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Abstract
Glaucoma is a leading cause of blindness afflicting more than 70 million people worldwide. It is
characterized by damage to RGCs that ultimately leads to the death of the cells and vision loss.
The diversity of RGC subtypes has been appreciated for decades, and studies, including ours,
have shown that RGCs degenerate and die in a type-specific manner in rodent models of
glaucoma. The type-specific loss of RGCs results in differential damage to visual and non-visual
functions. One type of RGC, the intrinsically photosensitive retinal ganglion cell (ipRGC),
expressing the photopigment melanopsin, serves a broad array of non-visual responses to
light. Since its discovery, six subtypes of ipRGCs have been described, each contributing to
various image forming and non-image forming functions, such as circadian photoentrainment, the
pupillary light reflex, the photic control of mood and sleep, and visual contrast sensitivity. The
subtype-specific degeneration of ipRGCs and possible associated behavioral changes in animal
models and glaucoma patients are reviewed in Chapter 1 of this thesis (to be submitted to

Frontiers in Cellular Neuroscience).

Moreover, to examine the link between subtype-specific ipRGC survival and behavioral
deficits in glaucoma, chronic ocular hypertension (OHT) was induced in mice by laser
photocoagulation and survival of ipRGC subtypes was characterized. Specifically, | observed that
ipPRGC subtypes are differentially affected following chronic OHT. While M4 ipRGCs involved in
pattern vision, are susceptible to chronic OHT. By contrast, M1 ipRGCs projecting to the
suprachiasmatic nuclei (SCN) to regulate circadian rhythmicity, exhibit no cell loss. The cell loss
of these subtypes correlates with behavioral observations: though mice with chronic OHT
experience reduced contrast sensitivity and visual acuity, circadian re-entrainment and circadian
rhythmicity are largely not disrupted in OHT mice. These findings are described in Chapter 2
(published in Journal of Comparative Neurology). These findings provide insight into glaucoma-

induced visual behavioral deficits and their underlying mechanisms, which is useful for formulating



potential treatments of glaucoma.

Also important for glaucoma management is early intervention as glaucomatous damage
is irreversible with the current treatments. Therefore, detecting RGC damages at the earliest
stages is essential, though it continues to be a clinical challenge. Taking advantage of visible-light
optical coherence tomography fibergraphy (vis-OCTF), we were able to non-invasively track early
morphological changes of damaged RGC axon bundles in mice in vivo. Specifically, four
parameters: lateral width, axial thickness, cross-sectional area, and the shape of individual
bundles were characterized by vis-OCTF. And we found an early axon bundle swelling at 3-days
post optic nerve crush, which correlated with about 15% RGC loss, and bundle thinning at 9-days
post ONC that correlated with about 60% RGC loss. The morphological transformation of RGC
axon bundles monitored by vis-OCTF could serve as a sensitive biomarker for RGC loss, which
can be translated to clinical uses in the future. These findings are described in Chapter 3 of this
thesis (to be submitted to eLife).

Current treatments for glaucoma include drugs and surgeries that alleviate the abnormally
elevated I0P, which only slows down, but cannot stop or reverse disease progression,
emphasizing the need to better understand glaucoma pathogenesis for future drug development.
In Chapter 4 of this thesis, | provide a discussion on the pathogenesis of glaucoma. | propose that
RGC loss in glaucoma can be viewed as two separate stages: An initial axonal damage caused
by an imbalance of the translaminar pressure gradient (between intraocular pressure and the
cerebrospinal fluid pressure). And a secondary soma degeneration caused by impeded trophic
support and neuroinflammation. Moreover, | analyze how different RGC types may be
differentially affected by various mechanisms contributing to RGC death in glaucoma. For
example, the axon collaterals of M1 ipRGCs, may offer protection to these cells in glaucoma as
these collaterals do not pass the optic nerve head region and therefore are spared from
mechanical and metabolic damage with IOP elevation. Moreover, they may also provide extra
target derived trophic support to M1 ipRGCs in glaucoma, etc. With the help of single cell omic
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technologies, the protective and detrimental molecular pathways underlying type dependent RGC
damage can be characterized comprehensively, making the identification of high potential clinical

targets possible.
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Chapter 1 Introduction: Subtype dependent degeneration of intrinsically
photosensitive retinal ganglion cells in glaucoma

Introduction

Glaucoma is a group of eye diseases that affects more than 70 million people worldwide and
causes 10% of those afflicted to be bilaterally blind, making it one of the main causes of blindness
(Li et al., 2014; Quigley & Broman, 2006). The pathogenesis of glaucoma is poorly understood,
although elevated intraocular pressure (IOP) is one of the main risk factors for glaucoma. Rodent
models of glaucoma have thus been developed to mimic this aspect of glaucoma using surgical
methods or genetic tools to induce IOP elevation with differing severities and durations (Feng,
Chen, et al., 2013; Rangarajan et al., 2011; Sappington et al., 2010; Thomson et al., 2020).
Studies, including ours, have shown the gradual degeneration of retinal ganglion cells (RGCs) in
a cell type-dependent manner in mouse glaucoma models (reviewed by Ou et al., 2016 and
Puyang et al., 2015). A subclass of RGCs, the intrinsically photosensitive retinal ganglion cells
(ipPRGCs), has drawn a lot of attention for its resistance to insult and disease (Gao et al., 2022;
Cui et al., 2015). The defining feature of ipRGCs is that they express melanopsin (Provencio et
al., 1998; Provencio et al., 2000; Provencio et al., 2002). They can be classified into six types, M1
through M6, that serve a broad array of visual and non-visual responses to light (reviewed by Do,
2019). These responses include but are not limited to the photoentrainment of circadian rhythms
(Panda et al., 2002; Ruby et al., 2002), the pupillary light reflex (Lucas et al., 2003), and the acute
photic suppression of melatonin biosynthesis (Panda et al., 2003). This review is focused on the
type-specific ipRGC loss and the consequences on visual and non-visual effects of light with

glaucoma development and progression.

Rodent and Primate ipRGCs

Since their discovery, a plethora of studies have been published on ipRGCs, and we now know



that this group of cells is heterogeneous (Do, 2019). In rodents, ipRGCs specifically labeled with
melanopsin antisera have cell bodies located in both the ganglion cell layer (GCL) and inner
nuclear layer (INL), with dendrites stratifying in the OFF sublamina of the inner plexiform layer
(IPL) (Baver et al., 2008; Provencio et al., 2002). These cells were named M1 ipRGCs (M1s), and
M1s with somata located to the INL were named displaced M1 ipRGCs (dM1s) (Berson et al.,
2010; Gao et al., 2022). Retrograde tracing showed that the majority of the suprachiasmatic
nucleus (SCN)-projecting RGCs are M1s and dM1s (Baver et al., 2008). M1s can be divided
further into two populations based on expression of Brn3b, a transcription factor expressed in
RGCs (Chen et al., 2011). The Brn3b-negative M1s innervate the SCN exclusively, while the
Brn3b-positive M1s innervate other brain targets such as the olivary pretectal nucleus (OPN)
(Chen et al., 2011; Do, 2019; Hattar et al., 2002). M1s are mainly involved in the nonimage-
forming functions such as circadian photoentrainment, the pupillary light reflex, and the photic
regulation of sleep (Do, 2019; Duda et al., 2020; Lucas et al., 2003; Panda et al., 2003; Ruby et
al., 2002; Semo et al., 2014).

A second type of more faintly labeled ipRGC with dendrites stratifying in the ON sublamina
of the IPL were named M2 ipRGCs (Baver et al., 2008). Although a small percentage of SCN
innervation come from the M2s, suggesting their involvement in circadian functions, M2s also
project to the dorsal lateral geniculate nucleus (dLGN), a principal target of RGCs in the thalamus
that is important for image-forming vision (Ecker et al., 2010). M1s and M2s constitute a fraction
of the total RGC population in mouse retina exhibiting a density of about 50-70 cells/mm? (see
Tables 1 and 4) (Berson et al., 2010; Gao et al., 2022; Hughes et al., 2013; Jain et al., 2012). A
third type of ipRGCs, the M3s, (Berson et al., 2010; Ecker et al., 2010) have dendrites stratifying
in both ON and OFF sublaminae of the IPL, with somata more closely resembling those of M2s
than M1s in size and labeling intensity (Schmidt et al., 2011). However, the M3 population is
extremely sparse, representing less than 10% of ipRGCs labeled with melanopsin antisera.
Furthermore, it does not tile the retina in a regular mosaic causing some to question whether this
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population meets the criteria for a true RGC type (Sanes & Masland, 2015).

