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The deformation of the mouse astrocytic lamina (AL) and adjacent peripapil-
lary sclera (PPS) was measured in response to elevated intraocular pressure.
We subjected explanted mouse eyes to inflation testing, comparing control
eyes to those 3 days and 6 weeks after induction of ocular hypertension
(OHT) via ocular microbead injection. Laser scanning microscopy was
used with second harmonic generation to image the collagenous PPS and
two-photon fluorescence to image transgenic fluorescent astrocytes in the
AL. Digital volume correlation was applied to calculate strains in the PPS
and AL. The specimen-averaged strains were biaxial in the AL and PPS,
with greater strain overall in the x- than y-direction in the AL and greater
strain in the 6- than the r-direction in the PPS. Strains increased after
3-day OHT, with greater strain overall in the 3-day AL than control AL,
and greater circumferential strain in the 3-day PPS than control PPS.
In the 6-week OHT eyes, AL and PPS strains were similar overall to controls.
This experimental glaucoma model demonstrated a dynamic change in the
mechanical behaviour of the AL and PPS over time at the site of neuronal
injury and remodelling in glaucoma.

1. Introduction

Glaucoma is the second leading cause of blindness worldwide [1]. Treatments to
lower intraocular pressure (IOP) effectively reduce the loss of vision caused by
the death of retinal ganglion cells (RGC) in glaucoma [2]. Experimental animal
models of glaucoma in monkey, rat and mouse demonstrate that higher IOP
leads to injury to RGC axons at the optic nerve head (ONH) [3-7], as is found
in human glaucoma eyes [8]. Raising IOP deforms the ONH and the surrounding
peripapillary sclera (PPS). With chronic IOP elevation, i.e. ocular hypertension
(OHT), RGC axons die and the connective tissues of the ONH and PPS remodel
[9-13]. Thus, the responses of ONH and the surrounding PPS to chronic elevated
IOP are important features of glaucomatous optic neuropathy.

The strain response of the ONH to IOP change has been characterized in post-
mortem human eyes [14-16] and more recently directly in patient eyes [17-19].
Cell-scale studies of ONH astrocyte responses to mechanical loading have
been limited to two-dimensional cell culture [20-23] and more recently three-
dimensional cell culture methods have been proposed [24]. Cell culture methods
cannot capture the complex in vivo cellular connections of ONH astrocytes to
their mechanical environment, and individual cells of the human ONH are
currently impossible to visualize in vivo. To address this, we recently established
a method to study ONH biomechanical behaviour during inflation testing in a
whole-eye explant model using a transgenic mouse with fluorescent astrocytes,
such that astrocytes and PPS are closer to their in vivo mechanical environment
[25,26]. In the mouse astrocytic lamina (AL), the astrocytes form a planar
network surrounding axonal compartments, and the AL is surrounded by a
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collagenous PPS. There is a minimal connective tissue in the
mouse AL. The pattern of the cellular mouse AL is similar to
that of the collagenous beams of the human lamina cribrosa,
which are covered by astrocytes [27]. The human lamina is
10 to 20 times larger than that of the mouse, and each of the
pores through which axons pass is approximately the diam-
eter of the mouse AL. Previously, we reported the feasibility
of a method combining digital volume correlation (DVC)
with two-photon fluorescence (TPF) and second harmonic
generation (SHG) laser scanning microscopy [25,26]. In the
present study, we measured the displacement and strain
responses of the PPS and AL of explanted mouse eyes in con-
trol, 3-day OHT and 6-week OHT in order to investigate in
detail the strain response of AL and PPS and dynamic changes
with OHT.

2. Methods
2.1. Animal procedures

All experimental procedures were approved and monitored by
the Johns Hopkins University School of Medicine Animal Care
and Use Committee. Adult mice (5-8 months old), hemizygotes
expressing the green fluorescent protein in all astrocytes under
control of the glial fibrillary acidic protein promoter (FVB/
N-Tg(GFAP-GFP)14Mes, Jackson Laboratories no. 003257, Bar
Harbor, ME, USA) were used. For the chronic OHT glaucoma
model, one eye was injected with microbeads following an estab-
lished protocol [28]. Contralateral eyes were uninjected controls.
Additionally included in the study were eyes from mice without
surgical procedures in either eye, referred to as naive controls.

IOP was measured, a mean of six readings, using a TonoLab
rebound tonometer (Tiolat, Inc., Helsinki, Finland), before
microbead injection, immediately after injection, then, 1 day, 3
days and 6 weeks later. For IOP measurements only, animals
were anaesthetized using a Rodent Circuit Controller (VetEquip,
Inc., Pleasanton, CA, USA) delivering 2.5% of isoflurane in
oxygen, 500 cm® min~".

Mouse eyes were explanted following euthanasia by an
intraperitoneal injection of ketamine—-xylazine-acepromazine
solution. In this study, we explanted 66 eyes from 48 mice.
Then, 19 eyes were excluded, 10 because of improper specimen
dissection and 9 because they did not inflate as indicated by
the exclusion criteria.

2.2. Inflation testing

Inflation of explanted eyes was performed according to a pub-
lished protocol [25]. Briefly, the cornea of the intact eye globe
was glued to a plastic holder and cannulated into the anterior
chamber with a needle connected to a fluid reservoir column.
The eye was submerged in phosphate-buffered saline at room
temperature throughout the experiment. For each specimen,
three images were taken: two images at an IOP of 10 mmHg, the
first one for error analysis and one image at 30 mmHg, all after
15 min of equilibration at each IOP. We used a two-photon laser
source, an excitation wavelength of 780 nm for PPS images and
895 nm for AL images, attached to a Zeiss laser scanning micro-
scope 710 (Carl Zeiss Microscopy, LLC, Thornwood, NY) with
20x W Plan Apochromat objective, numerical aperture 1.0,
collecting z-stacks of 40 to 100 pm spaced every 1 pm for total
x- and y-resolution of 0.519 pm pixel™* for the PPS and 0.415 pm
pixel™" for the AL. For AL images, TPF signal was collected
with 500-550 nm band-pass filter. For PPS, both SHG and TPF
signals were collected, with 290-410 nm and 470-550 nm multi-
band-pass filter. Image post-processing was performed using a
deconvolution algorithm (Huygens Essential, Scientific Volume

Imaging, The Netherlands) and contrast enhancement histogram
equalization using FIJT [29,30].

