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Abstract

Glaucoma is a neurodegenerative disease with elevated intraocular pressure as one of the major
risk factors. Glaucoma leads to irreversible loss of vision and its progression involves optic nerve
head cupping, axonal degeneration, retinal ganglion cell (RGC) loss, and visual field defects.
Despite its high global prevalence, glaucoma still remains a major neurodegenerative disease.
Introduction of mouse models of experimental glaucoma has become integral to glaucoma
research due to well-studied genetics as well as ease of manipulations. Many established inherent
and inducible mouse models of glaucoma are used to study the molecular and physiological
progression of the disease. One such model of spontaneous mutation is the nee model, which is
caused by mutation of the Sh3pxad2b gene. In both humans and mice, mutations disrupting
function of the SH3PXD2B adaptor protein cause a developmental syndrome including secondary
congenital glaucoma. The purpose of this study was to characterize the early onset nee glaucoma
phenotype on the C57BL/6J background and to evaluate the pattern of RGC loss and axonal
degeneration in specific RGC subtypes. We found that the B6.S/3pxa26¢ mutant animals exhibit
glaucoma phenotypes of elevated intraocular pressure, RGC loss and axonal degeneration.
Moreover, the non-image forming RGCs survived longer than the On-Off direction selective RGCs
(DSGC), and the axonal death in these RGCs was independent of their respective RGC subtype. In
conclusion, through this study we characterized an experimental model of early onset glaucoma on
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a C57BL/6J background exhibiting key glaucoma phenotypes. In addition, we describe that RGC
death has subtype-specific sensitivities and follows a specific pattern of cell death under
glaucomatous conditions.

Keywords
Glaucoma; intraocular pressure; RGC subtype; optic nerve

1. Introduction

Glaucoma is a group of optic neuropathies with multifactorial etiologies(Mantravadi and
Vadhar, 2015; Weinreb et al., 2014). It is the leading cause of irreversible vision loss and
blindness worldwide with an estimate of about 80 million people with some form of
glaucoma by the year 2020(Flaxman et al., 2017). Glaucoma progression includes RGC loss,
cupping at the optic nerve head, optic nerve degeneration, and visual field defects that may
eventually lead to blindness(Davis et al., 2016; Weinreb et al., 2014). Some of the risk
factors associated with glaucoma include, but are not limited to, age, elevated intraocular
pressure (I0OP), ethnicity, decreased corneal thickness, hyperopia/myopia, prolonged
corticosteroid use, conditions related to blood flow, genetic predisposition, and some ocular
injuries(Boland, 2007; Mwanza et al., 2018). Due to the complex nature of the disease, its
progression and underlying molecular pathways are not completely understood. Hence, there
is no known cure for glaucoma to date. In order to find a cure and for better management of
the disease, it is important to dissect out the pathophysiological mechanisms and identify
potential treatment targets. Elevated IOP, being one of the more prevalent and only
modifiable risk factors, is targeted using 10P lowering drugs with some success in slowing
the progression of the disease(Clark and Pang, 2002; Cohen and Pasquale, 2014). Many
animal models with features of glaucoma have been described(Shah et al., 2019), especially
models with elevated IOP. Among animal models, mouse models are used extensively due to
their ease of availability, breeding, and genetic manipulations as well as the high degree of
conservation between mouse and human genomes(Fernandes et al., 2015). These mouse
models can be spontaneous or induced, with mutant MYOC models(McDowell et al., 2012;
Patel et al., 2017; Senatorov et al., 2006; Zhou et al., 2008; Zode et al., 2011), mutant
nea(Mao et al., 2011), TBK1 over-expressing(Fingert et al., 2017), ANGPTL1/TIE2
model(Thomson et al., 2014), and glucocorticoid induced models(Jones 3rd and Rhee, 2006;
Patel et al., 2017; Zode et al., 2014), of particular note for the direct similarity of the exciting
insults in both mice and humans. Of particular relevance to the current study, the glaucoma-
causing nee mutation was discovered as a spontaneous mutation in B10.A-H2h4/
(4R)SgDVEQJ mice, caused by a 1-bp deletion in the last exon of the SA3oxd2b gene (hereby
referred to as nee mutation) (Mao et al., 2011, 2009). SH3PXD2B is an adaptor protein and
is believed to be important for the function of podosomes—finger-like cellular extensions
that have the ability to bind and degrade the extracellular matrix(Paterson and Courtneidge,
2018). Podosomes have previously been observed in cells of the adult trabecular
meshwork(Aga et al., 2008) and are also believed to be required for proper migration of
many cell types, including neural crest lineages(Murphy et al., 2011). Therefore, podosomes
may play an important role in regulating multiple aspects of the anatomy and physiology of
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aqueous humor outflow. Phenotypes of nee mice closely mimic features of Frank-ter Haar
syndrome, an autosomal recessive human condition caused by SH3PXD2B mutations and
involving secondary congenital glaucoma(lgbal et al., 2010). It has been previously reported
that by 1 month of age, B10-Sh3pxad26¢€ mice have glaucoma phenotypes secondary to
anterior segment dysgenesis including elevated IOP and early degeneration of the optic
nerve (Mao et al., 2011).

Using this model, the objective of our study was twofold; firstly, we wanted to determine
whether the glaucomatous phenotype evident in the B10.A-H2h4/(4R)SgDVEgJ mouse
background due to S/3oxd26€ gene mutation is also present after backcrossing the animals
to a C57BL/6J background. After this we wanted to evaluate the effect of early onset
glaucoma due to this mutation on retinal ganglion cell subtypes. There are a least 40
different mouse RGC subtypes based on expression profiles(Langer et al., 2018; Rheaume et
al., 2018). We previously used the acute optic nerve crush model to show that RGC subtypes
are differentially susceptible to glaucomatous injury and axons degenerate irrespective of
their retinal soma(Daniel et al., 2018). We utilized transgenic mouse strains, each labeling
unique subtypes of RGCs, and all on a matched B6 genetic background. Of the 4 subtypes of
RCGs that we studied, we found that the transient-Off a. RGCs are the most susceptible to
injury followed by On-Off direction selective RGCs (DSGC), whereas the non-image
forming RGCs are more resilient.