More ipRGC types were identified using a Cre-based knock-in mouse line that expresses
Cre recombinase in place of the melanopsin gene (Opn4) open reading frame (Ecker et al., 2010).
When crossed with a cre-dependent human placental alkaline phosphatase reporter mouse line,
approximately 2058 + 141 cells per retina were found to express melanopsin, a larger number
than previously described using standard immunostaining methods (See table 1). An additional
ipRGC type, the M4 ipRGC, also known as the ON alpha cell, was labeled in this line (Ecker et
al., 2010). The M4s have larger somata and dendritic arbors than the M1s, M2s, and M3s and,
like the M2s, have dendrites exclusively stratifying in the ON sublamina of the IPL. M4s express
a lower level of melanopsin (Berson et al., 2010; Estevez et al., 2012; Gao et al., 2022; Schmidt
et al., 2014; Sonoda, Okabe, et al., 2020) and show lower intrinsic photosensitivity in single-cell
electrophysiological recordings compared to M1s (Estevez et al., 2012; Hu et al.,, 2013).
Retrograde tracing confirmed that M4s projects to the superior colliculus (SC) and dLGN,
suggesting these cells are involved in image-forming vision (Cang et al., 2018; Zhao et al., 2014;
(Estevez et al., 2012). The density of M4s in the mouse retina is about 50 cells/mm?, slightly lower
than the M1 and M2s (see Tables 1 and 4).

Also labeled in Cre-based knock-in mouse lines is the M5 ipRGC type (Ecker et al., 2010;
Hughes et al., 2013; Sonoda, Okabe, et al., 2020; Stabio et al., 2018). M5s have compact and
highly branched dendrites stratifying in the ON sublamina of the IPL. They exhibit chromatic
opponency and project heavily to the dLGN and vLGN, suggesting their involvement in image-
forming vision. One last type, the M6 ipRGC, was identified in pigmented Cdh3-GFP BAC
transgenic mice (Quattrochi et al., 2019). They have bistratified dendrites and small somata
distinguishable from other ipRGCs. Like the M5s, they express a very low level of melanopsin
and project to the dLGN, suggesting they likely contribute to the image-forming vision. As methods
to selectively label these cells are limited, the density of M5s and M6s are not clear.

ipPRGCs also have been identified in other mammals such as the tree shrew (Johnson et
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al., 2019), whale (Ruzafa et al., 2022), and primates (Esquiva et al., 2017; Hannibal et al., 2017,
Liao et al., 2016; Mure et al., 2019; Nasir-Ahmad et al., 2019). Adult human eyes contain about
4000 to 7500 cells immunolabeled with the anti-melanopsin antisera (See Table 2 and Table 4).
Four types of ipRGCs have been identified based on morphological features. Two of the identified
types correlate with the murine M1 and M2 ipRGCs. However, about half of the human M1s have
their soma located to the INL instead of the GCL (Esquiva et al., 2017; Liao et al., 2016; Nasir-
Ahmad et al.,, 2019). In another study, the human M1s were subdivided into four different
subtypes: the giant M1s (GM1s) which have large somata located to the GCL and large dendritic
fields, the M1s which have smaller soma in the GCL and smaller dendrites fields than the GM1s,
and displaced versions of the M1s and GM1s (Hannibal et al., 2017). The intrinsic photosensitivity
of human M1s has also been confirmed using multielectrode array recording (Mure et al., 2019).
The human M2s are monostratified and have their highly branched dendrites terminating
in the inner border (ON sublamina) of the IPL. Their somata are located in the GCL and are
significantly larger than the M1 somata (Liao et al., 2016; Nasir-Ahmad et al., 2019). They are
less sensitive to light compared to the M1s (Mure et al., 2019). The human counterpart of mouse
M3s have bistratified dendrites and are distributed mainly in the inferior and nasal aspects of the
retina (Hannibal et al., 2017; Liao et al., 2016; Nasir-Ahmad et al., 2019). In one study, however,
M3s were found to form a regular mosaic (Esquiva et al., 2017). Finally, the human M4s, have
dendrites located in the ON sublamina of the IPL (Hannibal et al., 2017), though at a slightly
greater depth compared to the M2s, similar to that observed in the mouse retina (Estevez et al.,
2012). To date, no human M5 or M6 ipRGCs have been identified, which may be due to the
limited access to samples and inadequate sensitivity of the techniques used to label ipRGCs.
Central targets of ipRGCs have been described in macaque (Hannibal et al., 2014). Using
anterograde tracing and pituitary adenylate cyclase-activating polypeptide (PACAP)
immunostaining, Hannibal et al. (2014) found that macaque ipRGCs project to the SCN, LGN,
SC, and other brain areas. It is likely that like the mouse ipRGCs, primate ipRGCs contribute to
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both image-forming and nonimage-forming vision. More studies are needed to elucidate how each

type of primate ipRGCs contributes to the variety of functions.

Nonuniform Distribution of ipRGCs Subtypes
Studies are inconsistent on whether ipRGC distribution is uniform across the retina (Honda et al.,
2019) (Hughes et al., 2013; Quattrochi et al., 2019; Sonoda, Okabe, et al., 2020). Hughes et al.
(2013) showed that total ipRGCs (M1 to M5) labeled in the Opn4®™®";EYFP** mouse line
exhibited a uniform density, but M1 and M2 ipRGC subtypes labeled by melanopsin antisera
showed a superior-inferior gradient (see Table 3). The M4 and M5 cells exhibited the reverse
gradient, where significantly higher density was found in the inferior retina (Hughes et al., 2013).
However, we found a significantly higher density of total ipRGCs in the temporal versus the nasal
retina (p < 0.001, student’s t-test) , and in the inferior versus the superior retina (p < 0.001,
student’s t-test, unpublished data, Table 3). We also noticed a significantly higher density of
displaced M1s in the superior (p < 0.01, student’s t-test) and temporal retina (p < 0.001, student’s
t-test, unpublished data). M4 cells are also found to be more densely distributed in the temporal
than nasal retina (p < 0.001, student’s t-test) , but not in the superior retina (p = 0.08, student’s t-
test, unpublished data). Our results are in agreement with other studies that show M4s more
densely populate the superior-temporal retina in mice (Bleckert et al., 2014; Sonoda, Okabe, et
al., 2020).

The distribution of ipRGCs also varies across the retina of the tree shrew Tupaia belangeri,
a protoprimate, where ipRGCs show highest density in the ventral-temporal retina (Johnson et
al., 2019). Moreover, different ipRGC types have different spatial arrangement; while the
bistratified ipRGCs were highest in the temporal retina, the dopaminergic ipRGCs were more
uniformly distributed. In human retina, ipRGC density and dendritic morphology also differ
depending on retinal location (Hannibal et al., 2017; Nasir-Ahmad et al., 2019). While M1s show
the highest density in the temporal retina, GM1s, M2 and M4s are more densely distributed in the
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nasal retina. In fact, M2s and M4s are absent in the peripheral region of the temporal retina
(Hannibal et al., 2017). The higher density of M2 cells in the nasal retina was confirmed by
another study (Nasir-Ahmad et al., 2019).

The differential distribution of human ipRGCs may have biological significance as localized
illumination of different regions of the retina shows different effectiveness in melatonin
suppression (Glickman et al., 2003; Rlger et al., 2005). In mice, the opsin gradients in the retina
correlate with the spectral tuning of ipRGC types (Hughes et al., 2013). Alternatively, strain
differences could account for the non-uniform distribution of ipRGCs. The total number of ipRGCs
between albino Swiss and C57BL/6 mice are similar, but ipRGCs are more densely distributeed
in the temporal retina in C57BL/6, while they are more abundant in the superior retina of albino
mice (Valiente-Soriano et al., 2014). More work remains needed to characterize the spatial

distribution of ipRGCs and the attendant behavioral functions.

ipRGC Degeneration in Glaucoma

The survival of ipRGCs has been examined in various rodent glaucoma models and in glaucoma
patients, but results remain equivocal (Ahmadi et al., 2020; Ciulla et al., 2019; De Zavalia et al.,
2011; Drouyer et al., 2008; Duan et al., 2015; Feigl et al., 2011; Gao et al., 2022; Gracitelli et al.,
2014; Kankipati et al., 2011; Kelbsch et al., 2016; Kuze et al., 2017; La Morgia et al., 2010; Li et
al., 2006; Vidal-Sanz et al., 2017; Wang et al., 2013). Some studies suggest that ipRGCs suffer
less degeneration than general RGC population. For example, Li et al. (2006) induced continuous
IOP elevation for four months through laser photocoagulation of the episcleral veins of rat eyes.
They found that although the general SC-projecting RGCs suffered about a 24% cell loss, M1
ipPRGC density and dendritic architecture remained stable (Li et al.,, 2006). In our recently
published study (Gao et al., 2022), mild IOP elevation was induced for more than three months in
the mouse retina by laser photocoagulation of the trabecular meshwork. Cell loss of panRGCs
and ipRGC types was quantified at 6-8 months post-laser surgery (Gao et al., 2022). The ipRGCs
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labeled by melanopsin antisera suffered 16% cell loss, while the general population of RGCs
suffered a significantly greater 25-32% cell loss (See Table 4). Other rodent studies suggest
ipRGCs degenerate in a similar pattern and at a similar rate as the general RGC population. In
rats, short term IOP elevation was induced for about two weeks and ipRGCs were found to
degenerate substantially, similar to the general RGC population (Valiente-Soriano, Nadal-Nicolas,
et al., 2015). When IOP elevation was induced for 10 weeks by injection of chondroitin sulfate into
the anterior chamber of the eye of rats, a significant 50% reduction in melanopsin expression was
found, while the expression level of the general RGC marker Thy-1 suffered a comparable 45%
reduction (De Zavalia et al., 2011). This result, however, could be interpreted as that melanopsin
protein expression itself fluctuates following IOP elevation (Nadal-Nicolas et al., 2015; Vidal-Sanz
et al.,, 2017). Interestingly, in Thyl-CFP-DBA/2J mice, a genetic model of glaucoma with a
progressive IOP elevation starting from 2 months of age until 11 months when it plateaus, the
general RGCs suffered a 33% cell loss, while the ipRGCs (likely M1s) suffered a significantly
greater 60% cell loss at 14 months of age (Table 4) (Zhang et al., 2013).

