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Subtype-specific response of retinal
ganglion cells to optic nerve crush
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Abstract

Glaucoma is a neurodegenerative disease with retinal ganglion cell (RGC) loss, optic nerve degeneration and
subsequent vision loss. There are about 30 different subtypes of RGCs whose response to glaucomatous injury is not
well characterized. The purpose of this study was to evaluate the response of 4 RGC subtypes in a mouse model of
optic nerve crush (ONQ). In this study, we also evaluated the pattern of axonal degeneration in RGC subtypes after
nerve injury. We found that out of the 4 subtypes, transient-Off a RGCs are the most susceptible to injury followed by
On-0ff direction selective RGCs (DSGC). Non-image forming RGCs are more resilient with ipRGCs exhibiting the most
resistance of them all. In contrast, axons degenerate irrespective of their retinal soma after ONC injury. In conclusion,
we show that RGCs have subtype specific cell death response to ONC injury and that RGC axons disintegrate in an
autonomous fashion undergoing Wallerian degeneration. These discoveries can further direct us towards effective

diagnostic and therapeutic approaches to treat optic neuropathies, such as glaucoma.

Introduction

Glaucoma is a group of optic neuropathies with clinical
manifestations including cupping of the optic disc, thinning
and loss of the retinal nerve fiber layer, and characteristic
visual field defects'. It is the leading cause of irreversible
blindness worldwide®. The initial site of injury in glaucoma
is believed to be at the optic nerve head. Glaucomatous
changes to the optic nerve head damages the axons of
retinal ganglion cells (RGC), which are the output neurons
of the retina that carry visual signals to the retino-recipient
regions of the brain>. In most cases vision loss does not
occur until the disease has progressed considerably and
therefore glaucoma goes undiagnosed until later stages.
Current treatment options are limited to lowering intrao-
cular pressure (IOP) and can only manage the disease®™®
There is no treatment available to halt glaucoma progres-
sion or reverse the damage done to the RGCs. Therefore,
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early disease detection and treatment aimed at neuropro-
tection and regeneration are an imminent need.

Most mammals have approximately 30 different subtypes
of RGCs that differ in size, morphology, dendritic arbor-
ization, and electrophysiological functions’™*%. Thus, in
order to understand the pathophysiology of glaucoma, it is
important to evaluate the response of these subtypes
individually rather than studying them as a single entity.
The many similarities between a human and mouse eye,
and the availability of various genetic tools, have made it
possible to study glaucoma and its phenotypes in mice'® **,
One such tool is the development of transgenic mice
expressing GFP in individual subtypes of RGCs'™".
By subjecting these animals to glaucomatous insults, we can
study the effect of this injury exclusively in each particular
subtype and have a deeper understanding of susceptibility
of these RGCs to glaucomatous insults.

We utilized the well-established optic nerve crush'®
(ONC) model in mice to mimic glaucomatous optic
nerve axonal injury. This is an acute injury model with
characteristic progression as seen in glaucoma'’,
Transgenic animals labeling 3 distinct subtypes of RGCs,
namely the transient Off-a RGC subtype with central
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projection to the superior colliculus and dorsal lateral
geniculate nucleus'®, On—Off-direction selective (poster-
ior motion) RGC subtype with central projection to the
superior colliculus, dorsal and ventral lateral geniculate
nucleus as well as to the zona incerta'®, and Cadherin 3
expressing RGC subtype with central projections to non-
image forming centers'’, were subjected to ONC injury.
We also used melanopsin antibody to label intrinsically
photosensitive RGC or ipRGCs (non-image forming
central projections) post ONC>>**,

According to current studies, there are 3 types of a-
RGCs. These RGCs are large and express similar markers
including neurofilament, sppl, keng4, etc.??, but differ in
their physiological properties, dendritic arborization and
stratification in the inner plexiform layer and have unique
molecular signatures with each type amounting to
approximately 1% of the total RGCs’. On-Off direction
selective ganglion cells (DSGCs) respond to visual motion
stimuli. There are 4 types of On—Off DSGCs depending
on the direction of the moving object to which they
respond. They all have similar dendritic stratification and
express CART (cocaine and amphetamine-regulated
transcript) but have different physiological and mole-
cular signatures with each type amounting to approxi-
mately 2-3% of the total RGCs”?®. Some RGCs have
ancillary functions other than relaying of visual cues to
the brain such as pupillary light reflexes and circadian
rhythm®*. Cadherin expressing RGC subtype and ipRGs
have non-visual functions and they amount to approxi-
mately 1% and approximately 4% of the total RGCs,
respectively'”>,

In this study, we evaluated the pattern of cell death in
each subtype of RGC described above over a time course
of 14 days. We also determined the pattern of axonal
degeneration in these subtypes. Our aim was to establish
whether these subtypes are differentially susceptible to the
injury and whether axons follow a similar trend of
degeneration as their respective cell somas. These data
provide a basis for future studies to exploit individual
RGC subtype electrophysiological and cellular properties
to develop novel diagnostic techniques for early detection,
and also develop effective neuroprotective and neuro-
regenerative strategies to stop and reverse the progression
of optic neuropathies, including glaucoma.

Results
RGC subtype somas are differentially susceptible to ONC
injury

We utilized the ONC model to induce optic nerve
injury in three transgenic mouse strains expressing
GFP in three different subtypes of RGCs. We also used
immunostaining of ipRGCs to assess ONC cell loss in a
fourth subtype of RGC. We immunostained retinal flat-
mounts to assess total as well as strain specific RGC
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Fig. 1 Comparison of total RGC loss after ONC. Percent cell
survival of total RGCs between each strain within each time point
shows no significant differences, by Two Way-ANOVA and Tukey's
post hoc test
|\

loss in these animals. For each strain, the eyes were
harvested at 1, 3, 7, 10, and 14 days post crush and
compared to their respective uninjured naive eyes.
As expected, significant RGC death occurred over the
14-day time course (Fig. 1). However, the total RGC
death did not vary significantly between the mouse
strains at any time point. There was no difference in the
temporal pattern of total RGC loss between each
strain. This indicates that the ONC injury was uniform
and consistent between each strain throughout the
time points (Fig. 1). In contrast, we do find significant
differences in the pattern of cell death in each of
the specific subtypes of RGCs after optic nerve crush
(Figs. 2-6).

Alpha RGCs exhibit high vulnerability to ONC injury

CB2-RGCs are a type of alpha RGCs with large spherical
soma and transient OFF physiological responses. Fig-
ure 2a shows representative images of total RGCs labeled
with NeuN and CB2-RGCs labeled with GFP at each
experimental time point. All time points exhibit a pro-
gressive significant loss of CB2-RGCs throughout the time
course compared to naive eyes (Fig. 2b). At one-day post-
ONC, CB2-RGCs were reduced to 70.3 + 9.9% compared
to naive (p<0.0001, N=4). CB2-RGCs reduced
further to 43.4+8.3% 3 days post-ONC (p<0.0001,
Type="Ttalic">N =5), 222+52% 7 days post-ONC
(p<0.0001, N=5), 35+34% 10 days post-ONC
(p<0.0001, N=5), and 2.6 + 3.3% 14 days post-ONC (p
<0.0001, N=4) compared to naive.