In our current study, we evaluated differences in intraocular pressure and retinal histology
between mutant (MUT) mice (homozygous for mutant allele) and their age matched wild
type (WT) littermates (homozygous for wild type allele) at post-natal days 15, 30, 60, 75,
and 90. We also determined the pattern of RGC loss and axonal degeneration in the On-Off-
direction selective RGC subtype, which responds to posteriorly moving stimuli with central
projection to the superior colliculus, dorsal and ventral lateral geniculate nucleus as well as
to the zona incerta(Rivlin-Etzion et al., 2011), and Cadherin 3 expressing RGC subtype with
central projections to non-image forming centers(Osterhout et al., 2011). We also used
melanopsin antibody to label intrinsically photosensitive RGC or ipRGCs (non-image
forming central projections)(Hattar et al., 2002).

Our aim was to further evaluate this model as a potential glaucomatous model of ocular
hypertension and to compare the response of RGC subtype under induced and inherent
glaucomatous conditions, thus providing another in vivo tool to study and better understand
the disease which will help in the development of more effective treatment and management
strategies.

2. Materials and Methods

2.1 Animals

Breeding pairs of the following mouse strains were obtained from Mutant Mouse Regional
Resource Centers: B6;FVB-Tg(Trhr-EGFP)HU193Gsat/Mmucd (RRID:MMRRC_030036-
UCD) hereafter referred to as TRHR-GFP, and Tg(Cdh3-EGFP)BK102Gsat/Mmnc
(RRID:MMRRC _000236-UNC) hereafter referred to as CDH3-GFP. B10.A-H2h4/
(4R)SgDvVEQJ animals having Sh3pxa26€ mutation (B10- Sh3pxad20€€) were originally
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obtained from The Jackson Laboratory and subsequently backcrossed for 10 generations to
the C57BL/6J (B6) background at the University of lowa (hereafter referred to as
B6.5h3pxd2b"¢¢). Mice were transferred to the University of North Texas Health Science
Center via a rederivation of cryopreserved sperm and the strain was thereafter maintained by
heterozygote X heterozygote intercrosses yielding animals homozygous for mutant allele
(MUT) and those homozygous for wild type alleles (WT). Heterozygote X heterozygote
breeding strategy required many breeding pairs to generate sufficient numbers of
homozygotes. It is our experience homozygotes rarely survived to weaning in the first litters,
while other genotypes of the same litters did. This is not a problem in subsequent litters. We
also delayed weaning of nee homozygotes if they were deemed too small to be able to reach
the water supply. Because the homozygotes are infertile, particularly small nee homozygotes
were kept with mothers for an extended period (approximately 6 weeks). Past this age, we
supplemented particularly small nee mice with Napa Nectar (SE Lab Group Inc., Napa, CA).
Generation of the congenic strain and characterization of non-ocular features for B10-
Sh3oxd2b"¢ and B6.Sh3pxd2b¢¢ mice were performed at the University of lowa; all ocular
characterizations described herein were performed using B6.Sh30xd26€ mice at the
University of North Texas Health Science Center. TRHR-GFP and CDH3-GFP mice were
backcrossed to the C57BL/6J background for more than 10 generations at UNTHSC.
C57BL/6J animals were also used to study ipRGCs. Further, B6.Sh3pxd26¢€ animals were
crossed with each of the transgenic GFP animal strains to obtain B6.Sh30xa26"°¢ mutant
animals expressing GFP in each of the above mentioned RGC subtype. Because the mutant
B6.5h3pxd2b¢ animals are infertile, animals heterozygous for Sh3pxad26¢€ were used for
breeding purposes. All mice were maintained in 12:12 light/dark cycle and supplied with
food and water ad libitum. All mice used in these experiments were between 15-90 days of
age and “n” = the number of eyes used for each study. Both male and female mice were used
for these studies. All experiments were conducted in accordance with the ARVO Statement
of the Use of Animals in Ophthalmic and Vision Research and approved by the Institutional
Animal Care and Use Committee of the University of lowa or the University of North Texas
Health Science Center.

2.2 Non-ocular histology screening

Mice were provided to the Comparative Pathology Laboratory of the University of lowa for
standard histologic analyses provided on a fee for service basis. Tissues were collected at the
time of euthanasia and immediately placed in 10% neutral buffered formalin for a minimum
of 48 hours. Tissues were then paraffin-embedded, sectioned (4 pm), and stained with H&E
following standard procedures. Histopathological analysis was performed by a veterinary
pathologist, Dr. A.K. Olivier, DVM, PhD, DACVP.

2.3 Slit-lamp examination

Anterior segment phenotypes were assessed with a slit-lamp (SL-D7; Topcon, Tokyo, Japan)
and photo documented with a digital camera (D100; Nikon, Tokyo, Japan). Images were
taken with identical camera settings and prepared with identical image software processing.
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2.4 Intraocular pressure measurement

Briefly, Mice were gently restrained by first being placed in a soft, clear plastic cone
(Decapicone; Braintree Scientific, Inc., Braintree, MA), then secured in a custom-made
restrainer. The restrained animal was then placed on a platform of adjustable height. After
the mice were acclimated, IOP measurements were performed using the rebound tonometer
(Colonial Medical Supply, Franconia, NH). All IOP measurements were performed during
the light-on phase. 10P was measured for mutants as well as their age matched wildtype
littermates at approximately the same time of day.