The differences in the above findings may be due to the variability in the severity and
duration of IOP elevation induced in the different models of glaucoma. In addition, type-specific
survival of ipRGCs may contribute to the differences observed in general ipRGC survival. For
example, we showed that M4s and M2s suffered a 25% and 23% cell loss, but the density of M1s
and displaced M1s remained stable. Accordingly, we observed impacts on visual parameters such
as contrast sensitivity and acuity but no major effects on circadian photoentrainment (Gao et al.,
2022). Another study investigated the projection of RGC axons to various brain targets and found
a loss of retinal fibers afferent to the SCN in a rat model of glaucoma in which IOP elevation was
induced for four months by repeated laser treatment of the episcleral veins (Drouyer et al., 2008).
Apart from changes in ipRGC axons, the ipRGC dendrites also underwent substantial remodeling
(El-Danaf & Huberman, 2015)(Zhang et al., 2013). While variations in study design may obscure
a generalized understanding of ipRGC degeneration in the context of glaucoma, they may offer
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insights in clinical glaucoma where patients also suffered from different degrees of IOP elevation
and varied rates of deterioration of visual and non-visual functions.

The underlying pathogenesis of ipRGC loss remains to be understood. One hypothesis is
that elevated IOP can cause mechanical stress on the lamina cribrosa beneath the optic nerve
head (ONH), where the axons bundles exit the eye (Bellezza et al., 2000; Calkins, 2012; Chidlow
etal., 2011; Levin, 2001; Quigley et al., 1981; Weinreb et al., 2014). This stress leads to disruption
of axonal transport, as well as disorganization of microtubules and neurofilaments at the ONH,
causing metabolic stress for the RGCs (Burgoyne, 2011; Calkins, 2012; Howell et al., 2013).
These initial insults to axons eventually are transmitted to the somata, leading to apoptotic
degeneration of the RGC cell bodies (Howell et al., 2013; Quigley, 2016). Therefore, experimental
models that induce damage to RGC axons may share similarities with glaucoma models, even
without IOP elevation. ipRGCs have been found to survive better than general RGCs in the optic
nerve crush (ONC) and optic nerve axotomy (ONA) models. In mice, one month post-optic nerve
transection (Robinson & Madison, 2004), panRGCs labeled by Tuj1 suffered 88% cell loss while
ipRGCs (likely M1s) suffered only a 58% cell loss. Results from mouse ONC models also agreed
with the results from the rat otic nerve transection model. At 14- and 28- days post ONC, the
survival of panRGCs and ipRGCs were examined using immunostaining methods (Duan et al.,
2015). While the general RGC population suffered 80% and 90% cell loss at 14- and 28- days
post-ONC, respectively (see Table 4), M1s suffered only 30% and 60% cell loss, respectively.
The M4s demonstrated even higher survival rates than the M1s, with only 20% and 40% cell loss,
respectively. The M2s, on the other hand, were almost all absent. The same result was confirmed
in another study using single cell RNA-seq techniques (Tran et al., 2019). All ipRGCs were found
to be resistant to degeneration at 14- days post-ONC, with M4s showing the highest survival rate
among all ipRGCs (Tran et al., 2019).

Though an elevated IOP is associated with majority of glaucoma cases, some patients do
not exhibit elevated IOP (Weinreb et al., 2014; Weinreb & Tee Khaw, 2004), suggesting that
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factors other than IOP elevation contribute to glaucoma disease progression (Calkins, 2012;
Wang et al.,, 2020). Some glaucoma patients show downregulation of glutamate transporters
(Naskar et al., 2000). The GLAST KO mouse model is devoid of a transporter of aspartate and
glutamate and exhibits progressive loss of RGCs and axon bundles in the absence IOP elevation
(Honda et al., 2019). In these mice, when half of the general RGC population had degenerated,
only 10% of ipRGCs (M1s and M2s) were lost. Moreover, alpha RGCs, a group that contains M4s,
also showed excellent resistance to degeneration, suffering only a 4% cell loss.

Studies that directly address ipRGC survival in human glaucoma cases are lacking. To
date, only one group examined ipRGCs survival in human glaucoma patients and age-matched
controls (Obara et al., 2016). They found that while almost all RGCs labeled by the pan RGC
marker rbpms (Rodriguez et al., 2014) were gone in severe glaucoma patients, ipRGCs only
suffered about a 50% loss. Interestingly, while ipRGCs in the GCL suffered a substantial 88% cell
loss, no significant cell loss was found in the ipRGCs with somata in the INL, suggesting human
displaced M1s cells are more resistant to glaucomatous damage than non-displaced M1s. In
addition, mitochondrial dysfunction and retinal ganglion degeneration are observed in Leber
hereditary optic neuropathy (LHON) and Kjer type dominant optic atrophy (DOA). One study
examined the cell loss within the general RGC population and ipRGCs in post-mortem retinas
from these visually impaired patients (La Morgia et al., 2010). They found that although most
RGCs have degenerated in the three patients examined ranging from a 74% to 98% loss, only
about half of the ipRGCs were lost (see Table 4).

ipPRGC survival in glaucoma patients can also be examined indirectly. Employing a
receptor silent substitution paradigm, one study compared the electrophysiological responses of
ipPRGCs in glaucoma patients to normal subjects and found that the amplitude of ipRGC
responses of glaucoma patients was greatly reduced compared to those of the controls (Kuze et
al., 2017). As glaucomatous human retinas are difficult to acquire and study, protoprimate models
of glaucoma have been established (Burgoyne, 2015). For example, tree shrews are evolutionary
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intermediates to primates and rodents with a diurnal visual system similar to primates (Zhou et
al., 2015); (Van Hooser et al., 2013). An experimental tree shrew glaucoma model has been
developed that induces I0OP elevation through microbead injection into the eye (Samuels et al.,
2018). Three ipRGC subtypes have been identified in the tree shrew retina that share
morphological traits with the primate ipRGCs (Johnson et al., 2019). It will be of interest to
examine their survival under elevated IOP, and the findings may offer insights to how

primate/human ipRGCs respond to the insult of glaucoma.

ipRGC Related Behavioral Changes in Glaucoma

It is known that the majority of retinal afferents to the SCN, arises from M1 ipRGCs (Baver et al.,
2008), suggesting they contribute to circadian photoentrainment (Jones et al., 2015). Indeed, it
also is known that Brn3b-negative M1s are sufficient for circadian photoentrainment (Chen et al.,
2011). When ipRGCs projecting to non-SCN and non-IGL (intergeniculate leaflet) brain targets
are ablated (Rupp et al., 2019), mice retained circadian photoentrainment, while other functions,
such as the pupillary light reflex and contrast sensitivity, showed deficits. Moreover, the M1
electrophysiological profiles are tuned to transmit accurate visual signals to the SCN
(Stinchcombe et al., 2021). Therefore, M1 cell loss may lead to deficits in photoentrainment, which
has been reported in several studies using rodent glaucoma models (De Zavalia et al., 2011,
Drouyer et al., 2008). Rats with bilaterally elevated IOP showed reduced retinal fibers to the SCN
(Drouyer et al., 2008). While they retain the ability to re-entrain to shifted light-dark (LD) cycles,
the number of days required to establish a stable phase of activity was significantly longer than
the control rats. Moreover, the stability of the phase of activity onset was somewhat variable
relative to the start of the dark period (Drouyer et al., 2008). Similarly, another group found
reduced melanopsin expression and reduced ipRGC density after IOP elevation in rats that were
able to entrain to shifted LD cycle, but with a delayed phase angle of activity onset (De Zavalia et
al., 2011).
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As degeneration of ipRGCs including M1s are also observed in human glaucoma patients
(Obara et al., 2016) and in optic neuropathy (La Morgia et al., 2010), dysregulation of circadian
rhythmicity was seen in primary open angle glaucoma (POAG) patients. Higher sleep
disturbances, lower average sleep time, lower sleep efficiency and higher arousal are observed
in glaucoma patients (Gracitelli, Duque-Chica, et al., 2015; Wang et al., 2013) and the ratio of
patients with sleep disorders increases with greater visual field impairment (Ayaki et al., 2016;
Wang et al., 2013). Normally, light stimulation suppresses melatonin production, a process that
heavily relies on ipRGCs. However, in glaucomatous mice, blue light exposure is unable to reduce
pineal melatonin levels (De Zavalia et al., 2011). Decreased melatonin secretion was also seen
in human glaucoma patients (La Morgia et al., 2010; Ma et al., 2018; Yoshikawa et al., 2020).
Moreover, in advanced an glaucoma group, no significant nocturnal melatonin suppression is
apparent after bright light exposure (Pérez-Rico et al., 2010). Together these studies suggest a
possible positive correlation between M1 cell loss and non-visual deficits in glaucoma.