Direction selective ganglion cells undergo intermediate
cell death after ONC

TRHR-RGC:s are direction selective ganglion cells that
project to the dorsal and ventral lateral geniculate
nucleus, the superior colliculus, and the zona incerta.
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Fig. 2 Effect of ONC injury on CB2-GFP RGCs. a Representative images showing NeuN (red) and GFP (green) immunolabeled retinal flat-mounts
from transgenic CB2-GFP mice. Images of ONC (1 day, 3 days, 7 days, 10 days and 14 days post injury) and naive control eyes are shown. Scale bar =
50 pm. b Percent cell survival of CB2-GFP RGCs. There was a steady decline in cell survival throughout the time course with significant cell loss at each
time point when normalized to naive. The values are represented as mean + SD (n = 4-5). (* comparison to naive, * comparison between time

points). **** #### 5 00001, " ¥ p=0002, " " * p=0.0005 by One Way-ANOVA and Tukey's post hoc test

They are On—Off type RGCs excited by posterior motion.
Figure 3a shows representative images of total RGCs
labeled with NeuN and TRHR-RGCs labeled with GFP at
each experimental time point. TRHR-RGCs also die
rapidly post nerve injury through the 14-day time course
compared to naive eyes (Fig. 3b). One-day post-ONC,
TRHR-RGCs were reduced to 76.9+6.4% (p<0.0001,
N=7), 60.3 £4.5% 3 days post-ONC (p <0.0001, N=7),
51.9+7.7% 7 days post-ONC (p<0.0001, N=7), and
257+51% 10 days post-ONC (p<0.0001, N=7),
and 53+1.6% 14 days post-ONC (p<0.0001, N=7)
compared to naive eyes.
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Non-image forming subtype cells are more resistant to
nerve injury

CDH3-RGCs do not project to primary visual centers of
the brain, but instead contribute to non-image forming
functions. Figure 4a shows representative images of total
RGCs labeled with NeuN and CDH3-RGCs labeled with
GFP at each experimental time point. CDH3-RGCs
demonstrate progressive cell death throughout time
course compared to naive eyes (Fig. 4b). One-day post-
ONC, CDH3-RGCs reduced to 77.2+3.5% (p <0.0001,
N=7), 688+3.7 3 days post-ONC (p<0.0001, N=7),
60.7 + 3.4% 7 days post-ONC (p < 0.0001, N=7), 37 £ 1.7%
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Fig. 3 Effect of ONC injury on TRHR-GFP RGCs. a Representative images showing NeuN (red) and GFP (green) immunolabeled retinal flat-mounts
from transgenic TRHR-GFP mice. Images of ONC (1 day, 3 days, 7 days, 10 days and 14 days post injury) and naive control eyes are shown. Scale bar =
50 um. b Percent cell survival of TRHR-GFP RGCs. There was significant decline in cell survival through the 14-day time course when normalized to
naive. The values are represented as mean + SD (n = 7). (* Comparison to naive, # comparison between time points). AR L p < 0.0001, # p=03
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10 days post-ONC (p<0.0001, N=7), and 23.6+3.1%
14 days post-ONC (p < 0.0001, N =7) compared to naive.

ipRGCs are intrinsically photosensitive RGCs due to
the presence of the pigment melanopsin. They are
responsible for pupillary reflexes and other non-vision
related functions. Figure 5a shows representative images of
total RGCs labeled with NeuN and ipRGCs labeled with
melanopsin at each experimental time point. These cells
were the more resistant to injury throughout the time
course when compared to naive eyes (Fig. 5b). By day 1
post-ONC, ipRGCs decreased to 91.3 +£5.6% (p <0.0002,
N=7), 663+16 3 days post-ONC (p<0.0001, N=7),
534+25% 7 days post-ONC (p<0.0001, N=7),
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36.5 + 1.6% 10 days post-ONC (p < 0.0001, N=7), and 29.1
+ 3% 14 days post-ONC (p < 0.0001, N=7).

In order to evaluate the timing and onset of cell death
between the RGC subtypes, we compared the cell death of
each subtype at each experimental time point (Fig. 6a). Each
subtype of RGC represents a small percentage of the total
RGC population (Fig. 6b), but the susceptibility and resis-
tance of each of the subtypes significantly differed from one
another. The median survival for each subtype was
calculated by Kaplan—Meier survival analysis, which calcu-
lates the time at which only 50% of the cells survive
(Fig. 6¢). CB2-RGCs have the lowest median survival of
3 days, TRHR-RGCs have a median survival of 7 days,
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Fig. 4 Effect of ONC injury on CDH3-GFP RGCs. a Representative images showing NeuN (red) and GFP (green) immunolabeled retinal flat-mounts
from transgenic CDH3-GFP mice. Images of both ONC (1 day, 3 days, 7 days, 10 days and 14 days post injury) and naive control eyes are shown. Scale
bar =50 um. b Percent cell survival of CDH3-GFP RGCs. There was significant decline in cell survival through the 14-day time course when
normalized to naive. The values are represented as mean + SD (n = 7). (* comparison to naive, * comparison between time points). ****,

7R p<00001, ***, " p=00009, " ¥ p=0001 by One Way-ANOVA and Tukey's post hoc test

7 10 14

CDH3-RGCs have a median survival of 8.5 days, while
ipRGCs and total RGCs both have a median survival of
10 days. These data suggest that RGC subtypes die at dif-
ferent rates of post-ONC and that «a-RGCs are the most
susceptible and ipRGCs the most resistant in this experi-
mental model of acute optic nerve injury.

Axonal degeneration is independent of the subtype of
RGCs

We evaluated the axonal degeneration in each of the GFP
labeled specific RGC subtype, post-ONC by immunostain-
ing the optic nerves and measuring their intensities after 3D
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reconstruction (Figs. 7-9). Within each strain, there is sig-
nificant decrease in intensities throughout the 14-day time
course when compared to their respective naive optic
nerves: TRHR-RGCs nerves (day 1, 73.7 £ 7.6% [p < 0.0001,
N=7]; day 3, 26.9+7.9% [p <0.0001, N=7]; day 7, 11.7 +
3.9% [p < 0.0001, N ="7]; day 10, 2.9 £ 0.9% [p < 0.0001, N =
7]; day 14, 2.1 £ 0.8% [p < 0.0001, N = 7]) (Fig. 10a). CDH3-
RGCs nerves (day 1, 74.7 + 10.1% [p < 0.0001, N = 7]; day 3,
30.3 £ 8.3% [p <0.0001, N="7]; day 7, 14.8 + 4.2%; day 10 [p
<0.0001, N=7], 36+1.0% [p<0.0001, N=7]; day 14,
22+1.1% [p<0.0001, N=7]) (Fig. 10b). ipRGCs nerves
(day 1, 81.5+7.0% [p<0.0001, N=7]; day 3, 31.4+7.5%
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Fig. 5 Effect of ONC injury on ipRGCs. a Representative images showing NeuN (red) and Mel (melanopsin) (green) immunolabeled retinal flat-
mounts from C57BL/6 mice. Images of both ONC (1 day, 3 days, 7 days, 10 days and 14 days post injury) and naive control eyes are shown. Scale bar
=50 pum. b Percent cell survival of ipRGCs. There was significant decline in cell survival through the 14-day time course, normalized to naive. The
values are represented as mean +SD (n=7). (* comparison to naive, # comparison between time points). *** p = 0.0002, ****, AR p < 0.0001,