Nine eyes were excluded due to one of the following criteria:
(i) cannula was not in the anterior chamber when it was exam-
ined at the end of the experiment; (ii) no ocular pressure
change with inflation as measured by Tonolab and (iii) less
than 10 pm posterior movement of a landmark within the AL
when the pressure was increased from 10 to 30 mmHg. The
final sample size was 47 eyes: 8 naive controls, 15 contralateral
controls, 13 three-day OHT, and 11 six-week OHT. PPS data
were collected in all 47 eyes, but AL data were obtained in 40
samples: 6 naive controls, 13 contralateral controls, 11 three-day
OHT and 10 six-week OHT. AL sample size was reduced since
fluorescence intensity was too low in seven eyes.

2.3. Digital volume correlation

An open-source, fast-iterative DVC algorithm was used [31,32] to
compute the displacement field from the post-processed images.
The algorithm’s distinguishing feature is iterative mapping of
both the deformed and undeformed volume and updating of
the correlation window size, thus decreasing computation time
and capturing displacement gradients more accurately. A maxi-
mum of six iterations was used, and at the final iteration, the
algorithm computed displacements spaced every 2.08 pm for
the PPS and at every 1.66 pm for the AL in x and y, at every
2 pm in z for both tissues.

After removing data points with an image cross-correlation
coefficient <0.015 in PPS and <0.001 in the AL [31], the three
displacement components (of vector u) were fitted to a linear func-
tion along the z-direction and to fourth-order polynomials in the
x- and y-directions. For the PPS, the three displacement com-
ponents in a 60 x 60 pm? window were fitted to a plane in the
x- and y-directions, i.e. u;(x,y) =ax+by+c. The displacement
gradient tensor, Vu, was then used to calculate the Green-
Lagrange strain tensor, E=(1/ 2)(F'F - I), where F= (Au + I). The
maximum and minimum principal strains, Emax and Enin, in the
x—y plane were calculated by finding the eigenvalues of the in-
plane strain tensor. Maximum shear strain, ymax, in the x-y
plane was computed by (1/2) (Emax — Emin)-

The uncertainty and accuracy of DVC strains were estimated for
every specimen as follows. One of the image volumes at 10 mmHg
was artificially warped with an applied strain (E,ppiieq) to calculate
the average absolute error for each strain component, as
> <\/ ((Epy,applied — EU,Calmlated)z)) /N, where N was the number of
points. The affine3d function in' MATLAB (The Mathworks, Inc.,
Natick, Massachusetts) was used to apply stretches of 1.02 in x
and y, a stretch of 0.95 in z, and translations by 10 pixels in x and
y, and by 3 pixels in z. Points with DVC x or y displacement errors
that were greater than +1 pm of the applied transformation were
removed to improve the accuracy of the strain field. The resulting
specimen-averaged absolute strain errors are presented in electronic
supplementary material, tables S1-S2.

2.4, Strain analysis

The inferior—superior axis of the ONH was identified based on
the typical location of inferior blood vessels in all AL and PPS
images, as identified by an investigator experienced in mouse
optic nerve anatomy. The strain tensor component matrix, E,
was then rotated such that x =nasal-temporal axis, and y=
inferior—superior axis, with the z-axis unchanged. The geometric
centre of the AL was set as the coordinate system origin.
The strain tensor components were transformed to cylindrical
coordinates, E,,, E,o and Egg.

For regional analysis of the AL, an ellipse was drawn at the
external limit of AL using FIJI [29]. To divide the AL into central
and peripheral regions, an inner ellipse was drawn with major
and minor axes half of the external ellipse. The AL and PPS
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Figure 1. Anatomical regions of the AL and PPS. (a) AL, maximum projection of TPF z-stack. An ellipse traces the AL edge (dashed line), replicated in (b). Central
and peripheral regions separated by an ellipse (solid line) with radii half of the dashed ellipse. (b) PPS, maximum projection of SHG and TPF z-stack. (c) Inferior
blood vessel, 100 x 100 um2 enlarged from (b). The inferior—superior axis was identified and bisecting lines (solid lines) drawn to divide the AL and PPS into four
anatomical quadrants: S, superior; T, temporal; I, inferior; N, nasal. Scale bars = 100 pm.

were further divided into specimen-specific quadrants: superior,
temporal, inferior and nasal (figure 1).

Sensitivity analysis was used to identify the minimum per-
centage of DVC correlated points for a region to be included
for statistical analysis. Including PPS regions with fewer than
10% correlated points altered the mean and standard deviation
of E,.. In the PPS, excluding these regions removed 6, 5 and 4
samples from the inferior region of the control, 3-day OHT and
6-day OHT groups, respectively, and two or fewer samples
from the remaining regions. In the peripheral AL, this removed
two samples from the inferior region of the control group, one
sample each from the superior region of the 3-day OHT group
and from the inferior region of the 6-week OHT group.

Wilcoxon rank sum (Mann-Whitney U) tests were used to
compare IOPs and strain measures in bilaterally naive (untreated)
control eyes (n=6 AL, n=8 PPS) to those in contralateral control
eyes (n=13 AL, n=15 PPS) from mice where the fellow eye was
microbead injected. The nine outcome measures in AL and PPS
were: E,, Ego, Evo, Exx, Eyy Exyp Emaxy Emin @and ¥max, and an
additional 10th measure, E.,, in AL. In 19 comparisons, only one
reached significance level 0.05, as expected by chance; therefore,
the naive and contralateral control samples were pooled into the
control group.