However, in normal tension glaucoma (NTG) patients, sleep quality as measured by the
Pittsburgh Sleep Quality Index did not differ significantly from controls (Ahmadi et al., 2020). This
difference may be caused by the severity of the disease in the subjects selected. Moreover, in
our recently published study (Gao et al., 2022), we found that mice M1ls are resistant to
degeneration after sustained mild IOP elevation generated by laser photocoagulation of the
trabecular meshwork. However, while no significant deficit in circadian re-entrainment is seen in
bilaterally lasered mice, re-entrainment is accelerated when these mice are subjected to a six-
hour phase advance of a relatively bright LD cycle. Mice subjected to a shift of a dimmer LD cycle
do not show this accelerated re-entrainment. Acceleration of re-entrainment to a shift in a bright
LD cycle reflects a change in basic underlying parameters of the circadian system in the
glaucomatous mice. The SCN is a hierarchical structure that maintains and regulates circadian
rhythmicity through the coordination of its many autonomous cellular oscillators (Antle & Silver,
2005; Paul et al., 2009; Welsh et al., 2010). The desynchrony between these cellular oscillators
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may lead to a change in the rate of circadian entrainment. For example, administration of
vasoactive intestinal peptide (VIP) before an LD cycle shift increases desynchrony among the
individual cellular oscillators resulting in a dampening of the amplitude of the composite SCN
rhythm. This reduced amplitude facilitates the perturbation of phase necessary for re-
entrainment. As such, the more dampened the amplitude, the more quickly the SCN can re-
entrain its phase to a shifted LD cycle. (An et al., 2013). Therefore, we hypothesize that reduced
or changed inputs to the SCN, either through the alteration of the direct photic input from the
retina or changes in inputs from other nuclei in the brain, may cause desynchrony between these
oscillators and alter their phase distribution, ultimately leading to the subtle changes in re-
entrainment that we observed in our surgical glaucoma model. Even though the M1 cell density
did not change in our glaucoma mice (Gao et al., 2022) , the synaptic input from them could be
reduced or even enhanced. For example, reduced ipRGC axonal inputs to SCN has been
observed in a rat glaucoma model (Drouyer et al., 2008). Arbor shrinkage (Zhang et al., 2013)
and change in dendritic complexity (El-Danaf & Huberman, 2015) have also been noticed in mice
models of glaucoma. Interestingly, in aging dystrophic rat retina, the ipRGC cell count is reduced,
although the total number of melanopsin-positive dendritic processes remains the same,
suggesting a compensatory remodeling and expansion of the ipRGC dendrites in disease (Vugler
et al., 2008). Taken together, changes in ipRGC morphology, function, and axonal projections
may exert subtle effects on the direct photic input to the SCN. In addition, the expression level of
melanopsin has been found to decrease or fluctuate in glaucoma animal models (De Zavalia et
al., 2011, Vidal-Sanz et al., 2017). This may affect circadian entrainment, as melanopsin null
animals exhibit reduced phase-shifting responses (Panda et al., 2002; Ruby et al., 2002; Wang
et al., 2022).

Glaucoma may also affect the master circadian clock through indirect pathways as the
SCN receives afferents from multiple regions in the brain (Abrahamson & Moore, 2001; Yuan et
al., 2018). Specifically, Grippo et al. (2017) found that dopaminergic neurons in the ventral

20



tegmental area (VTA) project to the SCN and their activation accelerates photoentrainment in
mice (Grippo et al., 2017). Moreover, a recently published study found that the VTA of mice
receives inputs from the preoptic area that in turn receives direct inputs from M1s (Zhang et al.,
2021), a pathway involved in the regulation of non-rapid eye movement (NREM) sleep. Therefore,
change in M1 axonal inputs within this pathway also indirectly may alter circadian rhythms in mice.
Alternatively, in our glaucoma mice model, we observe a decrease in M4 cells (Gao et al., 2022)
which project to the intergeniculate leaflet (IGL) (Ecker et al., 2010). The IGL, in turn, encodes
irradiance and sends a projection to the SCN via the geniculohypothalamic tract (Morin &
Studholme, 2014; Yuan et al., 2018). Therefore, the degeneration of M4 cells could affect the
IGL’s modulation of the retinal input to the SCN and indirectly impact its behavioral output (Hanna
et al., 2017). It is important to point out that circadian dysfunction in glaucoma patients may not
be solely due to ipRGC degeneration and altered photic input. Other factors, such as reduced
social interactions (Golombek & Rosenstein, 2010) and mood disorders (Vadnie & McClung,
2017) may also contribute to the process.

It is known that alterations in circadian rhythmicity are related to hyperactivity disorders
such as Attention-Deficit/Hyperactivity Disorder (Baird et al.,, 2011; Coogan et al., 2016).
Therefore, similar phenotypes may exist in glaucoma. In fact, a significantly higher activity-to-rest
ratio relative to controls is observed in an experimental rat model of glaucoma (De Zavalia et al.,
2011) and in a genetic mouse model of glaucoma (Zhang et al., 2013). Similarly, in glaucoma
patients, a significant increase in daily activity and wake time is observed (Lanzani et al., 2012).
Circadian dysfunction can also be at the root of mood disorders and depression (Golombek &
Rosenstein, 2010). It is becoming more appreciated that light is heavily involved in mood
regulation, a process mediated mainly through ipRGCs, through SCN-dependent and
independent pathways (An et al., 2020; Maruani & Geoffroy, 2022). The prevalence of mood
disorder and depression is significantly higher in glaucoma patients than matched controls (Ayaki
et al., 2016; Yoshikawa et al., 2020).
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ipPRGCs also are involved in other non-image-forming visual functions that are affected in
glaucoma. Brn3b-positive M1 ipRGCs project to the olivary pretectal nucleus (OPN) (Baver et al.,
2008; Ecker et al., 2010; Rupp et al., 2019), a region in the brain that controls the pupillary light
reflex (PLR), the constriction of the pupil in response to bright light stimulation. In a rat model of
unilateral glaucoma, with 50% ipRGC loss, a significant decrease in the magnitude of the
consensual pupil constriction is observed in the contralateral intact eye (De Zavalia et al., 2011).
Deficits in the PLR in human glaucoma patients have also been observed. Multiple studies have
reported a significantly reduced PLR response in POAG (Gracitelli, Duque-Chica, et al., 2015;
Kelbsch et al.,, 2016; Nissen et al., 2014), NTG (Ahmadi et al., 2020) and hereditary optic
neuropathy (Kawasaki et al., 2014) patients compared to healthy subjects. This reduction in PLR
response is more apparent after blue light stimulation compared to red light stimulation (Kelbsch
et al., 2016; Nissen et al., 2014) which is consistent with the blue light sensitivity of melanopsin,
the photopigment of ipRGCs. Although deficits in PLR are observed, it is not completely
abolished. Relative maintenance of the PLR is seen in LHON and DOA patients (La Morgia et al.,
2010). Moreover, in one patient with advanced secondary glaucoma, a pupillary response was
retained even though no cognitive perception of light remained (Zhou et al., 2014). This is no
surprise given the injury resistance of ipRGCs. Deficits in the PLR are positively correlated to the
severity of disease. While a significant difference is found in the post-illumination pupil response
between advanced glaucoma patients and early glaucoma patients, such a deficit is not apparent
between patients with early glaucoma and healthy controls (Feigl & Zele, 2014), a pattern also
observed in hereditary optic neuropathy (Kawasaki et al., 2014). Indeed, the degree of visual field
loss is linked to the half-max intensity of pupil responses (Kawasaki et al., 2014).

Though a great number of ipRGC studies focus on the non-image-forming aspects of
vision, increasing attention is being directed to the contributions of ipRGCs to image-forming
vision. M2, M4, M5 and M6 cells and a small percentage of M1 cells send their axons to the dLGN,
the principle relay for visual information to the visual cortex (Do, 2019; Quattrochi et al., 2019;
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Schmidt et al., 2014; Stabio et al., 2018). Such circuitry suggests that these types of ipRGCs
contribute to image-forming vision. Indeed, following ablation of several ipRGC types including
the M4s (Schmidt et al., 2014), contrast sensitivity is significantly reduced at various spatial
frequencies (0.05 and 0.09 c/d) to which M4s respond most strongly in isolated retina (Estevez et
al., 2012). No such deficits in contrast sensitivity are observed in mice where only a subpopulation
of M1s are knocked out (Schmidt et al., 2014), suggesting that existing M4s may contribute to
contrast sensitivity. In mice ocular hypertension models, we observed a significantly reduced M4
density which also exhibited a significant decrease in contrast sensitivity measured by the
optomotor test (Gao et al.,, 2022). Moreover, these mice demonstrate a greater reduction of
contrast sensitivity at 0.103 c/d than 0.192 c/d (Figure 4c), which correlates with M4 degeneration.
However, this does not exclude the possibility that degeneration of other non-M4 RGCs may
contribute to the change in contrast sensitivity in the OHT mice, as the general RGC population
suffered substantial cell loss (Baden et al., 2016b; Khani & Gollisch, 2017). Distinguishing the
contributions of ipRGCs and non-ipRGC ganglion cells to image-forming vision is challenging,
and currently, little is known on how image-forming visual functions mediated by ipRGCs are
affected in glaucoma patients. To address the issue, the previously mentioned “silent substitution”
paradigm has been developed (Allen et al.,, 2019) to examine the difference in melanopsin-
mediated photoresponses between healthy subjects and glaucoma patients.