[p<0.0001, N="7]; day 7, 14.6 +5.3% [p <0.0001, N="7];
day 10, 3.5+14% [p<0.0001, N=7]; day 14, 2.2+ 1.0%
[ <0.0001, N="7]) (Fig. 10c). After the initial crush insult,
the axons started degenerating distal to the site of injury
and eventually degraded into the characteristic beads on a
string formation seen during Weallerian degeneration
(Fig. 11a). As expected, the total axonal degeneration was
consistent between the strains at any given time point
(Fig. 11b). Interestingly, even though RGC death was
subtype dependent, there was no significant differences
in axonal degeneration between subtypes at any time
point (except day 1 TRHR-GFP compared to ipRGC,
p=0.029).
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Scatter plots of cell survival versus axonal intensity also
show no correlation for any of the three subtypes at each
time point (Fig. 12): day 1 TRHR-GFP R* = 0.3197, CDH3-
GFP R*=0.0968, ipRGC R*>=0.1627; day 3 TRHR-GFP
R*=0.009554, CDH3-GFP R>=0.6353, ipRGC R*=
0.1627; day 7 TRHR-GFP R*>=0.00383, CDH3-GFP
R*>=0.008431, ipRGC R*>=0.6217; day 10 TRHR-GFP
R*=0.0983, CDH3-GFP R*=0.0625, ipRGC R*=
0.04888; day 14 TRHR-GFP R*>=0.6244, CDH3-GFP
R*=0.00117, ipRGC R*=0.01968. These data suggest
that there is no correlation between progression RGC
soma death and their respective axonal degeneration after
ONC injury.
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Discussion

The total ganglion cell population develops from a
common precursor into several different subtypes of
RGCs with different physiological and visual character-
istics***’. During glaucomatous injury, axonal degenera-
tion and RGC death occurs leading to loss of vision and
irreversible blindness"°. Many previous studies have
considered RGC subtypes to have different susceptibility
to glaucomatous injury28_33. In our study, we show that
the 4 RGC subtypes we evaluated have different cell death
sensitivities to ONC injury. The alpha RGCs are the most
susceptible to ONC injury followed by DSGC RGCs. The
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non-image forming RGCs were less susceptible to injury,
with ipRGCs being the most resistant to injury of all four
subtypes studied. We also observed progressive axonal
degeneration in the injured nerves after ONC injury.
Unlike the specific response of RGC subtype soma, we do
not observe any differences in specific RGC subtype axons
to injury. On the contrary, our study shows that once the
nerve injury is initiated, axons start degenerating inde-
pendent of their respective RGC soma. Although we used
GFP and melanopsin expression to quantify death RGC
subtype, previous data suggests decrease in expression of
these markers precedes -cell death®®, therefore our
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Fig. 7 Axonal degeneration after ONC in TRHR-RGC neurons. Representative 3D images of tissue cleared optic nerve showing NF (neurofilament)
(red) and GFP (green) immunolabeled whole optic nerves from TRHR-GFP mice. Images of ONC (1 day, 3 days, 7 days, 10 days and 14 days post

timeline for cell death estimation may be sooner than the
actual timeline. That being said, our method for quanti-
fication was uniform throughout and so we anticipate that
our data regarding the pattern and differences in cell
death between the RGC subtypes would remain the same.

RGC subtype vulnerability and its implications

Retinal ganglion cells are the output neurons of the
retina that relay information to the visual centers of the
brain. Progressive RGC loss and axonal degeneration in
glaucoma leads to the loss of connection between the eye
and the brain, which leads to loss of vision. There are only
about 50,000 RGCs per mouse retina that are responsible
for receiving and transmitting all the complex visual
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information to the brain®®>. To do this more efficiently,
these RGCs are divided into different subtypes that are
responsive to different stimulations, have different affer-
ent and efferent synaptic connections, physiological
properties, and molecular signatures’. Previous studies
have shown that the functional and morphological
degeneration of RGCs in various experimental models of
glaucoma are subtype-dependent®®, It has been shown
that functional responses and receptive fields of OFF cells
were impaired earlier than ON cells after ONC injury™.
In another study using a laser-induced mouse model of
chronic ocular hypertension, it was shown that mono-
laminated ON cells were more susceptible to IOP eleva-
tion than bi-laminated ON-OFF cells*’. A study using a
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Fig. 8 Axonal degeneration after ONC in CDH3-RGC neurons. Representative 3D images of tissue cleared optic nerve showing NF (neurofilament)
(red) and GFP (green) immunolabeled whole optic nerves from CDH3-GFP mice. Images of ONC (1 day, 3 days, 7 days, 10 days and 14 days post

microbead model for IOP elevation in mice showed that
OFF-transient RGCs exhibited a more rapid decline in
both structural and functional organizations, the light-
evoked responses of OFF-sustained RGCs were disturbed,
and the ON-transient and ON-sustained RGCs had
reduced spontaneous and light-evoked firing rates®’.
Another study using microbead induced IOP elevation
showed that the RGCs stratifying most of their dendrites
in the Off sublamina were the first to undergo structural
alterations®. Previous work has also demonstrated that
ipRGCs are more resilient to ONC as well as ocular
hypertension injuries*>. Our study corroborates the find-
ings of these other studies that transient-Off alpha RGCs
are more susceptible to injury and that ipRGCs are more
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resilient, as well as sheds light on cell death response of
two other RGC subtypes. All these studies clearly imply
that RGCs respond in a subtype specific manner to optic
nerve and glaucomatous injury. It will be important to
discover and describe all the RGC subtypes and their
specific responses to glaucoma to better understand the
progression of the disease.

Cell-independent degeneration of axons after injury
Conventionally it has been thought that neuronal axons
are highly dependent on their cell soma for survival and
degenerative cues and that axonal degeneration is a pas-
sive process. However, recent studies show that axons
have autonomous mechanisms independent of their cell
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Fig. 9 Axonal degeneration after ONC in ipRGC neurons. Representative 3D images of tissue cleared optic nerve showing NF (neurofilament)
(red) and MEL (melanopsin) (green) immunolabeled whole optic nerves from C57BL/6 mice. Images of ONC (1 day, 3 days, 7 days, 10 days and
14 days post injury) and naive control nerves are shown(n = 7). Scale bar =100 um

bodies that dictate their degeneration known as Wallerian
degeneration®*®, Wallerian degeneration occurs when a
nerve fiber is injured and the part of the axon distal to the
injury degenerates and degrades into beads on a string-
like formation®. There are many studies suggesting that
axonal degeneration and somal apoptosis differ in their
mechanistic pathways**~*?. Although a few regulators of
Wallerian degeneration such as NMNAT (nicotinamide
mononucleotide adenylyltransferase) in the Wid® mice
(mice having delayed Wallerian degeneration) as well as
SARMI (sterile alpha and TIR motif containing 1) and
PHR1 (phosphate starvation response 1) have been
reported, the molecular pathway of Wallerian degenera-
tion is still unclear’®. Wallerian degeneration in the
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central nervous system (CNS) is slower than in the
peripheral nervous system (PNS) as oligodendrocytes
(myelinating cells of CNS) lack the ability to clear
debris compared to Schwann cells (myelinating cells of
PNS)*> **. As a result, we find granular debris of axons
present long after the degeneration of the axon. In our
study, we also find that the axons degenerate in a cell-
independent manner and granular debris is seen
throughout the nerve days after axonal degeneration.