Wilcoxon signed-rank tests were used to test for differences
in the IOPs between the microbead injected eyes and the contral-
ateral eyes; between the strain and the respective DVC strain
error; the magnitudes between two specimen-averaged strain
measures, for example E,, and E,,, within one region and exper-
imental group. For all other statistical analysis, generalized
estimating equation models were used that took into account
correlations among strain measurements from a single eye for
comparisons within one group or between measurements of
strain from the two eyes of a single mouse when comparing
OHT and control groups. For each model, the working corre-
lation matrix was assumed to have an exchangeable structure.
One model was created for each strain measure to test differences
in strain among central AL, peripheral AL or PPS regions or
among the experimental groups, with the Tukey—Kramer
method used to correct p-values for multiple comparisons.
One model was created for each AL strain measure to test for
differences within each quadrant between the central and periph-
eral region, with Bonferroni method used to correct p-values
because only four pair-wise comparisons were performed, one
for each quadrant. All statistical analyses were performed using
SAS v. 9.4 (SAS Institute, Cary, NC) or GraphPad Prism V. 8
(GraphPad Software Inc., La Jolla, California, USA). In all box-
plots, the mean is drawn as a solid line, the interquartile range
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Figure 2. The in-plane strains for the AL of the control group (n = 19). Box
plots showing the interquartile range (first to the third quartile) with Tukey'’s
whiskers and mean (solid line). £ is greater than £y, and Egg is greater than
E,,. The maximum principal strain £, is significantly greater than all normal
strain components (£, £y, £, and Egg p < 0.0001).

as boxes from the first to the third quartile, and the data
spread as whiskers by Tukey’s method.

3. Results

3.1. Strain response of the control astrocytic lamina
3.1.1. Specimen-averaged response of the control astrocytic

lamina
The strain outcomes were averaged over the imaged volume of
the AL and compared to each other to determine the strain state
under inflation. The overall inflation response of the AL to IOP
elevation from 10 to 30 mmHg was mainly biaxial tension, with
greater strain in the x- than y-direction and greater strain in the
6- than r-direction (figure 2 and table 1). The E,, (0.0285 +
0.0098) was 2.4 times the E,, (0.0121+0.0068) (p <0.0001),
and Egp (0.0281 +£0.0103) was 2.3 times the E,, (0.0124 +
0.0073) (p<0.0001). Interestingly, similar magnitudes were
observed between E,, and Egs, and between E,, and E,,. The
shear strain components, E,,, (0.0052 + 0.0056) and E,, (0.0002
+0.0029), were significantly smaller than the normal strain
components E,,, Egg, and E., (p <0.01). In addition, E,, was sig-
nificantly smaller than the respective DVC strain error (0.0026 +
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Figure 3. Image of the AL and colour contours of the DVC strain components for a representative control AL. (a) Maximum projection of a 46 pm z-stack oriented
with origin (0, 0) at the centre of the AL. In the inferior, AL blood vessels enter the tissue with associated connective tissue. Plotted strains are means of all z-slices.
In-plane strains in the cylindrical coordinate system, (b) Egg and (c) £, transformed from the Cartesian coordinate system, (d) £y, (€) £,y and (f) Ey,. Regional
strains vary from compressive (blue) in the peripheral AL to tensile (red) strains in the central AL. The shear strain £,, contains both negative and positive regions.

Scale bars = 100 pm.

Table 1. The specimen-averaged strain components in the AL (n = 19) and
PPS (n=23) for control eyes, showing p-values for the comparison of AL
to PPS. All of the normal strain components (Ey, £y, £, and Egg) and Enay
were significantly larger in the AL than PPS (p <0.0001). Mean = std.
Italics indicate significance level at p < 0.05.

AL PPS
(n=19) (n=23) p-value
£, 00124 + 0.0073 00028 00050  <0.0007
Eoo 0.0281 +0.0103. 00048 +00033  <0.0007
P emeoom oametcm om
B, 00285+00098  00015+00039  <0.0007
© msooms  omeeown oom
K 0005240005  —00009+00020  <0.0007
B 00439400174 00156+00104  <0.0007
B —00033+£00102  —00081+00082 007
e tomsecms oo

0.0007; electronic supplementary material, table S1), which

suggested that the specimen-averaged E,, was negligible.

In the plane of the AL, the maximum principal strain,
Emax (0.0439 +0.0174), was greater than the maximum shear

strain, ¥max (0.0236 +0.0129, p =0.0003), and greater than all
of the in-plane normal strain components (E., E,, E,
and Egg; p <0.0001). The out-of-plane strain component, E.,
(—0.0055 + 0.0186), was compressive, but within the estima-
ted DVC strain error for E.. (0.0185+0.0055; electronic
supplementary material, table S1).

3.1.2. Regional variation in the strain response of the astrocytic

lamina

The strain was greatest in the centre and decreased towards
the edge of the AL. The strain field was heterogeneous and
the normal strain components were mostly tensile, though
there were local regions in the peripheral lamina where the
normal strain components E.,, E,, and E,, were compressive
(figure 3). In some local areas, the magnitude of the shear
strain, E,, was significantly larger than the corresponding
DVC strain error and therefore not negligible (figure 3f).
The out of plane, z-displacement showed a characteristic
bowed shape, in which the z-displacements increased from
the periphery to the centre of the AL (figure 4).

In order to quantify the strain heterogeneity, strains were
averaged in the different regions shown in figure 1. The cen-
tral region of the AL had higher magnitudes of normal
strain components (E,, Egs E,, and E..), Emax and Emin
than the peripheral region (p <0.0004); the comparison was
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Figure 4. Posterior z-displacement of a representative control AL relative to the mean displacement of the AL as (a) a contour map and (b) three-dimensional
projection. Positive z-direction is toward the posterior of the optic nerve, away from the retina. The out-of-plane component showed posterior bowing. Scale bar =

100 pm.

Table 2. Strain components compared between the central and peripheral
regions in the control AL (n=19), p-values comparing strain between four
central regions and four peripheral regions. All of the normal strain components
(Ews Eyy, Err and Egg), Erpax and Eryiy were significantly larger in the central than
peripheral regions (p < 0.0004). Italics indicate significance level at p < 0.05.