In conclusion, ipRGC-mediated image-forming and non-image-forming visual behaviors
may be altered in glaucoma. A better understanding of ipRGC type-dependent degeneration and
the corresponding ipRGC-driven neural circuits that account for the behavioral changes suffered
by glaucoma patients is needed. The results will help to improving patient care and treatment as

glaucoma develops and progresses.
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Tables

Table 1. Rodent ipRGCs density

Species | Cell type Quantification method Density (cells/ | Cells per retina Source
mm?)
Mouse Total Transgene (Opn4Cre™; Z/AP) 2058 + 141 (n=4) | (Eckeretal.,
ipPRGCs 2010)
Immunohistochemistry 113+21 (n= 1194 +281 (n=9) | (Jainetal.,
9) 2012)
Transgene (Opn4.Cre*", 4415-4705 (n = 2) | (Hughes etal.,
EYFP*) 2013)
Immunohistochemistry 1021 £109 (n = (Valiente-
19) in C57BL/6 Soriano et al.,
962 + 169 (n=21) | 2014)
in albino mice
Immunohistochemistry 219.6 +3.0 (Gao et al.,
(n=16, = SEM) 2022)
*M1 Immunohistochemistry 680 and 780 (Hattar et al.,
2002)
Transgene (Opn4tauiacz) About 600 (Hattar et al.,
2002)
Transgene (Opn4tauiacz) About 750 (Hattar et al.,
2006)
M1 Immunohistochemistry 63 891 (Berson et al.,
2010)
Immunohistochemistry 920 (Hughes et al.,
2013)
Immunohistochemistry 54.4+3.1 (Gao et al.,
(n=3, +* SEM) 2022)
Brn3b- M1 Immunohistochemistry 71+22(n=4) | 749 +309 (n=4) (Jain et al.,
2012)

Displaced Immunohistochemistry 25 250 (Berson et al.,

M1 2010)
Immunohistochemistry 7.0+£0.7 (Gao et al.,

(n=16, + SEM) 2022)

M2 Immunohistochemistry 59 830 (Berson et al.,
2010)

Immunohistochemistry 827 (Hughes et al.,
2013)

*M4 Immunohistochemistry 61 850 (Berson et al.,
2010)

M4 Transgene (Opn4ce+ 856 (Schmidt et
Brainbow-1.0) al., 2014)
Immunohistochemistry
Immunohistochemistry 52.2+2.0 (Gao et al.,

(n=10, + SEM) 2022)

Rat Total Immunohistochemistry 2320 and 2590 (Hattar et al.,
ipRGCs 2002)
Displaced Immunohistochemistry 116 and 130 (Hattar et al.,
ipRGCs 2002)

*Subtype classified based on morphology or quantification method when it is not specified in original study.
AEstimated numbers from figures or calculated from other measurements in study when direct citation is not

available.

Numbers are reported as mean * SD if not otherwise stated
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Table 2. Primate ipRGCs density

Species | Cell type Quantification Density (cells/ mm?) Cells per Source
method retina
Tree Total ipRGCs | Immunohistochemistry 2899 and (Johnson et
Shrew 3272 al., 2019)
M1 Immunohistochemistry | About 10 736 and (Johnson et
954 al., 2019)
Displaced Immunohistochemistry 268 and 256 | (Johnson et
M1 al,, 2019)
M2 Immunohistochemistry 27 and 81 (Johnson et
al,, 2019)
dopaminergic | Immunohistochemistry 1868 and (Johnson et
ipRGCs 1981 al., 2019)
Macaque | Total ipRGCs | Immunohistochemistry | 20-25 in the parafovea About 3000 | (Liao et al.,
2016)
Human Total ipRGCs | Immunohistochemistry | 30-30 in central retina; 8-10 About 4400 | (Liao et al.,
in periphery 2016)
Immunohistochemistry 7520 and (Hannibal et
7046 al., 2017)
Immunohistochemistry | 4.77 4700 (Esquiva et
al., 2017)
Immunohistochemistry | 2.47 (Mure et al.,
2019)
M1 Immunohistochemistry | 0.51 £ 0.27 (n=24, = SEM) in (Esquiva et
superior nasal area al., 2017)
Immunohistochemistry | 15-18 in central retina; 10-11 (Nasir-
in periphery (n = 4) Ahmad et
al,, 2019)
Displaced Immunohistochemistry | 2.05 £ 0.47 (n=24, + SEM) in (Esquiva et
M1 superior nasal area al., 2017)
M2 Immunohistochemistry | 0.65 + 0.33 (n=24, £ SEM) in (Esquiva et
superior nasal area al., 2017)
M3 Immunohistochemistry | 0.97 + 0.44 (n=24, £ SEM) in (Esquiva et
superior nasal area al., 2017)

AEstimated numbers from figures or calculated from other measurements in study when direct citation is not

available.

Numbers are reported as mean + SD if not otherwise stated
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Table 3. Regional differences in ipRGC distribution

superior nasal area

Species Cell type Density (cells/ mm?) Source
Inferior Superior Nasal Temporal
(Ventral) (Dorsal)

Mouse Total ipRGCs | 306.6 + 14.9 275.3+19.6 (Hughes et al.,
(n=3,+ SEM) | (n=3, £+ SEM) 2013)
228.8+17.1 186.8 +23.1 198.1 + 243.7 £23.3 | unpublished
(n=12) (n=12) 13.5 (n=12) | (n=12)

M1 43.3+7.9 75.4+ 9.1 (n= (Hughes et al.,

(n=3, + SEM) | 3, =+ SEM) 2013)
Displaced M1 | 3.4+25 85+47 3.1+23 12.0+5.0 unpublished
(n=12) (n=12) (n=12) (n=12)

M2 36.9+4.1(n= | 81.7+8.8(n= (Hughes et al.,
3, + SEM) 3, + SEM) 2013)

M4 54.2 +13.0 46.7 +5.8 43.9+6.0 67.1+11.0 unpublished
(n=9) (n=9) (n=9) (n=9)

M4 and M5 ~ about 230 ~ about (Hughes et al.,
(n=3) 160(n=23) 2013)

Human Total ipRGCs | 9.6+0.3 (n= | 86+14(n= | 13.8+05 10.9+ 3.3 (n | (Hannibal et
2) 2) (n=2) =2) al., 2017)

M1 15-18 (n=4) | 15-18in Nasir-Ahmad
central retina | etal., 2019)
and 10-11in
periphery (n
= 4)

0.51 £ 0.27 (n=24, £ SEM) in (Esquiva et al.,
superior nasal area 2017)
Displaced M1 2.05+0.47 (n=24, £ SEM) in (Esquiva et al.,
superior nasal area 2017)
M2 19-20 (n= | 14-15in (Nasir-Ahmad
4) central retina | etal., 2019)
and 7-8 in
periphery (n
= 4)
0.65 +0.33 (n=24, £ SEM) in (Esquiva et al.,
superior nasal area 2017)
M3 0.97 £ 0.44 (n=24, = SEM) in (Esquiva et al.,

2017)

Numbers are reported as mean * SD if not otherwise stated
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Table 4. ipRGC degeneration in glaucoma

Species | Model Control Glaucoma ipPRGC % Total RGC Source

decrease % decrease

Mouse Experimental 219.6 +3.0 183.4+45 16.5% 32.6% (Gao et al.,
glaucoma (n=16, + SEM) | cells/y mm?6-9 | (total ipRGCs) 2022)
model months

(n=11,
SEM)
Optic nerve 66+7 cellss/mm? | “about 28 58 % at one 88 % atone | (Robinson &
transection (N=6, £ SEM) cells/mm? month month Madison,
(*M1-M3) 2004)
Transgene 48 £ 3 19+4 "60% at 14 "33% at 14 (Zhang et al.,
(Thy1-CFP- cellsimm? at 2 cells/mm? at month month 2013)
DBA/2J) month 14 month (*M1-M3)
Experimental 1059 + 79 and 629 + 254 and | 40% and 53% | *34% and (Valiente-
glaucoma 1019 + 140 478 + 248 at2 and 4 59% at at 2 Soriano,
model cells per retina cells per retina | weeks and 4 weeks | Salinas-
from 2 control at2 and 4 (M1-M3) Navarro, et
groups weeks al., 2015)
(n=7) (n=7)
Transgene n27-29 N24-26 NS 48.4% =+ (Honda et al.,
(GLAST) cells/mm? cells/mm? (*M1) 0.9% 2019)
(£ SEM)
Optic nerve ~About 30% ~About 80% | (Duan et al.,
crush and 60% at 14 | and 90% at | 2015)
and 28 days 14 and 28
post ONC days post
(M1) ONC
Experimental 544+31(n=3, | 56411 NS 32.6% (Gao et al.,
glaucoma + SEM) cells/ mm?6-9 | (M1) 2022)
model months
(n=4, £+ SEM)
Experimental 7.0+0.7 (n=16, | 6.7+ 1.0cells/ | NS 32.6% (Gao et al.,
glaucoma + SEM) mm? 6-9 (displaced M1) 2022)
model months
(n=12, + SEM)
Optic nerve ~Almost all ~About 80% | (Duan et al.,
crush gone at 14 and | and 90% at 2015)
28 days post 14 and 28
ONC days post
(M2) ONC
Experimental 52.2+2.0 38.8+27 25.7% 32.6% (Gao et al.,
glaucoma (n=10, + SEM) | cells/ mm?at (M4) 2022)
model 6-9 months
(n=10, + SEM)