2.5 Tissue Harvest (Optic Nerve and Retina)

Mutant and wildtype mice were sacrificed at 15, 30, 60, 75, 90 days post-natal by deeply
anesthetizing them with a mixture of Ketamine/Xylazine/Acepromazine (100/10/3 mg/kg)
(ip). The animals were then transcardially perfused with phosphate buffer saline (PBS) (pH
7.4) followed by 4% paraformaldehyde (PFA) in PBS. Eyes along with the optic nerves were
dissected and post fixed for 2 h in 4% PFA at room temperature, then rinsed in PBS.
Following fixation, retinas and optic nerves from fixed eyes were carefully dissected and
processed for further analyses.

2.6 Histology

Eyes were washed three times with PBS, dehydrated with ethanol, and embedded in
paraffin. Samples were sectioned (5 pm thick) and stained with hematoxylin and eosin for
general evaluation of the anterior segment, including structural organization of trabecular
meshwork, as well as retinal morphology.

2.7 Retinal Flat mount

Dissected retinas were pre-treated in 0.3% TritonX-100 in PBS for 30 minutes (x4) and then
blocked in 0.3 % Triton X-100 in PBS containing 10% goat serum for 2 hours. Subtype
specific RGCs were labeled using anti-GFP (1:1000; #A6455, Molecular Probes, Eugene,
OR, USA) or anti-Melanopsin (1:1000; #ABN38, ATShios, San Diego, CA, USA)
antibodies, and total RGCs were labeled using anti-NeuN (1:1000; Chemicon) antibody
overnight at 4°C. Following washes in PBS, the retinas were incubated with AlexaFluor488
goat-anti-rabbit (1:1000, diluted in PBST) and AlexaFluor594 goat-anti-mouse (1:1000,
diluted in PBST) overnight at 4 °C and mounted with Vectashield Mounting Medium
containing DAPI (Vector Laboratories). Eight (40x zoom 0.7, 0.09 mm2) images were taken
from peripheral (1400 um from the optic nerve head) and central (700 um from the optic
nerve head) regions of the four quadrants of each retina using LSM 510 Zeiss confocal
microscope. Cells were counted using imageJ (FI1JI) Cell Counter Plugin as previously
described (Daniel, Clark et al. 2018). For each individual retina, the RGC count was
obtained by averaging the eight quadrant counts for each retina.

2.8.1 Optical clearing of optic nerve—Optic nerves were cleared using the passive
clarity technique(Tomer et al., 2014). The nerves were rinsed 3x with PBS for 10 mins. PBS
was replaced by 4% hydrogel solution (0.0025 g/ml of VA-044 activator in 4% acrylamide
solution). The sample vial was over filled and capped to avoid any air bubbles. The nerves
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were then incubated at 4 °C for 6-8 hours followed by 1-hour incubation at room
temperature. The hydrogel solution was removed, and the nerves were rinsed in 10X PBS
followed by three 5-minute washes in 1X PBS. Sodium dodecyl sulphate (SDS) solution 8%,
with 0.5% 2-mercaptoethanol was added and the nerves were incubated at 37°C with gentle
agitation. The nerves clear within 1-2 days. They were then washed four times in 0.1%
sodium azide in 0.1% Tween 20/1X PBS over a span of 24 hours.

2.8.2 C-PRESTO (Centrifugation-pressure related efficient and stable
transfer of macromolecules into organs) to immunolabel nerves(Lee and Sun,
2016)—The nerves were transferred into 1.5-mL centrifuge tubes containing 500 pL each of
the primary antibodies in antibody dilution solution (3% goat serum/0/1% Triton
X-100/1XPBS): anti-GFP (1:1000; #A6455, Molecular Probes, Eugene, OR, USA) or anti-
Melanopsin (1:250; #ABN38, ATShios, San Diego, CA, USA), and anti-Neurofilament
(1:200; #M0762, DAKO, Santa Clara, CA, USA). The tubes were then centrifuged at 600 x
g for 2 hours followed by a wash with 0.1x PBS by centrifugation at 600 x g for 30 minutes.
AlexaFluor488 goat-anti-rabbit (1:1000, diluted in antibody dilution solution) and
AlexaFluor594 goat-anti-mouse (1:1000, diluted in antibody dilution solution) were added
and the tubes were centrifuged at 600 x g for 2 h. The labeled samples were washed with
0.1x PBS by centrifugation at 600 x g for 30 min. PBS was replaced with RIMS (RIMS is
40g of histodenz in 30ml of PB at a pH of 7.5) solution just enough to cover the tissue for
overnight. The nerves were then mounted on a slide in RIMS solution with a coverslip. The
nerves were imaged using Z-stacks and Tile function with maximum intensity (LSM 510
Zeiss confocal microscope). Optic nerve 3D projections were created using the ZEN
software. ImageJ software was used to analyze consistent ROI (regions of interest) for each
sample. Mean fluorescent intensity was recorded using the analysis and measure tool.

3. Results

3.1 B6.Sh3pxd2b"€® mutation leads to early onset glaucoma phenotype in C57BL/6J

animals

Because the r7ee mutation originally arose on a seldom used B10 genetic background, a N10
congenic strain on the more widely used C57BL/6J background was generated. This change
in genetic background had no detectable influence on previously described overt phenotypes
of nee homozygotes(Mao et al., 2011, 2009), which continued to recapitulate overt features
of the Frank-ter Haar syndrome, such as small body size, craniofacial abnormalities,
buphthalmic eyes, and severe depletion of white adipose tissue (Fig. 1 A-G).

