length) were not signif-
icantly different between the LC and GL.

Why might this be unexpected? The coronal diameter of
individual neural tissue pores in the LC is generally smaller
than that of the GL.3334.38,58-61 [f astrocytes within LC neural
tissue pores were organized similarly to those within a single
mouse GL, with astrocyte endfeet touching pore edges in the
LC and canal edges in the GL, LC astrocytes would span less
distance than GL astrocytes. In other central nervous system
tissues, mouse fibrous astrocytes have been shown to span
less area than fibrous astrocytes from larger mammals, such
as humans and nonhuman primates.>” We observed that LC
astrocytes have similar cell spans to GL astrocytes. This is in
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part due to LC astrocytes often spanning multiple LC pores.
Individual branches of LC and GL astrocytes had similar
spans as well. No significant differences were found between
LC and GL astrocytes in branch thickness or length.

From studies conducted in a mouse model of glaucoma,
elevated IOP has been shown to affect astrocyte cell span
and branch span. With elevated IOP, astrocyte cell span
decreased, branch thickness increased, and representative
images suggest a substantial decrease in branch length.!?
Future work must be done to determine whether the IOP-
induced astrocyte changes observed in the GL are similar or
different in the LC.

Astrocytes and most of their branches largely spanned
along the coronal axis. Interestingly, we observed astrocyte
longitudinal processes, similar to those documented in the
mouse GL.1>'13 The function of these longitudinal processes
is not well understood. Their presence in astrocytes of both
the GL and LC may implicate similar roles in both structures.

In our analyses of LC astrocyte morphology, we did not
detect any clearly distinct morphological populations. Indi-
vidual astrocyte morphological features appeared along a
continuum, as indicated in the box plots and bar plots
in Figures 6 to 11. Future work is needed to better under-
stand the effects of factors such as surrounding tissue
composition and mechanical forces on individual astrocyte
morphologies over time, in situ.

Strengths of This Work

The GL is a strong and accessible model for many aspects
of glaucoma research. Mouse lines with genetically encoded
fluorescent reporters, such as those used to investigate GL
astrocytes, are excellent tools for understanding the struc-
ture and organization of cells in situ. However, the GL cannot
be assumed to fully represent the LC. Methodological limi-
tations have prevented the study of individual astrocyte
morphologies in the LC. We demonstrated MuDi as a method
to allow visualization and quantitative morphological eval-
uation of individual astrocytes in the LC.* Leveraging this
approach to focus on astrocytes in the LC, which are poorly
understood compared to those in the GL, is a strength of this
work.

Reports of astrocyte morphology in health and disease
outside of mouse models often rely on immunolabeling of
GFAP. The high density of astrocytes in the LC prevents
distinguishing individual astrocytes through GFAP labeling.
Additionally, GFAP does not reveal the complete bound-
aries of the cell, providing limited information about astro-
cyte morphology. GFAP expression and organization is influ-
enced by stressors, including elevated IOP.”2-74 However, it is
not known whether these differences in GFAP organization
represent changes in cell morphology well. MuDi utilizes cell
membrane labeling to reveal the full exterior boundaries of
the cell. We provide quantitative morphological information
that does not rely on incomplete and variable marking of
astrocyte boundaries by GFAP.

It is important to ensure that the astrocyte visualiza-
tion afforded by DiOlistic labeling and genetic reporters
is comparable for effective morphological comparisons to
be made. Earlier work has compared the morphology of
astrocytes in the mouse GL visualized in the hGFAPpr-
GFP reporter line and through DiOlistic labeling.””> This
earlier work concluded that normal GL astrocytes labeled
via DiOlistics have similar morphologies with those in
the hGFAPpr-GFP mice.”> Additionally, DiOlistically labeled
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reactive astrocytes in the 7 days post-crush optic nerve
showed hypertrophy and shortening of processes, reflect-
ing the same changes observed in reactive astrocytes of the
hGFAPpr-GFP mice. The morphology and spatial arrange-
ment of DiOlistically labeled GL astrocytes’> reflect the
morphology and spatial arrangement of GL astrocytes visu-
alized via the hGFAPpr-GFP reporter line.*® DiOlistic label-
ing has been detailed as a practical alternative for astro-
cyte visualization where genetic reporters are impractical
or impossible.”® The multicolor DiOlistic approach®% used
here provides an added benefit of allowing high-density
labeling while discerning adjacent and overlapping cells,
which is not possible with single-color genetic reporters.

Limitations

Important limitations of this work must be noted. The
DiOlistic labeling used in this work relies on stochastic trans-
fer of cell membrane dyes to a subset of cells. This, along
with a multicolor labeling approach, allowed us to distin-
guish individual astrocytes from their neighbors for analy-
sis of individual cell morphologies. This leaves many astro-
cytes unlabeled. We were therefore not able to visualize
all astrocytes across the LC. Additionally, we used coronal
vibratome sections for labeling. Because astrocytes that are
larger and/or more coronally oriented occupy more space
along the plane of labeling, DiOlistically labeled astrocytes
may skew slightly larger and more coronally oriented than
the overall population of astrocytes in the LC.

Our preliminary evidence on astrocyte morphology
across species with an LC suggest LC-specific patterns. For
example, mean number of branches, branch hierarchy, and
branch tortuosity were higher in all species with a LC
compared to the GL. Branch thickness and length were simi-
lar across all species. However, findings related to LC astro-
cytes presented here are primarily focused on data from
the goat LC. As MuDi allows visualization of individual LC
astrocytes in a species-agnostic manner,® future work can
be focused on nonhuman primate and human astrocytes. It
will be valuable to determine if there are human-specific LC
astrocyte features that are not captured by studying other
species with an LC.

This work investigated the morphology of LC without the
introduction of any glaucomatous stressors. This informa-
tion about the structure and organization of LC astrocytes
under normal conditions has provided important insights
into their potential for function in health and disease and
how this may differ between the LC and GL. Earlier work
has shown changes in astrocyte GFAP abundance and orga-
nization between healthy and glaucoma eyes.!! However,
because of the limitations of GFAP labeling (discussed in the
introduction of this study), we still do not have a good under-
standing of individual LC astrocyte morphologies and how
they differ between health and glaucoma. In future work, it
will be essential to investigate the morphological changes
individual astrocytes in the LC undergo as a result of glau-
comatous stressors such as ocular hypertension.

CONCLUSIONS

In summary, we utilized MuDi, confocal microscopy, and 3D
morphometric analysis to characterize individual astrocyte
morphologies in the LC, in situ. We compared morphologi-
cal features of LC and GL astrocytes to identify similarities
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and differences. Morphological features analyzed indicate
capacity for function in health and glaucoma. Astrocytes
in the LC had different spatial relationships with collagen,
higher branching complexity, and higher branch tortuosity
than GL astrocytes. Astrocytes in the LC and GL had similar
cell and branch spans despite substantial differences in their
anatomic environments. Further work is needed to better
understand the potentially distinct roles of LC astrocytes in
the initiation and progression of glaucoma.
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