Glaucoma: diagnostic, neuroprotective and regenerative
strategies

As glaucoma progresses slowly, the visual changes
associated with it are very gradual and often go undetected
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until later stages of disease. Currently the diagnostic tools
used to detect glaucoma and its risk factors are tonometry,
ophthalmoscopic exams, visual field tests as well as
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Fig. 10 Comparison of axonal degeneration in RGC subtypes
post ONC. There was significant decline in fluorescent intensity of
axons of each subtype through the 14-day time course, normalized to
naive. The values are represented as mean + SD (n = 7). (* Comparison
with naive, * comparison between time points). a Percent intensity of
TRHR-RGC axons post ONC. ***x #### , 00001, * p =002, by One
Way-ANOVA and Tukey's post hoc test. b Percent intensity of CDH3-
RGC axons post ONC. **** #### 5 <00001,** p=0.004, " p=001 by
One Way-ANOVA and Tukey's post hoc test. ¢ Percent intensity of
iPRGC axons post ONC. ****, o p <0.0001, i p=0.007, i p=
0.003 by One Way-ANOVA and Tukey's post hoc test

electrophysiological evaluations. Out of these tests, elec-
trophysiological evaluations are one of the more promising
tools to detect early changes in glaucoma. However, the
current electrophysiological exams (pattern electro-
retinography, multifocal electroretinography and multi-
focal visual evoked potentials) are limited in their potential
for early detection. This limitation can be overcome by our
knowledge of RGC subtype susceptibility to glaucoma and
their electrophysiological properties. This information can
be used to generate electrophysiological tests that are
designed to detect the changes in the more susceptible
subtypes of RGCs, and in doing so will detect early
changes that occur during onset of glaucoma.

Studies using experimental models of glaucoma have
demonstrated that there are many molecular signals and
pathways that ensue once glaucomatous injury is initiated
including axonal transport failure, neurotropins and neu-
rotrophic factor deprivation, activation of intrinsic and
extrinsic apoptotic signals, mitochondrial dysfunction,
excitotoxic damage, oxidative stress, pathogenic reactive
glia and loss of synaptic connectivity®. Pro- and anti-
apoptotic pathways play an important role in RGC survival
in glaucoma including MAP-kinase pathway, PI-3 kinase/
Akt pathway, Bcl-2 family, caspases, and IAP family, and by
utilizing these pathways some degree of RGC protection has
been shown in many studies**~>". In addition, neurotrophic
factors and neurotrophins have been used for RGC and
axon survival®*~>®, Mitochondrial dysfunction as well as
oxidative stress has been shown to contribute to RGC loss
and axonal degeneration during injury’*~®’. The immune
system also contributes to pathophysiology of glaucoma
both in the retina and the optic nerve. In the retina reactive
gliosis and complement activation both lead to progressive
RGC loss® =, whereas slow phagocytic activity of microglia
in the optic nerves leads to accumulation of degenerating
myelin and glial scarring®®°.

As demonstrated in our current study, axonal degenera-
tion and RGC death appear to follow different pathways
after ONC injury and even though these pathways may have
some overlapping contributors, utilization of a single
approach will not preserve both RGCs and axons. Preser-
ving both RGC somas and axons is necessary for true



Daniel et al. Cell Death Discovery (2018) 4:1-16

Page 12 of 16

DAY 1

Aﬁ.

DAY 7 DAY 10

B TOTAL NERVES
100
¥ Bl TRHR-GFP
2 80 . CDH3-GFP
(7]
c ipPRGC
E 60 11
§ 40 IT T
@ TT
o 20 I "r T
o L] L] L] L] L]
1 3 7 10 14
Days post ONC
C SUBTYPE NERVES
100
i Il TRHR-GFP
z so{1 T CDH3-GFP
(7] » "
§ 60 I ipRGC
£
T 40
11
[}]
o 20 TT
0 L] L] i L] -: = — ‘I’ -
1 3 7 10 14

Days post ONC

(* Comparison with TRHR-GFP strain) * p =0.02, by Two Way-ANOVA and Tukey's post hoc test

Fig. 11 Comparison of axonal degeneration between strains. a Representative single plane images of optic axons labeled with neurofilament
(NF) showing axons undergoing Wallerian degeneration after ONC injury. The uninjured naive optic nerve axons have fiber-like appearance whereas
the axons post ONC injury degenerate into beads on a string as prominently evident in day 10 and day 14 images. b Percent intensity of total RGCs
between each strain within each time point shows no significant differences, by Two Way-ANOVA and Tukey's post hoc test. ¢ There are also no
differences in intensities between subtypes within each time point except at day 1. The values are represented as mean + SD (n = 4-7).
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Fig. 12 Correlation of cell survival to axonal degeneration. Scatter plots at 1 day, 3 days, 7 days, 10 days, and 14 days post injury. The plots show
no correlation between cell survival and axonal degeneration of RGC subtypes at each time point. Lines per graph represent linear regression with

neuroprotection. Also, some approaches for RGC pre-
servation are detrimental to axonal regeneration such as
inhibition of phagocytic and complement activity®®*”,
Therefore, a true therapeutic strategy for glaucoma
would involve strategies for neuroprotection as well as
neuro-regeneration while taking into consideration the
dynamic molecular and physiological nature of ganglion cell
neurons.

Materials and methods
Mice

Breeding pairs of mouse strains were obtained from
Mutant Mouse Regional Resource Centers namely, Tg
(Calb2-EGFP)CM104Gsat/Mmmh (RRID:MMRRC_0002
83-MU) hereafter referred to as CB2-GFP, B6;FVB-Tg
(Trhr-EGFP)HU193Gsat/Mmucd (RRID:MMRRC_03003
6-UCD) hereafter referred to as TRHR-GFP, and Tg
(Cdh3-EGFP)BK102Gsat/Mmnc  (RRID:MMRRC_00023
6-UNC) hereafter referred to as CDH3-GFP. TRHR-GFP
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and CDH3-GFP mice were backcrossed to the C57BL/6]
background (Jackson Laboratory, Bar Harbor, ME) for
more than 10 generations in our laboratory. C57BL/6]
animals were also used to study ipRGCs. There was a loss
of GFP transgene expression during backcrossing of CB2-
GFP animals to the C57BL/6] background, hence these
animals could only be used on their original Swiss Web-
ster background. In addition, due to these breeding dif-
ficulties we were only able to analyze the RGCs in the
CB2-GFP strain and did not have the ability to analyze the
optic nerves in this strain. 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 1-3 months of age. Both male and female mice
were used for these studies. All experiments were con-
ducted in accordance with the ARVO Statement of the
Use of Animals in Ophthalmic and Vision Research and
the University of North Texas Health Science Center’s
Institutional Animal Care and Use Committee guidelines.
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Optic nerve crush (ONC)