A histologic screen of multiple tissues was performed by the Comparative Pathology
Laboratory at the University of lowa, comparing non-ocular phenotypes of 6-8-week-old
littermates (homozygous Sh3pxd2b/¢¢/"e€, heterozygous Sh3pxa2b4*, homozygous
Sh3pxa2b*'*) from both the B10 and B6 backgrounds (n=2 mice per genotype, one of each
sex). The main additional finding of this histologic screen was that Sh3pxad26°
homozygotes of both backgrounds were also shown to uniformly exhibit inflammation of the
middle ear (Supplemental Figure 1), which is a previously known feature of nee mutant
mice(Mao et al., 2009; Yang et al., 2011). There were sporadic observations of potential
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anomalies in other tissues, but they were uncommon and not consistent to any genotype or
background. In sum, most organ systems appeared by gross histology to be unaffected by the
Sh3pxd2b¢¢ mutation, and again, the Sh3oxd26° mutation had very similar effects on both
the B10 and B6 genetic backgrounds (Supplemental Figures 2—4).

IOP measurements and histological analysis was also performed on the B6.Sh3oxd2b7¢¢
animals. A TonoLab rebound tonometer was used to measure 10P, slit lamp was used to
assess anterior segment changes, and Hematoxylin and Eosin (H&E) staining was used to
assess anterior chamber and retinal morphologies in MUT animals compared to their WT
littermates. RGC loss was assessed in immunostained flat-mounts. After measuring IOP
(except at day 15 as the mice were too young for this assessment) on these animals, the same
animals were harvested at 30, 60, 75, and 90 days post-natal (n = number of eyes throughout
the study) for immunostaining.

Slit lamp images of MUT animals show the eyes to be buphthalmic with evidence of
iridocorneal adhesion (synechia) (Fig. 1 F-G). H&E staining of the MUT eyes at 3 months
of age reveal iridocorneal adhesion, optic nerve head excavation, and RGC loss (Fig. 1 J-K,
N-0). Slit lamp and H&E evaluation of WT eyes at 3 months of age revealed no such
deformities (Fig. 1 D-E, H-I, L-M). H&E staining of MUT eyes at post-natal day 15 show
the overall retina is largely normal, including inner and out layer thickness and RGC density
compared to WT eyes (Supplemental Figure 1).

IOP measurements in MUT mice averaged 21+2 mmHg at day 30, 25+ 4 mmHg at day 60,
30+9 mmHg at day 75 and 367 mmHg at day 90. IOP measurements in WT animals
averaged 13+3 mmHg at day 30, 12+ 2 mmHg at day 60, 13 +2 mmHg at day 75, and 13+2
mmHg at day 90. Significant IOP elevation was observed in MUT mice throughout the time
course (day 30, p=0.001, n=8; day 60, p< 0.0001, n=8; day 75, p< 0.0001, n=8; day 90, p<
0.0001, n=8) when compared to their WT littermates (Fig. 2A).

Retinal flatmount staining of RGCs with NeuN show progressive RGC loss in MUT animals
throughout the 90-day time course (Fig. 2B). Immunostaining at day 15 shows a cell density
of 2349+126 cell/mm2, which reduced to 1785+161cells/fmm2 by day 30, 961+204
cellssfmmz2 by day 60, 408+169 cells/fmm2 by day 75, and 134+103 cells/mm2 by day 90
(Fig. 2C-D). However, the total RGC cell count did not vary significantly among the WT
animals at any time point. Significant RGC death occurred in MUT animals compared to
their WT littermates at every post-natal time point except at day 15 308(day 30, p<0.0001,
n=6; day 60, p< 0.0001, n=6; day 75, p< 0.0001, n=6; day 90, p<0.0001, n=6) (Fig 2C).

3.2 RGC subtypes follow different time courses of cell death in B6.Sh3pxd2b"®® model of

glaucoma

We utilized the B6.5h30xa26"¢ model to assess degeneration in two transgenic mouse
strains, also on the B6 genetic background, expressing GFP in two different subtypes of
RGCs. We also used immunostaining to assess ipRGC loss after this insult. We
immunostained retinal flat-mounts of MUT animals at post-natal days 15, 30, 60, 75 and 90
to assess total as well as strain specific RGC death and compared them to their WT
littermates. There is no difference in the total or RGC subtype densities in WT animals at
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any time point (Fig. 3A). Although we see progressive cell loss through the 90-day time
course in MUT animals, there are no significant differences in cell density for total RGCs
between the RGC subtype labeled strains at any given time point (Fig. 3B).

However, we do see significant differences in the pattern of cell death in each of the specific
subtypes of RGCs in the B6.5h3pxd26™° model of glaucoma (Figs. 4-8).

3.2.1 Direction selective ganglion cells show progressive decline in cell
density—TRHR-RGCs are On-Off type RGCs excited by posterior motion that project to
the dorsal and ventral lateral geniculate nucleus, the superior colliculus, and the zona incerta.
Figure 4 shows representative images of total RGCs labeled with NeuN and TRHR-RGCs
labeled with GFP at each experimental time point. Immunolabeling shows progressive loss
of cells in mutant animals throughout the time course (Fig. 5A). Cell densities of TRHR-
RGCs in MUT animals do not vary significantly from their WT counterparts at post-natal
day 15. We see progressive loss of TRHR-RGCs in MUT animals with cell densities of
87+11 cells/mmz2 at day 30 (p=0.0002, n=6), 6111 cells/mm2 at day 60 (p< 0.0001, n=6),
26x7 cells/mm2 at day 75 (p< 0.0001, n=6), and 6x1 cells/mm2 at day 90 (p< 0.0001, n=6)
compared to WT (Fig. 5B).