Rat Experimental 1374+ 74 cells | 763 £ 146 NA4% at 10 About 40% (De Zavalia et
glaucoma per retina cells per retina | weeks at 10 weeks | al., 2011)
model (n=4, + SEM) (n=4,+SEM) | (*M1-M3)

Experimental 2178 +£169 (n= | 1082 + 324 A50% and 49% | ~44% and (Valiente-
glaucoma 6) cells per and 1108 + at 12 and 15 54% at 12 Soriano,
model retina 255 cells per days and 15 days | Nadal-
retina at 12 (M1-M2) Nicolas, et al.,
and 15 days 2015)
n=4
Experimental N25-30 NS %, 22%, (Lietal.,
glaucoma cells/mm? (*M1) 28% and 2006)
model 24% at 2,4,8
and 12
weeks

Human Leber 18,13 and 8 9,8and 7 About 50% 74%, 98% (La Morgia et

hereditary cells/mm? cells/mm? (total ipRGCs) | and 94% al., 2010)
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optic
neuropathy
(LHON) and
Kjer type
dominant optic
atrophy (DOA)
Glaucoma “About 3 Nabout 3 NS between NS between | (Obara et al.,
cells/mm? cells/mm?in control and control and 2016)
mild glaucoma | mild glaucoma | mild
and 15 ~About 50% glaucoma
cells/mm? in between ~About 99%
severe control and between
glaucoma severe control and
glaucoma severe
(total ipRGCs) | glaucoma
Glaucoma Nabout 1.4 Nabout 1.6 NS between NS between | (Obara et al.,
cells/mm? cells/mm? in control and control and 2016)
mild glaucoma | mild glaucoma | mild
and 0.8 Not significant | glaucoma
cells/mm? in between ~About 99%
severe control and between
glaucoma severe control and
glaucoma severe
(INL ipRGCs glaucoma
containing M1)
Glaucoma Aabout 1.7 Nabout 1.4 NS between NS between | (Obaraetal.,
cells/mm? cells/mm? in control and control and 2016)
mild glaucoma | mild glaucoma | mild
and 0.2 Not significant | glaucoma
cells/mm? in between ~About 99%
severe control and between
glaucoma severe control and
glaucoma severe
(GCL ipRGCs glaucoma
containing M2)

AEstimated numbers from figures or calculated from other measurements in study when direct citation is not
available.

*Subtype classified based on morphology or quantification method when it is not specified in original study.
Numbers are reported as mean + SD if not otherwise stated

NS: not significant
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Abstract

Glaucoma is a group of eye diseases characterized by retinal ganglion cell (RGC) loss and optic
nerve damage. Studies, including this study, support that RGCs degenerate and die in a type-
specific manner following the disease insult. Here we specifically examined one RGC type, the
intrinsically photosensitive retinal ganglion cell (ipRGC), and its associated functional deficits in a
mouse model of experimental glaucoma. We induced chronic ocular hypertension (OHT) by laser
photocoagulation and then characterized the survival of ipRGC subtypes. We found that ipRGCs
suffer significant loss, similar to the general RGC population, but ipRGC subtypes are differentially
affected following chronic OHT. M4 ipRGCs, which are involved in pattern vision, are susceptible
to chronic OHT. Correspondingly, mice with chronic OHT experience reduced contrast sensitivity
and visual acuity. By contrast, M1 ipRGCs, which project to the suprachiasmatic nuclei (SCN) to
regulate circadian rhythmicity, exhibit almost no cell loss following chronic OHT. Accordingly, we
observed that circadian re-entrainment and circadian rhythmicity are largely not disrupted in OHT
mice. Our study demonstrates the link between subtype-specific ipRGC survival and behavioral
deficits in glaucomatous mice. These findings provide insight into glaucoma-induced visual

behavioral deficits and their underlying mechanisms.
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Introduction
Glaucoma, characterized by retinal ganglion cell (RGC) loss and optic nerve damage, is the
leading cause of global blindness (Li et al., 2014). RGCs, which exhibit diverse morphologies and
functions (Sanes & Masland, 2015), convey photic information from the retina to processing
centers in the brain (Quigley, 2016). Studies, including ours, have shown subtype-specific RGC
loss in various models of glaucoma and optic nerve injury, yet much remains to be characterized
regarding RGC subtype-associated visual deficits and their underlying mechanisms (Chen et al.,
2015; Cui et al., 2015; Della Santina & Ou, 2017; Duan et al., 2015; Li et al., 2006; Tran et al.,
2019).

One type of RGC, the intrinsically photosensitive retinal ganglion cell (ipRGC), plays a role
in image-forming and non-image-forming photoreception (Berson et al., 2010; Panda et al., 2002).
Although all ipRGCs express the rhabdomeric-like photopigment melanopsin, six distinct
subtypes of ipRGCs, M1 through M6, have been described and characterized (Do, 2019; Duda
et al., 2020; Sondereker et al., 2020). For example, M1 ipRGCs, having dendrites that stratify in
the OFF-sublamina of the inner plexiform layer (IPL), express the highest level of melanopsin
among the subtypes and exhibit the most robust intrinsic light response (Emanuel et al., 2017).
M1 cells project primarily to the hypothalamic suprachiasmatic nuclei (SCN) (Berson et al., 2010),
mediating the effects of light on circadian regulation of physiology and behavior (Baver et al.,
2008; Berson et al., 2002; Chen et al., 2011). By contrast, the M4 ipRGCs, also known as the
sustained large ON-alpha RGCs, are weakly melanopsin-positive and project to the ventromedial
sector of the dorsolateral geniculate nucleus (dLGN), a site responsible for some aspects of
pattern vision such as contrast sensitivity (Ecker et al., 2010; Estevez et al., 2012; Schmidt et al.,
2014).

How ipRGCs are affected by glaucomatous insult remains an area of great interest.
Subtype-dependent ipRGC survival has been studied in various animal models, although the
results among different studies have been equivocal. For example, in a rat ocular hypertension
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(OHT) model, few if any melanopsin-positive ipRGCs degenerated (Li et al., 2006). However, in
mice following optic nerve crush injury, most M2 ipRGCs died, but more than 70% of M1 ipRGCs
survived (Duan et al., 2015). Furthermore, physiological deficits associated with ipRGC loss have
been examined in glaucoma patients and animal models. Glaucoma patients often suffer a higher
prevalence of sleep disorders, which may be due to the general loss of ipRGCs (Ciulla et al.,
2019; Gracitelli, Duque-Chica, et al., 2015). The pupillary light reflex, regulated by ipRGCs, was
reduced in humans with glaucoma (Gracitelli, Duque-Chica, et al., 2015). In a rat model of
experimental glaucoma, animals can synchronize their locomotor activities to the light: dark (LD)
cycle, but they require more days to entrain to a shifted LD cycle in comparison with control rats
(Drouyer et al., 2008). Yet much remains to be characterized regarding the functional changes
resulting from the subtype-specific loss of ipRGCs during glaucoma development and
progression.

In this study, the subtype-specific ipRGC loss and the attendant functional deficits in a
mouse model of experimental glaucoma were examined. Long-term ocular hypertension was
induced by laser photocoagulation and the survival of ipRGC subtypes was characterized.
Furthermore, the functional consequences on circadian rhythmicity, visual acuity, and contrast

sensitivity were analyzed.
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Materials and Methods

Laser-photocoagulation to induce chronic OHT in mice

Adult (3-14 months) male and female wild-type (WT) C57BL/6 mice were used in this study.
Ocular hypertension (OHT) was generated by laser photocoagulation of the trabecular meshwork
of the eyes in 2-3 months old mice as described previously (Chen et al., 2015; Feng, Chen, et al.,
2013). In brief, mice were anesthetized by intraperitoneal injection of 80 mg/kg ketamine
(Kataset, Zoetis; NADA #043-304) and 4 mg/kg xylazine (AnaSed, Akorn; NADA#139-236). Eyes
were dilated with topical application of 2.5% phenylephrine hydrochloride ophthalmic solution
(Akorn, NDC #17478-201-15) and 1% Tropicamide Ophthalmic solution (Akron, NDC # 17478-
102-12), and the aqueous humor was aspirated from the anterior eye by a glass micropipette
(World Precision Instruments Inc, Sarasota, FL). Laser illumination was delivered unilaterally or
bilaterally (Figure. 1) by the PASCAL Synthesis 532 system (Topcon, Oakland, NJ). Six groups
of five 200 um (diameter) laser spots with zero spacing were applied perpendicular to the corneal
limbus to circumscribe the trabecular meshwork at a laser power of 120 mW and exposure time
of 20 ms. This procedure took 10-15 minutes for each eye. A drop of VIGAMOX (Moxifloxacine
Hydrochloride Ophthalmic solution 0.5%) was applied to prevent infection, and lubricants were
applied (Puralube Vet ointment, NDC # 17033-211-38) to prevent drying and formation of a

cataract. The animals then were kept on a heating pad until fully responsive.