Mice (N =5-7/strain) were subjected to ONC using the
Nickells technique'®. For the crush surgery, mice were
anesthetized by intraperitoneal (ip) injection of Ketamine/
Xylazine (100/10 mg/kg) and ONC was performed
intraorbitally. In right eye of each mouse, the conjunctiva
was cut in the lateral canthus region and gently peeled back.
The optic nerve was then exposed through a small window
made between the surrounding muscle and approximately
0.5 mm posterior to the globe the optic nerve was crushed
for 4's using a self-closing jeweler’s forceps. Care was taken
not to damage muscles or blood vessels causing retinal
ischemia. Naive (uncrushed) animals from each strain were
used as their respective controls.

Tissue harvest (optic nerve and retina)

Mice were sacrificed at 0, 1, 3, 7, 10 and 14 days post
crush 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 cell count and axonal analysis.

Retinal flat mount

Dissected retinas were pre-treated in 0.3% TritonX-100
in PBS for 30 min (x4) and then blocked in 0.3 % Triton
X-100 in PBS containing 10% goat serum for 2 h. Subtype-
specific RGCs were labeled using anti-GFP (1:1000;
#A6455, Molecular Probes, Eugene, OR, USA) or anti-
Melanopsin (1:1000; #ABN38, ATSbios, 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 Labora-
tories). Eight (40x zoom 0.7, 0.09 mm?) images were taken
from peripheral and central regions of the four quadrants
of each retina using LSM 510 Zeiss confocal microscope.
Cells were counted both manually and by using image]
(FIJT) Cell Counter Plugin (Supp.Fig.1). Briefly, a.Tiff
format of the image to be analyzed was loaded into ima-
ge]. The file was converted to an 8-bit image and run
through FTT bandpass filter. The image was then run
through auto-threshold and converted to a binary image.
After removing outliers, binary functions like Fill holes
and Watershed were applied. This created a binary image.
By applying appropriate particle parameters (size, circu-
larity) the Analyze particle command was run which gave
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the output of cell outline and cell count. For each indi-
vidual retina, the RGC count was obtained by averaging
the eight counts for each retina.

Optical clearing of optic nerve

Optic nerves were cleared using the passive clarity
technique®. The nerves were briefly rinsed 3x with PBS
for 10 min. PBS was replaced by 4% hydrogel solution
(0.0025 g/ml of VA-044 activator in 4% acrylamide solu-
tion). The vial was over filled and capped to avoid any air
bubbles. The nerves were then incubated at 4 °C for 6-8 h
followed by 1h incubation at room temperature. The
hydrogel solution was removed, and the nerves were
briefly rinsed in 10X PBS followed by three 5 min washes
in 1X PBS. Sodium dodecyl sulfate (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 h.

C-PRESTO (Centrifugation-pressure related efficient
and stable transfer of macromolecules into organs)
to immunolabel nerves

The C-PRESTO technique was used to immunolabel the
optic nerves’®. 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, ATSbios, San Diego, CA, USA), and
anti-Neurofilament (1:200; #M0762, DAKO, Santa Clara,
CA, USA). The tubes were then centrifuged at 600xg for
2 h followed by a wash with 0.1X PBS by centrifugation at
600xg for 30 min. 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
600xg for 2 h. The labeled samples were washed with 0.1X
PBS by centrifugation at 600xg for 30 min. PBS was
replaced with RIMS (RIMS is 40 g of histodenz in 30 ml 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. Image]
software was used to analyze consistent ROI (regions of
interest) for each sample (Supp.Fig.2). Mean fluorescent
intensity was recorded using the analysis and measure tool.

Acknowledgements
We would like to thank Dr. Andrew Huberman (Stanford University) for TRHR-
GFP mice and MMRRCs for CDH3-GFP and CB2-GFP mice. This work was



Daniel et al. Cell Death Discovery (2018) 4:1-16

supported by University of North Texas Health Science Center seed grant and a
grant from the Glaucoma Research Foundation.

Conflict of interest
The authors declare that they have no conflict of interest.

Publisher's note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Supplementary Information
The online version of this article (https://doi.org/10.1038/541420-018-0069-y)
contains supplementary material, which is available to authorized users.

Received: 18 May 2018 Accepted: 3 June 2018
Published online: 28 June 2018

References

1.

Weinreb, R. N, Aung, T, & Medeiros, F. A. The pathophysiology and treatment
of glaucoma: a review. JAMA 311, 1901-1911, doi: https.//doi.org/10.1001/
jama.2014.3192 (2014).

Davis, B. M, Crawley, L, Pahlitzsch, M, Javaid, F, & Cordeiro, M. F. Glaucoma:
the retina and beyond. Acta Neuropathol. 132, 807-826, doi: https.//doi.org/
10.1007/500401-016-1609-2 (2016).

Clark, A. F, & Pang, |. H. Advances in glaucoma therapeutics. Expert. Opin.
Emerg. Drugs. 7, 141-163, doi: https//doi.org/10.1517/14728214.7.1.141 (2002).
Dikopf, M. S, Vajaranant, T. S, & Edward, D. P. Topical treatment of glaucoma:
established and emerging pharmacology. Expert. Opin. Pharmacother. 18,
885-898, doi: https//doi.org/10.1080/14656566.2017.1328498 (2017).

Daliri, K, Ljubimoyv, A. V., & Hekmatimoghaddam, S. Glaucoma, stem cells, and
gene therapy: where are we now?. Int. J. StemCells 10, 119-128, doi: https//
doi.org/10.15283/ijsc17029 (2017).

Cohen, L. P. & Pasquale, L. R. Clinical characteristics and current treatment of
glaucoma. Cold Spring Harb. Perspect. Med. 4, https//doiorg/10.1101/
cshperspecta017236 (2014).

Sanes, J. R. & Masland, R. H. The types of retinal ganglion cells: current status
and implications for neuronal classification. Annu. Rev. Neurosci. 38, 221-246,
https//doi.org/10.1146/annurev-neuro-071714-034120 (2015).

Amithor, F. R, Takahashi, E. S. & Oyster, C. W. Morphologies of rabbit retinal
ganglion cells with complex receptive fields. J. Comp. Neurol. 280, 97-121,
https//doi.org/10.1002/cne.902800108 (1989).

Leventhal, A. G, Rodieck, R. W. & Dreher, B. Central projections of cat retinal
ganglion cells. J. Comp. Neurol 237, 216-226, https//doiorg/10.1002/
cne.902370206 (1985).

Langer, K B. et al. Retinal Ganglion Cell Diversity and Subtype Specification
from Human Pluripotent Stem Cells. Stem Cell. Rep. 10, 1282-1293, https//doi.
0rg/10.1016/jstemcr.2018.02.010 (2018).