3.2.2 Melanopsin positive RGCs survive post 90 days of elevated |IOP insult
in B6.Sh3pxd2b"®® mutant animals—Melanopsin positive RGCs are intrinsically
photosensitive RGCs and are responsible for pupillary reflexes and other non-vision related
functions. Figure 6 shows representative images of total RGCs labeled with NeuN and
ipRGCs labeled with melanopsin at each experimental time point. A gradual decline in
ipRGC density was observed in MUT animals (Fig. 7A), and no significant differences in
cell densities were observed at day 15 and 30 when compared to their WT littermates.
However, by day 60 the cell density of ipRGCs reduced to 105+12 cells/mm2 (p<0.0001,
n=6), to 88+11cells/mm2 (p<0.0001, n=6) by day 75, and to 46+13 cells/mm2 by day 90
(p<0.0001, n=6) compared to their WT counterparts (Fig. 7B).

3.2.3 Another non-image forming RGC shows resistance to glaucomatous
injury—CDH3-RGCs have non-image forming functions and do not project to the primary
visual centers of the brain. Figure 8A shows representative images of total RGCs labeled
with NeuN and CDH3-RGCs labeled with GFP at two experimental time points. Due to
breeding limitations, only 30 and 90 days post-natal animals were evaluated, and there was a
difference in cell densities in MUT animals between these time points (Fig. 8B). At both
time points cell densities of MUT animals were also significantly less than their WT
littermates (at day 30, 99+10 cells/ymm2, p=0.011, n=4; and at day 90+7 cells/mm2,
p=0.0001, n=4) (Fig. 8C).

In order to evaluate temporal pattern of RGC loss in the B6.Sh3oxd2b° glaucoma mice, we
calculated percent cell survival of the total and RGC subtypes. We considered number of
RGCs at postnatal day 15 for each of these strains as 100 percent as we saw no difference in
cell density between these strains at this time point. These RGCs represent a small portion of
the total RGC population and have distinct characteristics including susceptibility to
glaucomatous injury as demonstrated above. We calculated median survival for each subtype
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by Kaplan-Meier survival analysis, which is the time at which 50 percent survival of that
particular subtype (Fig. 9). As CDH3-RGC evaluation was limited to two time points, this
strain was excluded from this analysis. Under early-onset glaucoma conditions, TRHR-
RGCs have a median survival of 45 days, whereas ipRGCs and total RGCs both have a
median survival of 75 days. These data suggest that RGC subtypes die at different rates
during elevated IOP insult.

3.3 RGC axons and soma follow different modes of degeneration

We evaluated the axonal degeneration in each RGC subtype by immunostaining the optic
nerves with neurofilament, along with GFP or melanopsin and measuring their intensities
after 3D reconstruction in MUT and WT animals at post-natal days 15, 30, 60, 75 and 90
(Figs. 11-15). We see loss of fluorescent intensity in total nerves in MUT animals compared
to WT, but there is no significant difference in fluorescent intensity for total nerves between
each strain for all time points (Fig. 10). Within each strain, there are differences in
intensities for subtype specific axons in MUT animals when compared to their respective
WT controls. In TRHR-GFP animals, fluorescent intensity of the labeled axons decreased
throughout the time course except at day 15 when compared to their WT littermates (day 30,
4+ 0.8 [p<0.0001; n=6]; day 60, 0.8+0.3 [p<0.0001; n=6]; day 75, 0.4+ 0.2 [p<0.0001; n=6];
day 90, 0.2 £ 0.1 [p<0.0001; n=6] (Fig. 12A). In the axons of ipRGCs of MUT mice, the
fluorescent intensity also decreased throughout the time course except at day 15 when
compared to their WT littermates (day 30, 4.5+ 1 [p<0.0001; n=6]; day 60, 1.5+0.4
[p<0.0001; n=6]; day 75, 0.45+ 0.2 [p<0.0001; n=6]; day 90, 0.2 + 0.1 [p<0.0001; n=6]
(Fig. 14A). There were differences in fluorescent intensities for the two time points of MUT
CDH3-GFP animals when compared to their WT controls (day 30, 7.1+ 0.9 [P<0.0001.
N=6]; day 90, 0.2 £ 0.1 [P<0.0001. N=6]) (Fig. 15B). There were also differences in
intensities between time points for MUT animals in all strains. (Figs. 12B, 14B, 15C).

As we find no significant differences in fluorescent intensities between each strain for total
nerves (Fig. 10), we considered intensities at day 15 to be 100 percent and compared each
strain for differences in subtype specific axonal degeneration (Fig. 16). The CDH3-GFP
strain was excluded from this analysis due to the limited time course in this strain. On
percent analysis, we did not find any significant differences between the RGC substrains at
any given time point. We also found the ‘bead-on-a-string’ type of degeneration in these
axons, which is characteristic of Wallerian degeneration (Vargas and Barres 2007, Coleman
and Freeman 2010, Conforti, Gilley et al. 2014). These data suggest that the pattern of
damage in the soma of RGC subtypes is different from that of their respective axons during
early-onset glaucoma.

4. Discussion

Glaucoma is a multifactorial disease with the involvement of many different cells and
molecules in cause and effect relationships(Weinreb et al., 2014). Loss of vision in glaucoma
occurs due to the progressive loss of RGC neurons in which the communication between the
eye and the brain is lost. As glaucoma is a complex disease with many aspects still poorly
understood, a cure for the disease is still not available. A major risk factor for glaucoma is

Exp Eye Res. Author manuscript; available in PMC 2020 August 17.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Daniel et al.

Page 10

ocular hypertension. Elevated IOP causes mechanical injury to the optic nerve at the lamina
cribrosa, which leads to glaucomatous neuropathy(Cohen and Pasquale, 2014; Davis et al.,
2016). Researchers have developed and used many models to mimic ocular hypertensive
insults to the optic nerve to study progression of neuropathy at cellular and molecular
levels(Chen and Zhang, 2015; Johnson and Tomarev, 2010). Some of these models are
induced and cause acute injury, while others are chronic and more sustained but require
extensive aging of animals.