AL strains central peripheral p-value
E, 0.0313 = 0.013 0.0029 + 0.0132 <0.0001
B Egg U somsoniel om0 ooms
E,g U wusoom somsoos  oss
F,  00086+00108 0003300046 00
CFwn 0010540009  —00102+00146  <0.0007

also significant within each quadrant (table 2 and figure 5a;
electronic supplementary material, table S4). The E,, Egg,
Eyy Exx Exy Emax and Epy, also differed among the four cen-
tral quadrants (p <0.005) and among the four peripheral
quadrants (p <0.03). In the central and peripheral regions,
E.v, Egg and E,,nx were smallest in the nasal quadrant and
were of similar magnitudes in the inferior and superior
regions (figure 5b; electronic supplementary material,
figure S1). Pair-wise comparisons between E,, and Eg in
the nasal quadrant, where the means were the lowest, and
of the inferior and superior quadrants, where the means
were the highest, were significant (E,, and Eg p <0.01 in
central and peripheral regions; electronic supplementary
material, table S54). By contrast, the mean E,, and E,, in the
inferior quadrant were the smallest among the four central
and the four peripheral regions. The pair-wise comparisons
of E,, and E,, were statistically significant between the central
inferior quadrant, where the means were the smallest, and
the other three quadrants (p <0.002; figure 5b and electronic
supplementary material, table S4). The mean of E,,;, was also
smaller in the inferior quadrant among the central regions.

3.2. Strain response of the control peripapillary sclera
3.2.1. Specimen-averaged response of the control peripapillary

sclera

The strain components were averaged across the PPS and
compared to each other to determine the strain state that
developed with inflation from 10 to 30 mmHg. The defor-
mation of the PPS was mainly biaxial extension, with
greater strain in the y- than the x-direction and greater
strain in the 6- than the r-direction (figure 6 and table 1).

The E,,, (0.0060 +0.0041) was four times the E.. (0.0015 =
0.0039, p=0.0002), and Egp (0.0048 +0.0033) was greater than
E,, (0.0028 +0.0050). However, E., and E,, were smaller than
their respective estimated DVC strain errors (electronic sup-
plementary material, table S2). The shear strains in the PPS,
E,y or E,y were significantly smaller than the normal strains
(p<0.02) and also smaller than their respective DVC strain
errors. All normal strain components (E,,, E,,, E,» and Ege) and
the principal components E, ., and ymax Were significantly smal-
ler in the PPS than in the AL (p <0.0001; figure 7 and table 1).

3.2.2. Regional variations in the strain response of the control

peripapillary sclera

The in-plane strain field was highly heterogeneous with local
regions of high tensile and compressive strains, which tended
to occur near blood vessels (figure 8). The strain outcomes
were averaged across each of the four quadrants (figure 1)
and compared statistically to investigate the regional strain
variation. The E,,, Eog, Eyyy Exx, Emax and Enyy differed among
the four PPS quadrants (each strain component, p < 0.0004).

The mean strains were tensile in the superior, inferior and
temporal quadrants, but in the nasal quadrant, E,, and E,,
were compressive. The E,, in the nasal quadrant (-0.0050 +
0.0137) was the lowest among all four quadrants and the high-
est in the superior quadrant (0.0083 +0.0054, p=0.0002).
However, the magnitudes of E,, of the temporal and inferior
quadrants were smaller than the estimated average absolute
DVC strain error for E,,. The Egy (0.0084 +0.0062) and E,.x
(0.0210 £0.0106) in the inferior region were the highest
among all four quadrants (p <0.01 for Egy, p <0.02 for Epay
figure 9 and electronic supplementary material, table S7). The
regional variations in E,, and E,, were similar to E,, and Egs,
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Figure 5. Regional comparison of the radial strain, £, and circumferential strain, Eqp, for AL of control eyes (n =19 all except peripheral inferior n = 17), where

T N S 1 T N S 1

T, temporal; N, nasal; S, superior; I, inferior. The strain components were larger in the central than peripheral regions for both (a) £, (p < 0.0001) and (c) £ge (p =
0.0004). The normal strain components varied significantly among the four quadrants in the central (p < 0.0003) and peripheral (p < 0.03) regions. (b) £,, was
smallest in the inferior quadrant, and (d) £gp was smallest in the nasal quadrant among both the central and peripheral regions. *p < 0.05.
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Figure 6. The in-plane strains for the PPS of the control group (n = 23). £y
is smaller than £y, (p = 0.0002). Eray (p < 0.0001) and yma (p < 0.003)
are significantly greater than all normal strain components.

respectively, except the superior was similar to inferior in
magnitude (electronic supplementary material, figure S2).

3.3. Effect of ocular hypertension on the strain response

of the astrocytic lamina
3.3.1. Specimen-averaged response in the astrocytic lamina with

ocular hypertension
One day after microbead injection, the mean IOPs of eyes in the
two OHT groups (27.3 + 7.2 mmHg, n = 24) were significantly

PPS astrocytic
0.100 - lamina
0.075 1
.g T
£ 0.050 A -
0.025 - J_
0 £

ElTlZlX Ymax Emax ymax

Figure 7. Comparison of principal strains in the PPS (n=23) and AL (n=
19) of the control group. £max and ¥may in the AL were 2.8 and 2.0 times,
respectively, those in the PPS (table 1, p < 0.0001).