Volgyi, B, Chheda, S. & Bloomfield, S. A. Tracer coupling patterns of the
ganglion cell subtypes in the mouse retina. J. Comp. Neurol. 512, 664-687,
https://doi.org/10.1002/cne21912 (2009).

Sun, W, Li, N. & He, S. Large-scale morphological survey of mouse retinal
ganglion cells. J. Comp. Neurol. 451, 115-126, https//doiorg/10.1002/
cne.10323 (2002).

Fernandes, K A. et al. Using genetic mouse models to gain insight into
glaucoma: Past results and future possibilities. Exp. Eye Res. 141, 42-56, https.//
doiorg/10.1016/j.exer.2015.06.019 (2015).

Seabrook, T. A, Burbridge, T. J, Crair, M. C. & Huberman, A. D. Architecture,
Function, and Assembly of the Mouse Visual System. Annu. Rev. Neurosci. 40,
499-538, https.//doi.org/10.1146/annurev-neuro-071714-033842 (2017).
Huberman, A. D. et al. Architecture and activity-mediated refinement of
axonal projections from a mosaic of genetically identified retinal ganglion
cells. Neuron 59, 425-438, https//doiorg/10.1016/j.neuron.2008.07.018
(2008).

Rivlin-Etzion, M. et al. Transgenic mice reveal unexpected diversity of on-off
direction-selective retinal ganglion cell subtypes and brain structures involved
in motion processing. J. Neurosci. 31, 8760-8769, https.//doiorg/10.1523/
jneurosci0564-11.2011 (2011).

Official journal of the Cell Death Differentiation Association

17.

20.

21.

22.

23.

24.

25.

26.

27.

28.

30.

31

32.

33.

34.

35.

36.

37.

38.

Page 15 of 16

Osterhout, J. Aet al. Cadherin-6 mediates axon-target matching in a non-
image-forming visual circuit. Neuron 71, 632-639, https//doi.org/10.1016/).
neuron.2011.07.006 (2011).

Li, Y, Schlamp, C. L. & Nickells, R. W. Experimental induction of retinal ganglion
cell death in adult mice. Invest. Ophthalmol. Vis. Sci. 40, 10041008 (1999).
Liu, Y. et al. Monitoring retinal morphologic and functional changes in mice
following optic nerve crush. Invest. Ophthalmol. Vis. Sci. 55, 3766-3774, https//
doiorg/10.1167/iovs.14-13895 (2014).

Hattar, S, Liao, H. W, Takao, M, Berson, D. M. & Yau, K W. Melanopsin-
containing retinal ganglion cells: architecture, projections, and intrinsic pho-
tosensitivity. Science 295, 1065-1070, https://doi.org/10.1126/science.1069609
(2002).

Hattar, S. et al. Melanopsin and rod-cone photoreceptive systems account for
all major accessory visual functions in mice. Nature 424, 76-81, https.//doi.org/
10.1038/nature01761 (2003).

Duan, X. et al. Subtype-specific regeneration of retinal ganglion cells following
axotomy: effects of osteopontin and mTOR signaling. Neuron 85, 12441256,
https//doi.org/10.1016/j.neuron.2015.02017 (2015).

Kay, J. N. et al. Retinal ganglion cells with distinct directional preferences differ
in molecular identity, structure, and central projections. J. Neurosci 31,
7753-7762, https.//doi.org/10.1523/jneurosci0907-11.2011 (2011).

Gonzalez Fleitas, M. F, Bordone, M, Rosenstein, R. E. & Dorfman, D. Effect of
retinal ischemia on the non-image forming visual system. Chronobiol. Int. 32,
152-163, https//doi.org/10.3109/07420528.2014.959526 (2015).

Berson, D. M, Castrucci, A. M. & Provencio, I. Morphology and mosaics of
melanopsin-expressing retinal ganglion cell types in mice. J. Comp. Neurol.
518, 2405-2422, https//doi.org/10.1002/cne.22381 (2010).

Diao, L, Sun, W, Deng, Q. & He, S. Development of the mouse retina:
emerging morphological diversity of the ganglion cells. J. Neurobiol. 61,
236-249, https//doi.org/10.1002/neu.20041 (2004).

Rasheed, V. A. et al. Developmental wave of Brn3b expression leading to RGC
fate specification is synergistically maintained by miR-23a and miR-374. Dev.
Neurobiol. 74, 1155-1171, https;//doi.org/10.1002/dneu.22191 (2014).

Puyang, Z, Chen, H. & Liu, X. Subtype-dependent Morphological and Func-
tional Degeneration of Retinal Ganglion Cells in Mouse Models of Experi-
mental Glaucoma. J Nat. Sci. 1, €103 (2015).

Puyang, Z. et al. Different functional susceptibilities of mouse retinal ganglion
cell subtypes to optic nerve crush injury. Exp. Eye Res. 162, 97-103, https//doi.
0rg/10.1016/j.exer.2017.06.014 (2017).

Feng, L. et al. Sustained ocular hypertension induces dendritic degeneration of
mouse retinal ganglion cells that depends on cell type and location. Invest.
Ophthalmol. Vis. Sci. 54, 1106-1117, https//doi.org/10.1167/iovs.12-10791
(2013).

DellaSantina, L, Inman, D. M, Lupien, C. B, Horner, P. J. & Wong, R. O. Dif-
ferential progression of structural and functional alterations in distinct retinal
ganglion cell types in a mouse model of glaucoma. J Neurosci. 33,
17444-17457, https//doiorg/10.1523/jneurosci.5461-12.2013 (2013).

El-Danaf, R. N. & Huberman, A. D. Characteristic patterns of dendritic remo-
deling in early-stage glaucoma: evidence from genetically identified retinal
ganglion cell types. J. Neurosci 35, 2329-2343, https//doiorg/10.1523/
jneurosci.1419-14.2015 (2015).

Vidal-Sanz, M. et al. Shared and Differential Retinal Responses against Optic
Nerve Injury and Ocular Hypertension. Front. Neurosci. 11, 235, https.//doi.org/
10.3389/fnins.2017.00235 (2017).

Schlamp, C. L, Johnson, E. C, Li, Y, Morrison, J. C. & Nickells, R. W. Changes in
Thy1 gene expression associated with damaged retinal ganglion cells. Mol. Vis.
7, 192-201 (2001).

Jeon, C. J, Strettoi, E. & Masland, R. H. The major cell populations of the mouse
retina. J. Neurosci. 18, 8936-8946 (1998).

Coleman, M. P. & Freeman, M. R. Wallerian degeneration, wid(s), and nmnat.
Annu. Rev. Neurosci. 33, 245-267, https//doiorg/10.1146/annurev-neuro-
060909-153248 (2010).

Freeman, M. R. Signaling mechanisms regulating Wallerian degeneration. Curr.
Opin. Neurobiol. 27, 224-231, https.//doi.org/10.1016/j.conb.2014.05.001 (2014).
Conforti, L, Gilley, J. & Coleman, M. P. Wallerian degeneration: an emerging
axon death pathway linking injury and disease. Nat. Rev. Neurosci. 15, 394-409,
https.//doi.org/10.1038/nr3680 (2014).