As mice are easily accessible, an ideal model would be a mouse model of ocular
hypertension with progressive RGC degeneration that closely mimics glaucoma progression
in humans and does not require extensive aging. In our study, we used the nee model of
early-onset glaucoma. We evaluated this model on the C57BL6/J background for
glaucomatous changes and established that mice with homozygous B6.S/3pxa2t/¢¢
mutation exhibit glaucoma characteristics of elevated 10P, optic nerve excavation, RGC loss,
and axonal degeneration (Mao et al., 2011). We then tested the pattern of degeneration in
RGC subtypes in B6.Sh3pxa26°¢ mutant animals. This study corroborates our previous
findings that ipRGCs are the most resistant to injury, and the axonal degeneration pathway is
independent of their respective RGC soma (Daniel et al., 2018).

4.1 Importance of RGC subtype evaluation and axonal degeneration

There are only about 50,000 RGCs per mouse retina that are responsible for relaying
myriads of visual information from the eye to the brain(Jeon et al., 1998). It is therefore not
surprising that about 40 different subtypes of RGCs have been identified through single cell
RNA sequencing that receive and relay information between neurons of the eye and the
brain(Langer et al., 2018; Rheaume et al., 2018). These RGCs differ morphologically, have
different molecular and cellular pathways, synaptic connections, and physiological
characteristics(Diao et al., 2004; Rasheed et al., 2014; Sanes and Masland, 2015; Shah et al.,
2019). Many researchers have attempted to study the responses of a few RGC subtypes
under glaucomatous conditions using various experimental glaucoma models. Studies have
looked into dendritic remodeling and functional responses of RGC subtypes to ocular
hypertension suggesting decline in physiological responses and extensive remodeling
precedes RGC loss(Della Santina et al., 2013; El-Danaf and Huberman, 2015; Qu et al.,
2016). Another study suggests an initial axogenic response of the RGCs to counteract
IOP(Risner et al., 2018). Our current study supports our previous findings in the optic nerve
crush model showing ipRGCs are the most resilient to injury and that RGC soma death is
independent of their respective axonal degeneration(Daniel et al., 2018).

It is important to understand the mechanism of progression of the disease in order to develop
possible neuroprotective and regenerative strategies. Knowing the temporal pattern of
degeneration in these neurons is key to identify the ‘point of no return’ and to start rescue
interventions before this phase is reached. Different RGC subtypes also communicate to
different visual centers of the brain(El-Danaf and Huberman, 2015; Huberman et al., 2008;
Osterhout et al., 2011; Rivlin-Etzion et al., 2011; Seabrook et al., 2017; Tang et al., 2015;
Triplett et al., 2014). It is therefore not enough to re-grow neurites as a treatment
intervention, but to make sure that these axons project to their respective regions of
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communication in the brain(Lim et al., 2016; Osterhout et al., 2015). Selective sensitivities
of RGC subtypes to glaucomatous insults may also lead to more sensitive and accurate
clinical testing of glaucomatous neurodegeneration.

4.2 Selective and compartmentalized cell death in RGC somas and axons

Although we did not examine the molecular mechanism(s) of RGC death in this early onset
mouse model of glaucoma, previous reports have shown that the RGCs die via apoptosis in
other glaucoma models as well as human glaucoma(Almasieh et al., 2012). We found that
there is differential susceptibility to somal death of RGC subtypes with TRHR-RGCs being
lost prior to other RGC subtypes of total RGCs. A greater sensitivity of OFF RGCs has also
been shown in models of acute optic nerve injury (i.e. optic nerve crush)(Daniel et al., 2018;
Puyang et al., 2017).

However, despite this differential RGC soma sensitivity, all of the RGC axons in the optic
nerve appears to die with the same Kinetics (i.e. there is no differential sensitivity to optic
nerve axon loss) in this model, which was also evident in the optic nerve crush model(Daniel
et al., 2018). These compartmentalized differences in pathogenic damage to RGCs have
been seen in Bax deficient mice in both the DBA/2J mouse glaucoma model and in the optic
nerve crush model (Libby et al., 2005) suggesting that this is a common feature of RG
neurodegeneration in a variety of models of RGC injury.

4.3 B6.Sh3pxd2b"®® mutant animals as a model of early-onset glaucoma

Although many mouse models of glaucoma are highly sensitive to genetic
background(Meyer and Anderson, 2017), we found that the SA/3pxad26¢¢ mutation results in
very similar phenotypes on both the B6 and B10 genetic backgrounds. The phenotypes we
have observed are also highly similar to the phenotypes described in a gene trap allele
(Sh3pxd2bGt(GST_1527_E5)Lex) that was previously studied in a mixed C57BL6/a129SvJ]
background(lgbal et al., 2010). In each of these contexts, mice with homozygous Sh3pxd2b
mutations exhibit characteristics of glaucomatous neuropathy(lgbal et al., 2010; Mao et al.,
2011, 2009). There are several features that make this an attractive model for experimental
glaucoma neurodegeneration studies: 1) Sh3pxd2b mutants develop glaucomatous changes
quite early on in life and do not require extensive aging. 2) Sh3pxd2b mutant mice are a
model in which mutations in the ortholog are also a known cause of glaucoma in
humans(lgbal et al., 2010). And 3), with the N10 B6.5/3pxd2b strain described herein, it is
possible to conduct experiments with tight control of genetic background. However, this
study comes with a few caveats, and care must be taken to consider these before using this
glaucoma model. Homozygous mutant mice are infertile and hence animals heterozygous
for Sh3pxd2b mutations are required for breeding. This lowers the numbers of homozygous
mutants from each mating cycle. These odds are reduced even further when introducing
another transgenic crossing as was done in our study. This was a big hurdle when breeding
CDH3-GFP animals and resulted in reduced mutant mice and an incomplete time course for
our study. This problem might have been addressed by utilizing super ovulation and in vitro
fertilization techniques, which we considered but deemed impractical. Another potential
caveat with this model concerns its nascent status, which leaves some important questions
yet to be addressed. Among these, one important question is the degree to which the retinal/
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optic nerve changes observed are IOP-dependent. SH3PXD2B is believed to be widely
expressed in the eye(Mao et al., 2012). Thus, at the current state of knowledge, it is plausible
that SH3PXD2B might contribute to ocular disease in multiple ways. In humans, Frank-ter
Haar syndrome typically presents with congenital glaucoma, but some patients do not
exhibit elevated IOP or glaucoma(Maas et al., 2004). While some people exhibit additional
ocular defects such as colobomas(Chang et al., 2017), there are no reports of patients
exhibiting progressive retinal disease in the absence of elevated I0P. Thus, although the sum
of existing data suggests RGC loss associated with SH3PXD2B-mediated pathology is IOP-
related and glaucomatous, it none-the-less remains to be tested experimentally in Sh3pxd2b-
mutant mice.
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1. B6.Sh3pxd2b€ mutant animals exhibit glaucoma phenotypes of elevated