IOP measurement and the optomotor test
Intraocular pressure (IOP) was measured in awake mice using a Tonolab rebound tonometer
(iCare, Raleigh, NC, USA) as previously described (Feng, Chen, et al., 2013; Thomson et al.,
2020). In brief, each mouse was placed into a soft plastic cone holder and restrained on a
platform. Averages from three sets of measurements per eye were recorded. All IOP
measurements were obtained under ambient lighting between 10:00 AM and 1:30 PM.

Both visual acuity and contrast sensitivity were assessed by the optomotor test
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(Rangarajan et al., 2011; Thomson et al., 2020) (PhenoSysqOMR, PhenoSys GmbH, Berlin,
Germany). In the optomotor test, the freely-moving animal was placed on a stationary round
platform in the middle of four LCD monitors (Thomson et al., 2020). After 1-3 minutes of adaptation
with a gray screen, a sine wave grating will be made to move across all 4 monitors. The animal
was presented with moving gratings which were alternating clockwise and counter-clockwise for
10 seconds in each direction with varied spatial frequencies from 0.05 to 0.50 cycles/degree (c/d).
The movement of the animal’s head in-concert with the drifting grating was scored as “seen”; the
highest spatial frequency “seen” was defined as the animal’s visual acuity. The two eyes of
individual mice were examined separately by reversing the drifting grating direction (i.e., a
clockwise drifting grating was used to identify the visual function of the left eye, and a
counterclockwise drifting grating for the right eye (Douglas et al., 2005; Feng, Zhao, et al., 2013).
Contrast sensitivity was measured at two preselected frequencies: 0.103 and 0.192 c/d, each with
contrasts from 1 to 0.1, defined as the Michelson contrast from the screen’s luminance (maximum
— minimum)/(maximum + minimum). The contrast threshold for each eye is defined as the lowest
contrast that elicits responses at the pre-fixed frequency, and contrast sensitivity is the reciprocal

of the threshold (Prusky et al., 2004).

Immunohistochemistry and confocal imaging

Mice were euthanized with 600 mg/kg euthasol (Euthasol, Virbac ANADA, # 200-071) and
perfused with 4% paraformaldehyde (PFA) (ChemCruz, sc-281692). Eye cups were dissected,
post-fixed in PFA for 30 minutes, washed with phosphate buffered saline containing Triton-X
detergent (PBST, 0.5% Triton X-100), and then blocked for 1 hour in blocking buffer (1% BSA
and 10% normal donkey serum, 0.5% Triton X-100 (Sigma-Aldrich, St. Louis, MO, USA). Primary
antibodies, diluted using blocking buffer, included a rabbit polyclonal anti-melanopsin (1:2000)
(Panda et al., 2002), mouse anti-SMI-32 (Biolegend, 801702/01, 1:250, RRID: AB_2715852),
mouse anti-Brn3a (Millipore, MAB1585, 1:125, RRID: AB_94166) and rabbit anti-rbopms (Abcam,
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ab194213, 1:500). Secondary antibodies, including donkey anti-mouse immunoglobulin G
conjugated to Alexa Fluor 594 dye (Invitrogen A-21203, RRID: AB_141633), donkey anti-mouse
immunoglobulin G conjugated to Alexa Fluor 647 dye (Invitrogen A-31571, RRID: AB_162542)
and donkey anti-rabbit immunoglobulin G conjugated to Alexa Fluor 488 dye (Invitrogen A-21206,
RRID: AB_2535792), were also diluted at 1:1000 in blocking buffer and incubated overnight at
4°C. After immunostaining, retinas were flat-mounted and cut into four quadrants: temporal, nasal,
inferior and superior. For cryosection, fixed eye cups were cryoprotected overnight in 30%
sucrose solution and embedded in OCT medium (Sakura Finetek, Torrance, CA, USA). Blocks
were sectioned by cryostat at 15-20 ym and counterstained with DAPI (Vectashield H-1200,
Vector Laboratories, Inc. Burlingame, CA, USA).

Confocal images were taken using a Zeiss LSM800 confocal microscope (Zeiss,
Thornwood, NY). For flat-mounted retinas, Z-stack images covering the depth of the retina from
the inner nuclear layer (INL) to the ganglion cell layer (GCL; approximately 50-80 um) were
acquired. Lower magnification (5x) pictures were captured for each leaflet of the retina using the
tiling/stitch function in Zen (Zen 3.2; Oberkochen, Germany, http://www.zeiss.com/microscopy
/en_us/products/microscope-software/zen.html#introduction, RRID: SCR_013672). For cell
counting, individual images were captured at 20x, covering an area of 0.102 mm?. To distinguish
the M1 cells in the GCL from the displaced M1s in the INL, individual z-stack images covering an
area of 0.0255 mm? were taken using a 40x water immersion objective. 3-D reconstruction and
vertical view images were done and acquired by Imaris (Imaris 9.6, Bitplane Inc. Concord, MA,

http://www.bitplane.com/imaris/imaris, RRID: SCR_007370).

Antibody characterization

Primary antibodies are listed in Table 1. The primary polyclonal antiserum (UF006) to melanopsin
was raised in rabbit against a synthetic peptide consisting of the 15 N-terminal amino acids of
mouse melanopsin (Genbank accession NP_038915) conjugated to keyhole limpet hemocyanin
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(KLH). Specificity of this antiserum has been confirmed in control studies showing a dose-
dependent loss of immunoreactivity by pre-absorption with the immunogen and by the lack of
immunoreactivity in the retinas of melanopsin-null mice (Panda et al., 2002). The lack of
immunoreactivity in melanopsin knockout mice was confirmed using the immunoperoxidase
method (Panda et al., 2002). We also validated the antibody using the Opn4°*®'® mice (Ecker et
al.,, 2010) crossed with a Synaptophysin-tdTomato cre reporter line, Ai34(RCL-Syp/tdT)-D
(PubMed ID: J:170755). We found some of tdTomato+ cells are strongly SMI-32 positive and
weakly melanopsin positive (data not shown), confirming their identity as M4 cells.

The mouse anti-Brn3a antibody (Millipore, #MAB1585, RRID: AB_94166) was generated
against amino acids 186-224 of Brn-3a fused to the T7 gene 10 protein. According to the
manufacturer, it does not recognize either Brn3b or Brn3c, nor stains tissues of Brn-3a knockout
mice. This antibody labels RGCs in mouse retina (Voinescu et al., 2009), as seen in this study.
We also co-labeled Brn3a with rbpms, another general RGC marker, and found that all Brn3a-
positive cells were rbpms-positive (Figure 3a).

The mouse anti-SMI-32 antibody (Biolegend, #801702, RRID: AB_2715852) specifically
recognizes a 200 kD non-phosphorylated epitope in neurofilament H, tested in various
mammalian species. Specifically, in retina it labels some retinal ganglion cell bodies, dendrites
and axons (Feng, Zhao, et al., 2013).

The rabbit anti-rbpms antibody (Abcam, ab194213) was generated against a synthetic
peptide within rat ropms (N-terminal) conjugated to KLH. In western blots, the rbpms antibody
detects the expected 22 kDa band from rat heart lysate (manufacturer’s specification). In mouse

retina, it specifically labels RGCs (Thomson et al., 2020).

Cell guantification
For general RGC and ipRGC cell counting, mouse retinas were immunostained with anti-rbpms,
anti-Brn3a, or anti-melanopsin antibodies. For each retina, at least 24 en face z-stack images
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covering the depth from the GCL to the INL were captured (roughly 50-80 um of total depth). Six
images were acquired for each quadrant to ensure broad coverage of the entire retina (Fig. 1A).
A rectangle covering no less than 0.025mm? area was randomly drawn on the images and Brn3a-
, rbpms-, or melanopsin-positive cells within the rectangle were manually counted in Zen (Zen
3.2; Oberkochen, Germany).

To quantify M4 cells, mouse retinas were double immunostained with anti-SMI-32 and
anti-melanopsin antibodies. Images were acquired as described above, and cells were classified
as M4 when they met the following three criteria: 1) a cell soma size larger than 200 um?2) faintly
positive label for melanopsin, and 3) strongly positive label for SMI-32.

M1 in the GCL and displaced M1 cells in the INL were counted by taking images at the
focal plane of the GCL and INL, respectively. For each retina, a total of 36 en face z-stack images
were taken, with six images for each quadrant. Three-dimensional reconstruction was done using
Imaris software (Imaris 9.6, Bitplane Inc. Concord, MA) and melanopsin-positive cells with
dendrites reaching only the off sub-lamina of the IPL were counted as M1 cells. Although M6
ipPRGCS also have dendrites reaching the off sub-lamina of the IPL, they are rarely labeled by
immunofluorescence, even with amplification, and therefore are unlikely be misidentified as M1
(Quattrochi et al., 2019). Similarly, cells with at least one dendrite terminating in the on sub-lamina
of IPL, potentially M3 cells, were not included. Cell density for each retina was calculated using

the total number of cells counted divided by the total area.