Waller, A. Experiments on the Section of the Glossopharyngeal and Hypo-
glossal Nerves of the Frog, and Observations of the Alterations Produced
Thereby in the Structure of Their PrimitiveFibres. Philos. Trans. R. Soc. Lond. 140,
423-429 (1850).


https://doi.org/10.1038/s41420-018-0069-y
https://doi.org/10.1001/jama.2014.3192
https://doi.org/10.1001/jama.2014.3192
https://doi.org/10.1007/s00401-016-1609-2
https://doi.org/10.1007/s00401-016-1609-2
https://doi.org/10.1517/14728214.7.1.141
https://doi.org/10.1080/14656566.2017.1328498
https://doi.org/10.15283/ijsc17029
https://doi.org/10.15283/ijsc17029
https://doi.org/10.1101/cshperspect.a017236
https://doi.org/10.1101/cshperspect.a017236
https://doi.org/10.1146/annurev-neuro-071714-034120
https://doi.org/10.1002/cne.902800108
https://doi.org/10.1002/cne.902370206
https://doi.org/10.1002/cne.902370206
https://doi.org/10.1016/j.stemcr.2018.02.010
https://doi.org/10.1016/j.stemcr.2018.02.010
https://doi.org/10.1002/cne.21912
https://doi.org/10.1002/cne.10323
https://doi.org/10.1002/cne.10323
https://doi.org/10.1016/j.exer.2015.06.019
https://doi.org/10.1016/j.exer.2015.06.019
https://doi.org/10.1146/annurev-neuro-071714-033842
https://doi.org/10.1016/j.neuron.2008.07.018
https://doi.org/10.1523/jneurosci.0564-11.2011
https://doi.org/10.1523/jneurosci.0564-11.2011
https://doi.org/10.1016/j.neuron.2011.07.006
https://doi.org/10.1016/j.neuron.2011.07.006
https://doi.org/10.1167/iovs.14-13895
https://doi.org/10.1167/iovs.14-13895
https://doi.org/10.1126/science.1069609
https://doi.org/10.1038/nature01761
https://doi.org/10.1038/nature01761
https://doi.org/10.1016/j.neuron.2015.02.017
https://doi.org/10.1523/jneurosci.0907-11.2011
https://doi.org/10.3109/07420528.2014.959526
https://doi.org/10.1002/cne.22381
https://doi.org/10.1002/neu.20041
https://doi.org/10.1002/dneu.22191
https://doi.org/10.1016/j.exer.2017.06.014
https://doi.org/10.1016/j.exer.2017.06.014
https://doi.org/10.1167/iovs.12-10791
https://doi.org/10.1523/jneurosci.5461-12.2013
https://doi.org/10.1523/jneurosci.1419-14.2015
https://doi.org/10.1523/jneurosci.1419-14.2015
https://doi.org/10.3389/fnins.2017.00235
https://doi.org/10.3389/fnins.2017.00235
https://doi.org/10.1146/annurev-neuro-060909-153248
https://doi.org/10.1146/annurev-neuro-060909-153248
https://doi.org/10.1016/j.conb.2014.05.001
https://doi.org/10.1038/nrn3680

Daniel et al. Cell Death Discovery (2018) 4:1-16

40.

42.

43.

45.

47.

48.

49.

50.

51

52.

53.

54.

Finn, J. T. et al. Evidence that Wallerian degeneration and localized axon
degeneration induced by local neurotrophin deprivation do not involve
caspases. J. Neurosci. 20, 1333-1341 (2000).

Deckwerth, T. L. & Johnson, E. M. Jr. Neurites can remain viable after
destruction of the neuronal soma by programmed cell death (apoptosis). Dev.
Biol. 165, 63-72, https.//doi.org/10.1006/dbio.1994.1234 (1994).
Dubois-Dauphin, M, Frankowski, H, Tsujimoto, Y, Huarte, J. & Martinou, J. C.
Neonatal motoneurons overexpressing the bcl-2 protooncogene in trans-
genic mice are protected from axotomy-induced cell death. Proc. Natl. Acad.
Sci. USA 91, 3309-3313 (1994).

Stoll, G, Griffin, J. W, Li, C. Y. & Trapp, B. D. Wallerian degeneration in the
peripheral nervous system: participation of both Schwann cells and macro-
phages in myelin degradation. J. Neurocytol. 18, 671-683 (1989).

Ludwin, S. K. Oligodendrocyte survival in Wallerian degeneration. Acta Neu-
ropathol. 80, 184-191 (1990).

Almasieh, M, Wilson, A. M, Morquette, B, Cueva Vargas, J. L. & DiPolo, A. The
molecular basis of retinal ganglion cell death in glaucoma. Prog. Retin. Eye. Res.
31, 152-181, https//doi.org/10.1016/jpreteyeres.2011.11.002 (2012).

Kikuchi, M, Tenneti, L. & Lipton, S. A. Role of p38 mitogen-activated protein
kinase in axotomy-induced apoptosis of rat retinal ganglion cells. J. Neurosci.
20, 5037-5044 (2000).

Sun, H. et al. Protective effect of a JNK inhibitor against retinal ganglion cell
loss induced by acute moderate ocular hypertension. Mol. Vis. 17, 864-875
(2011).

Luo, J. M. et al. PI3K/akt, JAK/STAT and MEK/ERK pathway inhibition protects
retinal ganglion cells via different mechanisms after optic nerve injury. Eur. J.
Neurosci. 26, 828-842, https.//doi.org/10.1111/}.1460-9568.2007.05718x (2007).
Goldenberg-Cohen, N, Dratviman-Storobinsky, O. Dadon Bar El, S,
Cheporko, Y, Hochhauser, E. Protective effect of Bax ablation against
cell loss in the retinal ganglion layer induced by optic nerve crush in
transgenic mice. J. Neuroophthalmol. 31, 331-338, https://doi.org/10.1097/
WNO.0b013e318227e4fb (2011).

Libby, R. T. et al. Susceptibility to neurodegeneration in a glaucoma is mod-
ified by Bax gene dosage. PLOS. Genet. 1, 17-26, doi: https//doi.org/10.1371/
journal.pgen.0010004 (2005).

Choudhury, S, Liu, Y, Clark, A. F, & Pang, I. H. Caspase-7: a critical mediator of
optic nerve injury-induced retinal ganglion cell death. Mol. Neurodegener. 10,
40, doi: https.//doi.org/10.1186/513024-015-0039-2 (2015).

Galindo-Romero, C. et al. Effect of brain-derived neurotrophic factor on mouse
axotomized retinal ganglion cells and phagocytic microglia. Invest. Ophthal-
mol. Vis. Sci. 54, 974-985, doi: https//doi.org/10.1167/iovs.12-11207 (2013).
Han, M. M, & Zhang, M. Z. [Brain-derived neurotrophic factor and repair of
retinal ganglion cells after injuryl. Zhonghua. Yan. Ke. Za. Zhi. 48, 567-571
(2012).