2. Retinal ganglion cell subtypes have different cell death responses and pattern

3. Somas and axons follow different pathways of degeneration in our early onset
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of cell death in response to elevated intraocular pressure.
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Figure 1.
Phenotypic analysis of B6.5/30xd26"¢¢ mice. (A) Gross appearance of WT mice. (B) Gross

appearance of MUT mice. (C) Dissection showing absence of white adipose tissue in MUT
(right) compared to WT (left). (D-E) slit lamp images of WT animal showing normal
anterior chamber. (F-G) Slit lamp images of MUT animals showing synechia. (H-1, L-M)
H&E images of cross-section of WT mice showing normal iridocorneal angle, healthy optic
nerve head, and RGCs. (J-K, N-O) H&E images of cross-section of MUT eyes showing
iridocorneal adhesion (J-K) (arrow), optic nerve cupping (arrow) (N) and RGC loss (arrow)
(0). Scale bar = 50 pm or 100 pm as indicated (H-O).

Exp Eye Res. Author manuscript; available in PMC 2020 August 17.



1duosnue Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Daniel et al.

Page 18

A IoP

e WT
60+
MUT
g o
N R -
204 = -
4 = == =
c L) L] L] L
30 60 75 920
B Post natal days
30 Days 60 Days 75 Days 90 Days

RGC Loss
C 3000~ D

< 2500 Ut MeanDif.  [0500% Clofdf. [Sonifcat?  [summay  |AdustedPVae

E 15v5.0 ssafss1 707762 [ves <00001

B 2000- 15vs. 60 13817601600 [Yes <0001

S 15vs.75 i1l80218  [ves <00001

215007 15v5.0 25Pm0AT  |ves <0001

g 0vs.60 EBY6H6010%  [ves <0001

é 1000 30 vs. 75 1377]1164 10 1589 Yes <0.0001

e oo 0vs. 9 151[1e0018  [ves <00001

0vs. 75 SBJHOSI0TES  [Yes <00001

0 T T T T 160vs. 90 8276147101030 |Yes <0.0001

186 30 45 60 75 90 75vs. 9 261 Rt0d84  [ves - looos7

Post natal days

Figure 2.
Intraocular pressure and its effect on RGC densities in B6.5h/30xa20¢ mice. (A)

Significant IOP elevation is seen in MUT animals compared to their WT littermates at post-
natal days 15, 30, 60, 75, and 90. The values are presented as mean + SD (n=8). **:
p=0.001, ****: p<0.0001 by Two Way-ANOVA then Sidak’s post hoc test. (B)
Representative images showing NeuN (red) immunolabeled retinal flat-mounts from MUT
mice and their WT littermates. Scale bar = 50 pum. (C) There was a steady decline in cell
density throughout the time course in MUT animals compared to their WT littermates. The
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values are presented as mean + SD (n=8). ****: p<0.0001 by Two Way-ANOVA then
Sidak’s post hoc test. (D) Comparison chart of differences in RGC density between MUT
animals between time points. The values are presented as mean = SD (n=8). Two Way-
ANOVA then Tukey’s post hoc test.
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Comparison of total RGC loss in MUT and WT mice between strains. (A) RGC density
between each strain within each time point show no significant differences in WT animals.
The values are represented as mean + SD (n=4-6). Two Way-ANOVA then Sidak’s post hoc
test for time points 15, 60 and 75. Two Way-ANOVA then Tukey’s post hoc test for time
points 30 and 90. (B) Total RGC density between each strain within each time point show no
significant differences among MUT animals. The values are represented as mean £SD (n=4-
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6). Two Way-ANOVA then Sidak’s post hoc test for time points 15, 60 and 75. Two Way-
ANOVA then Tukey’s post hoc test for time points 30 and 90.
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Figure 4.

TRHR-GFP subtype cell death inB6.Sh3pxd 20 mice: Representative images showing
NeuN (red) and GFP (green) immunolabeled retinal flat-mounts. Images of 15-day WT and
15, 30, 60,75 and 90-day MUT are shown. Scale bar = 50um.
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Figure 5:

TRHR-RGC loss in MUT and WT mice: (A) There was significant decline in TRHR-RGC
density in MUT animals at post-natal days 30, 60, 75 and 90. The values are represented as
mean £SD (n=6). ***: p=0.0002, ****: p<0.0001 by Two Way-ANOVA then Sidak’s post
hoc test. (B) TRHR-RGC density between each time point show varying degrees of
differences in MUT animals. The values are represented as mean £SD (h=6). Two Way-
ANOVA then Tukey’s post hoc test.

Exp Eye Res. Author manuscript; available in PMC 2020 August 17.




1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Daniel et al.