higher than the IOPs of their contralateral control eyes from
the same mice (13.3+5.3 mmHg, n=24, p<0.0001). IOPs
measured 3 days after microbead injection were significantly
higher in 3-day OHT eyes (18.8 + 6.2 mmHg) than their contral-
ateral eyes (9.4+2.0, p=0.0005, n=13). IOPs measured in
OHT eyes 6 weeks after microbead injection were not signi-
ficantly different from their contralateral eyes (electronic
supplementary material, table 53).
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Figure 8. Colour contours of the DVC strain components for a representative control PPS. (a) Maximum projection PPS image volume was merged with astrocytic
image volume (from figure 3). (d) Combined colour contours of £, show greater local strain in the AL (reproduced figure 3¢) than the PPS (copied in e), colour scale
[—0.1, 0.1]. For panels with PPS strain alone the colour scale was magnified to [—0.05, 0.05]. The strains plotted are the mean of all z-slices. In-plane strains in the
ylindrical coordinate system showing (b) £,, and (c) Egg, (€) £, and (f) £y, The strain contours show local regions of tensile (red) and compressive (blue) strain

concentrations. PPS regions that appear dark superiorly and inferiorly are blood vessels traversing the PPS. Scale bars = 100 pm.
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Figure 9. Regional comparison of the radial strain, £,,, circumferential strain, £gg, and minimum principal strain, £, for PPS of control eyes (n = 23, except inferior
n=17). The strain components £, Egg, £, (not shown) and principal strains £, (not shown) and Eqy, varied significantly between the four quadrants (p <
0.0004; electronic supplementary material, table S7). (a) £, was smallest and compressive in the nasal quadrant, and (b) £4¢ Was highest in the inferior quadrant,

tensile in all four quadrants. (c) Enin had a similar regional variation as £,. T, temporal; N, nasal; S, superior; I, inferior. *p < 0.05.

In general, many normal strain components and the princi-
pal strain components, E,,.x and E.,, increased after 3-day
OHT, but became similar to controls after 6-week OHT. This
pattern was evident in the specimen-averaged strains (figure 10
and table 3), in the strain contours (figure 11) and in the
regional comparisons. The specimen-averaged AL strain
magnitudes for the 3-day OHT group were higher than
for the control. The mean E,, in the 3-day OHT group

(0.0210 £0.0098, n=11) was 1.7 times that in the control
(0.0124 +£0.0073, p=0.01, n=19). Likewise, the E,, in the
3-day OHT group (0.0297 +0.0194) was 2.5 times the mean in
the control group (0.0121 +0.0068, p=0.01) and 2.0 times
the mean in the 6-week OHT group (0.0146 + 0.0113, p = 0.85,
n=10). In the control and both OHT groups, the Egy mean
was nearly twice the mean of E,, (p <0.03). E,, did not differ
significantly from E,, in 3-day OHT, but E,, was significantly
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Figure 10. Comparison of specimen-averaged strains in the AL between control (n = 19), 3-day OHT (n = 11) and 6-week OHT (n = 10) groups. (a) E,, was 2.5
greater in the 3-day group than controls (p =0.01) and 2.0 times greater than 6-week OHT (p = 0.05). (b) £,, was 1.7 times greater in 3-day OHT than control
(p=10.01) and 1.3 times greater than 6-week group (p =0.14). *p < 0.05 compared to control group.

Table 3. Specimen-averaged strain components in the AL for 3-day OHT (n=11) and 6-week OHT (n = 10) comparing each statistically to control values and
to each other. £,, and £,, were significantly larger in the AL in 3-day OHT than control. Italics indicate significance level at p < 0.05.

3-day versus

AL strain control p-value
E, 0.0210 + 0.0098 0.01
. Eég e omsons i R

larger than E,, in the control (p < 0.0001) and 6-week OHT (p =
0.04) groups. All principal strain components, Eyax, Emin and
Ymax tended to be greater in the 3-day group than both the
control and 6-week groups, but the comparisons were not
statistically significant. None of the strains of the 6-week
group was significantly different from the control group.

3.3.2. Regional strain response in the astrocytic lamina with

ocular hypertension

In both OHT groups, the normal strain components (E,,, E,.,
E,, E¢p) and En, were significantly greater in the central
region than peripheral region across the AL as a whole, as in
control eyes (figure 12 and table 4). However, within any one
quadrant, the majority of pair-wise comparisons were not
statistically different. For example, Epy was not statistically
different between the central region and peripheral region
of the temporal, inferior and superior quadrants, in both
OHT groups.

In the OHT groups, there were fewer significant differ-
ences in the normal strains and in the principal strains
Emax and Eny, among the four central and among the four
peripheral quadrants than there were in controls, leading to
a more uniform strain response (electronic supplementary
material, tables S4-S6). For example, pair-wise comparisons
in controls found that E,, in the central inferior was smaller
than in the other central quadrants (p <0.002, n=19) and

6-week versus
control p-value

3-day versus
6-week p-value

0.0156 + 0.0078 0.96

R

o
0014600113 085
i
—00035+00066 098

T

E,, in the central superior quadrant was significantly larger
than in the central nasal (p=0.04) and central temporal
(p=0.01) quadrants. By contrast, in 3-day OHT, the E,,
means of three quadrants—temporal, nasal and inferior—
were not significantly different from each other and in
6-week OHT none of the four means differed. The E,, and
Emin did not vary among the four peripheral quadrants in
either OHT group, whereas in the control group, all four per-
ipheral quadrants differed from one another in these strains
(electronic supplementary material, tables 54-56). All strains,
except for E,,, were tensile in all peripheral quadrants in
both OHT groups. However, in controls, E,, was compressive
in the nasal and inferior peripheral regions and E,, was
compressive in the peripheral inferior region.

The effects of experimental glaucoma on the quadrant
strain variation were different for each strain component
(figure 13 and electronic supplementary material, tables S4—
S6). For example, E,, exhibited a similar pattern of strain
magnitude among the four central quadrants for the control,
3-day and 6-week groups. For all three groups, E., was highest
in the inferior, followed by temporal, then superior, and was
smallest in the nasal quadrant. However, the central inferior
quadrant had the lowest E,, and E,, in the control group, but
had the highest E,, and E,, in the 3-day OHT group. E,, and
E,, in the inferior quadrant, in both central and peripheral
regions, were greater in the 3-day OHT than in the control
(p<0.001).
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Figure 11. Comparison of strains in three experimental groups. Representative AL image maximum projections: (a—c) control group, (d—f) 3-day OHT group and
(g—i) 6-week OHT group. (b,e.h) Ey and (c.fi) £y, strain, mean of all z-slices. Origin (0, 0) corresponds to the centre of the AL. There are more locally compressive
(blue) E,, areas in the periphery of the control and 6-week OHT than the 3-day £, (compare b, e, h). Greatest tensile (red) £, in the centre of the control and
6-week OHT, while in the 3-day OHT the greater tensile strain shifts to the periphery. £, is greater centrally in the 3-day OHT group. Scale bars = 100 pm.
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Figure 12. Central (white) to peripheral (hatched) regional comparison of
Emax in three experimental groups. Fp.x was larger in the central than
peripheral region in control and 6-week OHT groups (p < 0.0001 in control,
p=0.44 in 3-day, p=10.03 in 6-week). *p < 0.05.