Yan, Q, Wang, J, Matheson, C. R, & Urich, J. L. Glial cell line-derived neuro-
trophic factor (GDNF) promotes the survival of axotomized retinal ganglion
cells in adult rats: comparison to and combination with brain-derived neu-
rotrophic factor (BDNF). J. Neurobiol. 38, 382-390 (1999).

Official journal of the Cell Death Differentiation Association

55.

56.

57.

58.

59.

60.

61.

62.

63.

65.

66.

67.

68.

69.

70.

Page 16 of 16

Harvey, A. R, Ooi, J. W, & Rodger, J. Neurotrophic factors and the regeneration
of adult retinal ganglion cell axons. Int. Rev. Neurobiol. 106, 1-33, doi: https//
doi.org/10.1016/b978-0-12-407178-0.00002-8 (2012).

Kimball, E. C. The effects of age on mitochondria, axonal transport, and axonal
degeneration after chronic IOP elevation using a murine ocular explant
model. Exp. Eye Res. 172, 78-85, doi: https//doi.org/10.1016/j.exer.2018.04.001
(2018).

Kimball, E. C. et al. A mouse ocular explant model that enables the study of
living optic nerve head events after acute and chronic intraocular pressure
elevation: Focusing on retinal ganglion cell axons and mitochondria. Exp. Eye
Res. 160, 106-115, doi: https://doi.org/10.1016/j.exer.2017.04003 (2017).
Yang, X. J, Ge, J, & Zhuo, Y. H. Role of mitochondria in the pathogenesis and
treatment of glaucoma. Chin. Med. J. 126, 4358-4365 (2013).

Chrysostomou, V, Rezania, F, Trounce, I. A, & Crowston, J. G. Oxidative stress
and mitochondrial dysfunction in glaucoma. Curr. Opin. Pharmacol. 13, 12-15,
doi: https//doi.org/10.1016/j.coph.2012.09.008 (2013).

Lin, W. J, & Kuang, H. Y. Oxidative stress induces autophagy in response to
multiple noxious stimuli in retinal ganglion cells. Autophagy 10, 1692-1701
(2014).

Ganesh, B. S, & Chintala, S. K Inhibition of reactive gliosis attenuates
excitotoxicity-mediated death of retinal ganglion cells. PLoS ONE 6, €18305,
doi: https//doi.org/10.1371/journal. 2011.0018305 (2011).

Chong, R. S. & Martin, K. R. Glial cell interactions and glaucoma. Curr. Opin.
Ophthalmol. 26, 73-77, doi: https//doi.org/10.1097/icu.0000000000000125
(2015).

Jha, P, Banda, H, Tytarenko, R, Bora, P. S, & Bora, N. S. Complement mediated
apoptosis leads to the loss of retinal ganglion cells in animal model of
glaucoma. Mol Immunol. 48, 2151-2158, doi: https.//doiorg/10.1016/j.
molimm.2011.07.012 (2011).

Stasi, K et al. Complement component 1Q (C1Q) upregulation in retina of
murine, primate, and human glaucomatous eyes. Invest. Ophthalmol. Vis. Sci.
47, 1024-1029, doi: https//doi.org/10.1167/iovs.05-0830 (2006).

Yiu, G, & He, Z. Glial inhibition of CNS axon regeneration. Nat. Rev. Neurosci, 7,
617-627, doi: https//doi.org/10.1038/nm 1956 (2006).

Vargas, M. E, & Barres, B. A. Why is Wallerian degeneration in the CNS so slow?
Annu.  Rev. Neurosci. 30, 153-179, doi: https//doi.org/10.1146/annurev.
neuro.30.051606.094354 (2007).

Wang, Y, Song, M, & Song, F. Neuronal autophagy and axon degeneration.
Cell. Mol. Life. Sci. https://doi.org/10.1007/s00018-018-2812-1 (2018).

Peterson, S. L, Nguyen, H. X, Mendez, O. A, & Anderson, A. J. Complement
protein C1g modulates neurite outgrowth in vitro and spinal cord axon
regeneration in vivo. J. Neurosci. 35, 4332-4349, doi: https//doi.org/10.1523/
jneurosci4473-12.2015 (2015).

Tomer, R, Ye, L, Hsueh, B, & Deisseroth, K. Advanced CLARITY for rapid and
high-resolution imaging of intact tissues. Nat. Protoc. 9, 1682-1697, doi:
https.//doi.org/10.1038/nprot.2014.123 (2014).

Lee, E. & Sun, W. ACT-PRESTO: Biological tissue clearing and immunolabeling
methods for volume imaging. J. Vis. Exp. https.//doi.org/10.3791/54904 (2016).


https://doi.org/10.1006/dbio.1994.1234
https://doi.org/10.1016/j.preteyeres.2011.11.002
https://doi.org/10.1111/j.1460-9568.2007.05718.x
https://doi.org/10.1097/WNO.0b013e318227e4fb
https://doi.org/10.1097/WNO.0b013e318227e4fb
https://doi.org/10.1371/journal.pgen.0010004
https://doi.org/10.1371/journal.pgen.0010004
https://doi.org/10.1186/s13024-015-0039-2
https://doi.org/10.1167/iovs.12-11207
https://doi.org/10.1016/b978-0-12-407178-0.00002-8
https://doi.org/10.1016/b978-0-12-407178-0.00002-8
https://doi.org/10.1016/j.exer.2018.04.001
https://doi.org/10.1016/j.exer.2017.04.003
https://doi.org/10.1016/j.coph.2012.09.008
https://doi.org/10.1371/journal.2011.0018305
https://doi.org/10.1097/icu.0000000000000125
https://doi.org/10.1016/j.molimm.2011.07.012
https://doi.org/10.1016/j.molimm.2011.07.012
https://doi.org/10.1167/iovs.05-0830
https://doi.org/10.1038/nrn1956
https://doi.org/10.1146/annurev.neuro.30.051606.094354
https://doi.org/10.1146/annurev.neuro.30.051606.094354
https://doi.org/10.1007/s00018-018-2812-1
https://doi.org/10.1523/jneurosci.4473-12.2015
https://doi.org/10.1523/jneurosci.4473-12.2015
https://doi.org/10.1038/nprot.2014.123
https://doi.org/10.3791/54904

	Subtype-specific response of retinal ganglion cells to optic nerve crush
	Introduction
	Results
	RGC subtype somas are differentially susceptible to ONC injury
	Alpha RGCs exhibit high vulnerability to ONC injury
	Direction selective ganglion cells undergo intermediate cell death after ONC
	Non-image forming subtype cells are more resistant to nerve injury
	Axonal degeneration is independent of the subtype of RGCs

	Discussion
	RGC subtype vulnerability and its implications
	Cell-independent degeneration of axons after injury
	Glaucoma: diagnostic, neuroprotective and regenerative strategies

	Materials and methods
	Mice
	Optic nerve crush (ONC)
	Tissue harvest (optic nerve and retina)
	Retinal flat mount
	Optical clearing of optic nerve
	C-PRESTO (Centrifugation-pressure related efficient and�stable transfer of macromolecules into organs) to�immunolabel nerves

	ACKNOWLEDGMENTS
	ACKNOWLEDGMENTS