Page 24

Figure 6.
ipRGC subtype cell death in B6.Sh30xd267¢¢ mice: Representative images showing NeuN

(red) and melanopsin (green) immunolabeled retinal flat-mounts. Images of 15-day WT and
15, 30, 60,75 and 90-day MUT are shown. Scale bar = 50 um.
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Figure 7:
ipRGC loss in MUT and WT mice: (A) There was significant decline in ipRGC density in

MUT animals at post-natal days 60, 75 and 90. The values are represented as mean £SD
(n=6 ****: p<0.0001 by Two Way-ANOVA then Sidak’s post hoc test. (B) ipRGC density
between each time point show varying degrees of differences in MUT animals. The values
are represented as mean £SD (n=6). Two Way-ANOVA then Tukey’s post hoc test.

Exp Eye Res. Author manuscript; available in PMC 2020 August 17.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Daniel et al.

Page 26

90 Days

A WT 30 Days

NEU

B CDH3-GFP RGCs
200+

g

b——i
)—Jb—{

- WT

RGC Density (Cells/imm?)
$

$

- MUT

T -T T
30 60 20
Post natal days

MUT Mean Diff 95.00% CI of diff. |Significant? Summary Adjusted P Value
30 vs. 90 7261}48.2910 96.93 Yes <0.0001

Figure 8.
CDH3-GFP subtype cell death in MUT and WT B6.5/30xd2b°¢ mice: (A) Representative

images showing NeuN (red) and GFP (green) immunolabeled retinal flat-mounts. Images of
30-day WT and 30 and 90-day MUT are shown. Scale bar = 50um. (B) There was
significant decline in cell density in MUT animals at post-natal days 30 and 90. The values
are represented as mean £SD (n=4-6). **: p=0.001, ****:p<0.0001 by Two Way-ANOVA
then Sidak’s post hoc test. (C) RGC density between the two time points show differences in
MUT animals. The values are represented as mean +SD (n=4). Two Way-ANOVA then
Sidak’s post hoc test.
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Figure 9.
Percent cell survival in B6.5h30xd2b€ mice: Survival curves of total as well 600 as

subtype specific RGCs show differences in median survival (Post-natal day where 50% of
cells survive in MUT mice) marked by dotted line at Y=50 in this Kaplan-Meier plot.
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Comparison of total axonal degeneration in MUT and WT mice between strains. (A) Mean

15 30 45 60 75 90
Post natal days

fluorescent intensity between each strain within each time point show no significant

differences in WT animals. The values are represented as mean + SD (n=4-6). Two Way-
ANOVA then Sidak’s post hoc test for time points 15, 60 and 75. Two Way-ANOVA then
Tukey’s post hoc test for time points 30 and 90. (B) Mean fluorescent intensity between
each strain within each time point show no significant differences in MUT animals. The
values are represented as mean £SD (n=4-6). Two Way-ANOVA then Sidak’s post hoc test
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for time points 15, 60 and 75. Two Way-ANOVA then Tukey’s post hoc test for time points
30 and 90.
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Figure 11:
Axonal degeneration of TRHR-RGCs inB6-Sh3oxa2b¢¢ mice: Representative 3D images of

tissue cleared optic nerve showing NF (neurofilament) (red) and GFP (green)
immunolabeled whole optic nerves. Images of 15-day WT and 15, 30, 60,75 and 90-day
MUT are shown. Scale bar = 50 um.
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Figure 12:

TRHR-GFP axonal loss in MUT and WT mice: (A) There was significant decline in mean
fluorescent intensity in MUT animals at post-natal days 30, 60, 75 and 90. The values are
represented as mean + SD (n=6), ****: p<0.0001 by Two Way-ANOVA then Sidak’s post
hoc test. (B) Mean fluorescent intensity between each time point show varying degrees of
differences in MUT animals. The values are represented as mean + SD (n=6). Two Way-

ANOVA then Tukey’s post hoc test.
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Figure 13:
Axonal degeneration of ipRGCs inB6.S5/30xa26"¢€ mice: Representative 3D images of

tissue cleared optic nerve showing NF (neurofilament) (red) and melanopsin (green)
immunolabeled whole optic nerves. Images of 15-day WT and 15, 30, 60,75 and 90-day
MUT are shown. Scale bar = 50 um.
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Figure 14.

ipRGC axonal loss in MUT and WT mice: (A) There was significant decline in mean
fluorescent intensity in MUT animals at post-natal days 30, 60, 75 and 90. The values are
represented as mean + SD (n=6), ****: p<0.0001 by Two Way-ANOVA then Sidak’s post
hoc test. (B) Mean fluorescent intensity between each time point show varying degrees of
differences in MUT animals. The values are represented as mean £SD (n=6). Two Way-
ANOVA then Tukey’s post hoc test.
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Figure 15:

Axonal degeneration of CDH3-RGCs in B6.5h/3pxd2b¢ mice: (A) Representative 3D
images of tissue cleared optic nerve showing NF (neurofilament) (red) and GFP (green)
immunolabeled whole optic nerves. Images of 30-day WT as well as 30 and 90-day MUT
are shown. Scale bar = 50 pm. (B) There was significant decline in mean fluorescent
intensity in MUT animals at post-natal day 90. The values are represented as mean + SD
(n=4-6). ****:p<0.0001 by Two Way-ANOVA then Sidak’s post hoc test. (C) Mean
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fluorescent intensity between the two time points show differences in MUT animals. The
values are represented as mean + SD (n=4). Two Way-ANOVA then Sidak’s post hoc test.
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Figure 16:
Comparison of axonal degeneration in RGC subtypes in B6.5h30xd2b° mice: There was

no difference in percent intensity of axons between RGC subtypes in MUT animals within
each time point by Two Way-ANOVA then Sidak’s multiple comparison. The values are
represented as mean + SD (n=6).
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