3.4. Effect of ocular hypertension on the strain response

of the peripapillary sclera
3.4.1. Specimen-averaged response in the peripapillary sclera

with ocular hypertension
Experimental glaucoma had similar effects on the strain
response in the PPS as measured in the AL, with strains greater
in the 3-day OHT eyes than in the controls and strains similar
between the 6-week OHT eyes and controls (figure 14 and
table 5). For example, in 3-day OHT, the mean Eg, (0.0088 +
0.0055) was 1.9 times the control group mean (p =0.02) and
2.1 times the 6-week OHT group mean (0.0042 +0.0009, p =
0.83). The strains in the 6-week glaucoma were not statistically
different from those in controls. As in controls, in 3-day OHT
eyes, Egg was greater than E,, (p =0.0002) and E,,, was greater
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Figure 13. Comparison of the variations in (a) £, and (b) E,, in the central quadrants for the AL of control (n = 19), 3-day OHT (n = 11) and 6-week OHT (n = 10),
where T, temporal; N, nasal; S, superior; |, inferior. Similar quadrant variations were present for £,, and Egg (not shown) among the different groups, but £,, and £,
(not shown) tended to be more homogenous between the four quadrants in 3-day OHT and 6-week OHT. *p < 0.05.

Table 4. Strain components compared between the central and peripheral
regions in the 3-day OHT (n=11) and 6-week OHT (n=10) AL, p-value
comparing strain between four central and four peripheral regions. The normal
strain components (Eg, £y, Er and Egg), Fmax and Eqn were significantly
larger in the central than peripheral region (p <0.03) except for iy in
3-day OHT group (p < 0.03). Italics indicate significance level at p < 0.05.

AL strain central peripheral p-value
3-day OHT
CE, 00381400254 00140400117 0004
0 oo oo om
CE, 0045+00334  00230+00138 001
U msonn comsoom oo
CE. 00597400336  00565+00307 044
T mmeton oomacoe om
Vo 00190 + 0.0093 00319 + 0.0205 0.002
£, 00339 + 0.0192 00057 £00093  <0.0007
CEe 00375400242 00261400131 0002
CE, 0046700274  0028+00140 00007
O mbeooms comenon o0
Fr 00576+00344  0045+0019% 003
CEne 00138400102 —00126+00121  <0.0007
e 0021900135 00285+00146 007

than E,, (p=0.03). In the 6-week OHT group, Eg was not
significantly greater than E,. (p=0.11), nor was E,, signifi-
cantly greater than E,. (p=0.05).

3.4.2. Regional strain response in the peripapillary sclera with

ocular hypertension
There were fewer statistically significant differences in the
PPS Eog, Eyy Emaxs Emin and ¥max among the four-quadrant
means in the 3-day and 6-week OHT groups than in the con-
trol group suggesting a more homogeneous strain response
(electronic supplementary material, tables S7-S9). For
example, Egy was the highest in the inferior quadrant in the
control and 3-day OHT groups, but Ege was similar among

the four quadrants in 6-week OHT. PPS Egyy in the inferior
quadrant was the highest among all four quadrants in the
control group (p <0.01) and higher than the nasal quadrant
in the 3-day OHT group (p<0.01). The E,, and E,, in the
superior quadrant were the highest among all four quadrants
of the control group, significantly higher than in the nasal
(p<0.0001 for E,,, and p=0.0002 for E,,) and in the temporal
(p=0.02 for E,,, and p=0.07 for E,,). In 3-day OHT, the only
statistically significant difference for E,, was between the
compressive E,, in the inferior and the tensile E,, in the
superior quadrant (p=0.001; figure 154). In 6-week OHT,
the highly tensile E,, in the superior quadrant was statisti-
cally different only from the temporal quadrant (p <0.001).
The E,, in the temporal quadrant was greater in the 3-day
OHT group than in the control group (p =0.04).

Strains in the inferior quadrant were significantly differ-
ent among the three experimental groups (figure 16). The
Emin and E,, in the inferior quadrant in both OHT groups
were more compressive than in the control (p <0.01), most
of all in the 3-day OHT group (p <0.002). Strains in the
inferior quadrant of the 3-day OHT group that were signifi-
cantly different from the controls were greater, ymax (p <
0.0001), E,, (p<0.0001) and E,, (p<0.0001), and a smaller
E,, (p=0.0002).

4. Discussion

The AL strain responses to inflation of explanted mouse eyes
from 10 to 30 mmHg in the present study are similar in order
of magnitude, but half of the values from our two previous
studies of mouse explants in a different mouse type [25,26].
Mice of different genetic backgrounds have different eye sizes
and scleral strain responses [28,33-35] which may affect ONH
mechanics [36]. Remodelling responses and axonal loss can pre-
sent differently in mice of different genetic backgrounds
[28,33,34]. The current and the previous two studies found
biaxial tension in the AL with greater strain in the x- than the
y-direction and greater strain in the centre than the periphery
of the AL [25,26]. The strain magnitudes in mouse AL are 50%
greater than Egy and smaller than E,, measurements of post-
mortem human lamina cribrosa [14], greater than measure-
ments of post-mortem ONH [37], and between 1/3 and 2
times the optical coherence tomographic estimates of ONH
strain in patients [17-19]. PPS strain magnitudes here were an
order of magnitude smaller than measurements in mouse
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Figure 14. Comparison of specimen-averaged strain among all experimental groups in the PPS. Control (n = 23), 3-day OHT (n = 13) and 6-week OHT (n=11)
eyes. (a) E,, in the 3-day OHT group was compressive and 1.3 times that of the control (p = 0.05) and more compressive than the 6-week group (p = 0.38). (b) Ege
in the 3-day OHT group was 1.9 times that of the control (p =0.02). (¢) Eyiy in the 3-day OHT group was 1.2 times that of the control (p =0.05). *p < 0.05.
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Figure 15. Comparison of the quadrant variation in radial strain, £, and circumferential strain, Eqg, in the PPS of control (n = 23, except | n = 17), 3-day OHT (T
n=11,Nand Sn=12,1n=28) and 6-week OHT (T and N n =10, S n =11, | n =7) eyes, where T, temporal; N, nasal; S, superior; | = inferior. (a) £,, was highest
in the superior quadrant for all three groups and was statistically greater than in the nasal quadrant for controls ( p = 0.0002), than in the inferior quadrant for 3-
day and 6-week OHT (p < 0.03), than in the temporal quadrant in the 6-week OHT (p = 0.001). (b) Eg¢ became more homogeneous among the four quadrants for
3-week and 6-week OHT groups. *p < 0.05.

Table 5. Specimen-averaged strain components in the PPS for 3-day OHT (n = 13) and 6-week OHT (n = 11), showing p-values for the statistical comparison of
both to control and to each other. £, was smaller and £4o was significantly larger in the PPS in 3-day OHT than control (italicized p < 0.05).

6-week versus

3-day versus

3-day versus

PPS strain 3-day n=13 control p-value 6-week n =10 control p-value 6-week p-value
E, —0.0034 + 0.0025 0.05 0.0004 £ 0.0052 0.38 0.38
Eoo 0.0088 = 0.0055 0.02 0.0042 £ 0.0028 0.83 0.01
E, 0006500056 064 0.0050 = 0.0045 0.84 027
Ernin —0.0132 £ 0.0109 0.05 —0.0112 £ 0.0074 0.65 0.42

sclera farther from the AL [38,39]. Generally, studies suggest
greater strains in the sclera farther from the AL than at the
PPS-lamina junction [16,40], where the PPS is both thicker
than the mid-sclera and more circumferentially aligned in the
outer than the inner surface in rodent and primate eyes [4143].

In-plane normal strains were more tensile in the central AL
than in the periphery, where they were less tensile and even
locally compressive. The AL displaced posteriorly, most of all

in the centre. This behaviour is similar to that of a thin circular
elastic plate bending due to pressure applied to one of its sur-
faces. If a circular plate is clamped on its perimeter, as the AL
may be by the stiff PPS, then it would exhibit compression pos-
teriorly at the edge and tension in the centre. The assumption of
a stiffer PPS than the AL is supported by strain measurements
herein and by the tissues’ load-bearing components, predomi-
nantly collagen fibres in the PPS and astrocytic processes in
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Figure 16. Comparison of strain in the PPS inferior quadrant among experimental groups in the PPS. Control (n = 17), 3-day OHT (n = 8) and 6-week OHT (n =7)
eyes. (a) Egg in the 3-day OHT group was greater than the control and the 6-week OHT. £gq in 6-week OHT was 0.2 times smaller than control (p < 0.0001). (b) £,,
in the 3-day OHT group was compressive and —3.2 times smaller than the control and —2.6 times smaller than the 6-week OHT group (p < 0.0001). 6-week OHT

group was —2.6 times smaller than the control group (p < 0.0001). *p < 0.05.

the AL [44,45]. The astrocytic processes align predominantly
in-plane across the AL and can span the entirety of the AL
[46-49]. The AL periphery has denser astrocytic processes,
thicker filamentous cytoarchitecture and transcellular contacts
through their basement membranes with the PPS [49,50]. This
morphology could make the AL stiffer peripherally, resulting
in locally smaller tensile strain.

The quadrant strain variation in the inferior AL and PPS
was consistent with the structure of the mouse AL. A large
vascular stalk enters inferiorly to the AL [7,51]. The stalk
interrupts the structure of circumferentially aligned collagen
fibres of the PPS [42] and may result in a stiffer and altered
anisotropic behaviour. Finite-element simulations using indi-
vidual histomorphometric reconstructions of the rat posterior
pole tissues estimated greater strain concentrations in the
inferior and superior poles of the AL [52,53]. Similarly, we
measured the inferior quadrant in the PPS had the greatest
Ege and E, ... There were strain concentrations in the PPS
adjacent to vascular lumens, see figure 84, which could be
relieved or exacerbated when the lumens are loaded by press-
urized blood flow. The deformation of the traversing blood
vessels on the PPS mechanics was not accounted for, since
DVC could not measure their displacement, and vascular
pressure is not maintained in eye explants.

The regional connective tissue structure of the human
lamina cribrosa is less dense in its superior and inferior
poles [54] and measured strains in post-mortem eyes confirm
greater strains, particularly inferiorly [14,30]. Axons passing
through these polar areas are lost preferentially in human
glaucoma, linking biomechanical behaviour and pathological
loss of neurons. The pattern of astrocytes in mouse AL gener-
ally mimics that of the human lamina cribrosa, but lacks
regional differences in process density. Likewise, there are
minimal differences in axon loss by region in experimental
mouse glaucoma [34].

After 3-day OHT, both E,, and E,,, in AL were significantly
greater than in control. Furthermore, the strain differences
within four quadrants between the central and peripheral
regions were small and not statistically significant. The inferior
AL quadrant had the lowest E,, and E,, of all four quadrants in
controls, but these strain components became the highest in the
3-day OHT group. Multiple mechanisms of AL remodelling

reported in the literature may lead to increased compliance,
greater expansion and greater bending of the AL, and thus
may explain our strain findings. One such mechanism may
be an astrocytic reorganization, reported in the rat AL after
OHT, with the most reorganization of processes in the inferior
quadrant [55]. We found that the inferior quadrant experienced
the greatest change in strain response. In rat and mouse AL,
astrocyte processes reoriented from perpendicular to more par-
allel to the z-axis [49,55,56]. These structural alterations and
thinner intermediate filament cytoarchitecture in the centre of
the AL in 3-day OHT [49] can lead to greater compliance of AL.

Our strain findings can also be explained by the separ-
ation of anchoring peripheral astrocyte processes at their
basement membrane in the AL-PPS border shown by trans-
mission electron microscopy of 3-day OHT in mouse and
early OHT in rat [47,50]. The reduction of contact between
AL and PPS can alter the boundary constraints on the AL
and lead to increased strain. For example, a circular thin
plate under bending would have greater tensile strain if
pinned (reduced boundary constraint) on its circular edge
than if clamped. Midgett et al. [14] also suspected bending
of the human lamina, since greater posterior bowing of
the lamina correlated with greater compressive PPS E,,, and
with smaller tensile Egy. We also found more compressive
PPS E,, in the 3-day OHT than in the control group, but
more tensile PPS Egy in the 3-day OHT. The AL enlarges in
3-day OHT [25,49], which may directly result in greater ten-
sile strain in the central region of the AL, since a larger
circular thin plate experiences greater bending.

After 6-week OHT, global strain magnitudes in the AL were
similar to those in controls and PPS strains trended towards
decrease, but overall were not statistically different. This
suggests that the biomechanical behaviour of the AL returned
to baseline concurrent or following the return of the IOP to con-
trol level six weeks after microbead injection. Furthermore, the
compressive E,, and greater Egy in the PPS in the 3-day OHT
group were likely due to the reversible changes in the AL,
rather than any significant connective tissue remodelling in
the PPS. Late in experimental glaucoma of the rat [12] and
the mouse [50,56], AL astrocytic processes returned to their
control morphology and re-established junctions with the AL
basement membrane at the PPS. Nevertheless, in parallel
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experiments with the same mouse genotype as here, we
demonstrated the loss of 66.3% axons 6 weeks after comparable
OHT [50]. At this timepoint, not only is there significant axonal
loss, but astrocytes in the AL proliferated and formed new
extracellular matrix [50,57,58]. Replacement or disorganization
of the original astrocytic network may decrease the heterogen-
eity in the strain fields of the AL. Indeed, E,, and E,, were
similar among the four central and peripheral quadrants. The
impact of PPS and mid-scleral remodelling was not apparent
on the specimen-averaged strain response with the present
methodology, despite structural and mechanical changes in
these tissues documented in the mouse after chronic OHT
[33,39,42,58-60]. Computational modelling is needed to
further analyse this and prior inflation studies of the AL, PPS
and mid-posterior sclera to understand how the mechanosen-
sitive changes in the cellular AL stimulate the remodelling of
the connective tissue of the PPS and how scleral alterations in
turn change the behaviour of the AL.

Contrary to the findings of this report, our previous pilot
study [25] showed a stiffer pressure-strain response in x in the
AL and a stiffer perimeter strain response in the PPS of a
3-day OHT mouse model. Our prior work used mice of a
different genotype and had a smaller sample size of six
OHT and seven control eyes. Some OHT eyes herein also
exhibited low strains, for example, eight of eleven 3-day
OHT eyes had lower E,, than the control mean E,,. An
increase in the strain response is not generally observed in
human glaucoma eyes, where the ONH of eyes with mild
damage exhibited a stiffer pressure-strain response [61-63].
However, more compliant behaviour may occur too early in
the pathogenesis of glaucoma to be observed in human
patients. A similar phenomenon was measured in experimen-
tal glaucoma models in monkeys by Burgoyne et al. [64-68].
The studies showed a more compliant ONH response one to
two weeks after induction of OHT in monkey eyes. Thirteen
to eighteen weeks later, the response of ONH is no longer
hypercompliant but stiffer. However, further studies are
needed to confirm and track the early biomechanical changes
measured in this study in mouse models of glaucoma.

There were several limitations to the present study that
should be considered. The use of explanted eyes retains the
normal architecture within which astrocytes reside, but
excludes relevant applied loads and boundary conditions—
optic nerve sheath tethering, optic nerve tissue pressure
posterior to the AL, blood pressure and extraocular muscle ten-
sion. Some strains, AL E,q, PPS E,, and E,,, and both AL and
PPS E,., were within the DVC estimated strain error despite
exceeding the image correlation coefficient threshold. PPS and
AL image edges contained uncorrelated areas, especially in
the peripheral AL. Advancements in microscopic imaging res-
olution and speed will improve image correlation and reduce
the strain error in the future. The spatial resolution was lower
and scanning speed was slower in the z-direction, which
increased the strain error of all strain components, since the
strain tensor is calculated from displacements in all three
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dimensions. The dense collagen fibre network of the PPS and [ 13 |

its blood vessels limit imaging depth; thus, there was poorer
correlation for z-displacement calculation. The PPS images cap-
tured a 531 x 531 pm? field of view of the PPS-AL junction.
While stresses and deformation of the PPS near the AL are cri-
tically important to AL mechanics [36], a thinner, more
elongated or more compliant mid-sclera can increase IOP-
induced stresses applied to the PPS and AL. The curved pos-
terior surface of the PPS and the limitation of manual
alignment of the specimen resulted in unequal visualization
of the four quadrants. In order to maintain astrocyte viability
in the eye explant during image acquisition, we were unable
to include more than one IOP incremental increase during
inflation testing. Protein integrity is impaired more during fix-
ation of inflation-tested tissue compared to in situ tissue
fixation and thus was not optimal for subsequent investigation
of astrocyte process alignment, cytoskeletal properties and
axonal loss by high-resolution microscopy.

5. Conclusion

We measured the strain responses of the AL and the PPS by
ex vivo inflation testing combined with microscopy and DVC.
We compared the strain response of these tissues before and
after chronic OHT via microbead injection. The strain
response was biaxial in both tissues, and the strain was sig-
nificantly more tensile in the centre than the periphery of
the AL. The AL of eyes exposed to 3 days of OHT exhibited
a greater strain response compared to the control eyes. Six
weeks after microbead injection the magnitude of the strain
response of the AL was similar to the control group. Remo-
delling of the astrocyte network in itself can significantly
increase the mechanical stimuli in the ONH. Future work
should consider the evolution of both the astrocyte network
and collagenous beams in the human ONH in glaucoma.
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