Circadian behavioral analysis

Animals were housed in individual cages with running wheels in light tight boxes under a 12 hour
light:dark (LD) schedule. Fluorescent lights (100 uW/cm?) were used for illumination, and food
and water were provided ad libitum. Wheel running was monitored and analyzed with the

ClockLab collection and analysis software suite (Actimetrics, Wilmette, IL). After at least 14 days
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of entrainment to the LD cycle, the dark period was advanced by 6 hours and wheel running was
monitored for the following 15 days. The duration of re-entrainment was defined as the number
of days required to shift activity onset by 6 hours followed by two consecutive days of activity
onset or offset within this range. Activity onset was determined by the ClockLab software and
adjusted manually to avoid masking effect. Entrainment was scored manually by a blind observer.

Circadian phase shifting using low intensity light was performed in a similar manner,
except during the 12-hour light period, the intensity of the fluorescent source was adjusted to 1.5
uW/cm? by wrapping the fluorescent light bulbs with layers of pliable, semitranslucent neutral
density filters.

Animals were also exposed to constant darkness (DD), and the free-running period was
calculated according to the onset of activity across at least 10 days in constant darkness. The
circadian period was calculated by 24 hours minus the slope of the least square fitted line of the
onsets.

All results were expressed as the mean £ SEM. Non-parametric Mann-Whitney tests were
performed to compare two groups of samples. All animal procedures were approved by the
Institutional Animal Care and Use Committee at University of Virginia and conformed to the

guidelines on Use of Animals from the National Institute of Health (NIH).

Results

The general RGC population suffers a significant loss following chronic ocular
hypertension.

We performed laser photocoagulation in adult C57BL/6 mice to induce OHT as described
previously (Feng, Chen, et al., 2013; Feng, Zhao, et al., 2013)(Figure 1). For unilaterally lasered
mice, the right eye was lasered and the left untreated eye of the same mouse was used as a
control (Figure 1a). We also generated bilaterally lasered mice in order to induce chronic OHT in

both eyes for circadian behavioral tests (Figure 1b). We tracked the intraocular pressures (IOP)
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every 2 weeks for the first two months and then every month up to one year, and simultaneously
tracked visual acuity of each eye. The unilaterally lasered mice with treated eyes that exhibited
consistently elevated IOP for more than three months and showed declining visual acuity were
used for cell quantification (Figure 1a), while bilaterally lasered mice were used for circadian
behavioral tests (Figure 1b).

The changes in IOP and visual acuity were tracked over time (Figure 2). For the first 3
months post-laser photocoagulation, the IOP of the lasered eye was elevated more than 25%
than that of the control eye (Figure 2a). Three months post-laser photocoagulation, the I0P of
the lasered eye of the unilaterally lasered mice was elevated to 19.15 + 0.84 mmHg (n=7),
significantly higher than that of the non-lasered control eyes (15.31+ 0.29 mmHg, n=7, p<0.01,
Mann-Whitney test, Figure 2a). The IOP of the lasered eye gradually dropped and was not
significantly different from the control eyes by eight months post-laser surgery (controls: 14.6£0.5
mmHg, n=4; OHT: 18.2+ 3.7 mmHg, n=6, p=0.2, Mann-Whitney test). The IOP was also elevated
in each eye of the bilaterally lasered mice for more than three months (left panel, Figure 2b) and
eventually dropped at eight months post-laser photocoagulation (left eye OHT: 15.94+1.18
mmHg, right eye OHT: 15.77+1.54 mmHg, p=0.87, Mann-Whitney test, Figure 2b).

Chronic IOP elevation induced a continuous decrease in visual acuity (Figure 2a). The
acuity of the OHT eyes dropped from 0.35+0.02 c¢/d (n=11) to 0.28+0.02 c/d (n=6) at eight months
post-laser photocoagulation. At the same time, the control eyes’ acuity remained within normal
range at 0.39+0.01 c/d (n=4) eight months post-laser surgery, significantly higher than the OHT
eyes’ (p=0.01, Mann-Whitney test) (Chen et al., 2015; Douglas et al., 2005; Feng, Chen, et al.,

2013; Prusky et al., 2004).

Next, RGC loss following chronic IOP elevation was quantified. The general RGC
population was immunolabeled using antibodies to Brn3a (Xiang et al., 1995) and rbpms
(Rodriguez et al., 2014). Previous studies suggested that rbpms is expressed exclusively in most
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if not all RGCs, while Brn3a is expressed in some RGCs (Feng, Zhao, et al., 2013; Pan, Yang,
Feng, & Gan, 2005; Rodriguez et al., 2014). We confirmed the labeling pattern in wild type mice
(Figure 3a). It was estimated that about 59% of the cells in the GCL are displaced amacrines and
41% are RGCs (Jeon et al., 1998). Indeed, we found that about 48.2% of all cells in the GCL
were rbpms-positive RGCs; in addition, all Brn3a-positive cells were rbpms-positive, while about
87% of rbpms-positive cells were Brn3a-positive (Figrue 3a). At six months post-laser
photocoagulation, the densities of Brn3a-positive cells were quantified and compared between
OHT and control eyes (Figure 3b, ¢). We found that Brn3a-positive RGC density was significantly
reduced by 25.6% in OHT eyes compared to controls (controls: 3859.7+156.8 /mm?, n=5; OHT:
2871.7+94.4 /mm?, n=3, p=0.04, Mann-Whitney test). At 8-months post-laser photocoagulation,
rbpms-positive RGC density was also significantly reduced by 32.6% in OHT eyes compared to
the controls (controls: 3942.5+100.4 /mm?, n=3; OHT: 2658.1+216.0 /mm?, n=4, p=0.03, Mann-
Whitney test) (Figure 3d, €). Together our results showed that 6 to 8 months of chronic I0P
elevation induced approximately 25-33% RGC loss, consistent with our previous findings (Chen

et al., 2015; Feng, Chen, et al., 2013).

Significant loss of ipRGCs occurs following chronic ocular hypertension.

Previously studies, including ours, showed that the RGC degeneration is cell type-specific (Duan
et al., 2015; Feng, Zhao, et al., 2013). For instance, ipRGCs have been shown to be relatively
resistant to chronic OHT or acute optic nerve damage (Duan et al., 2015; Li et al., 2006).
Therefore, we next examined whether ipRGC survival differs from survival of the general RGC
population in our chronic model of ocular hypertension. Melanopsin antisera was used to label
the majority of ipRGCs, M1 through M4, and possibly some weakly melanopsin-positive M5 and
M6 (Figure 3f, g) (Quattrochi et al., 2019). We have included all cells immunolabeled with the

anti-melanopsin antisera in the GCL and the INL for general ipRGC quantification. Surprisingly,
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at 8 to 9 months post-laser surgery, we observed a 16.5% reduction in the total ipRGC population
in the OHT eyes compared to the control eyes (controls: 219.6+3.0 /mm?, n=16; OHT: 183.4+4.5
/mm?, n=11, p<0.001, Mann-Whitney test) (Figure 3f, h). We conclude that, like the general RGC
population, the ipRGC population also suffers significant degeneration following the chronic
hypertension insult, albeit to a lesser extent. Because the ipRGCs are not a homogeneous group
and can be further classified into several subtypes, from M1 to M6, each with distinct morphology
and function (Do, 2019), we next examined how different ipRGC subtypes survive in the context

of chronic OHT.

M4 ipRGCs are susceptible to chronic IOP elevation.

Combining immunohistochemistry and three-dimensional reconstruction of ipRGC morphology,
we characterized and quantified several ipRGC subtypes. To identify the M4 ipRGCs, we double-
stained retinas with antibodies against melanopsin and the SMI-32 neurofilament epitope (Figure
4a). We compared the survival rate of M4 ipRGCs at eight to nine months post-laser
photocoagulation. We found that M4 ipRGCs were significantly reduced by 25.7% (controls:
52.2+2.0 /mm?, n=10; OHT: 38.8+2.7 /mm?, n= 10, p<0.01, Mann-Whitney test) (Figure 4b),
similar to the general ipRGC population.

Because M4 ipRGCs are thought to be involved in image-forming vision, especially in
contrast sensitivity (Schmidt et al., 2014), we tested the contrast sensitivity of the OHT eyes at
the spatial frequencies of 0.103 and 0.192 c/d. We found that the contrast sensitivities were
significantly reduced (0.192: p<0.01, and 0.103: p<0.001 in Mann-Whitney test) in OHT eyes
compared to control eyes (Figure 4c). At 0.103 c/d, the average contrast sensitivity for control
eyes was 6.09+0.56, while for the OHT eyes it was 3.15+0.20 (n=12 in each group). At 0.192 c/d,
the average contrast sensitivity for the control eyes was 5.50 + 0.35, while in the OHT eyes it was

only 3.63+0.31. This reduction in contrast sensitivity is consistent with the significant loss of
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general RGCs and M4 ipRGC:s.

M1 ipRGCs are resistant to chronic IOP elevation.

Based on 3-D reconstruction of confocal z-stack images of ipRGCs, we identified common M1
ipPRGCs with dendrites reaching the OFF sub-lamina of the IPL (Figure 5a). A small group of M1
cells also have perikarya located in the INL and thus are called displaced M1 ipRGCs (Figure 5b)
(Berson et al., 2010; Duda et al., 2020; Ecker et al., 2010). We quantified the common M1 ipRGCs
with cell bodies in the GCL and the displaced ipRGCs separately. Interestingly, we found that the
density of M1 ipRGCs in the GCL did not change significantly at 8 months post-IOP elevation
compared to controls (controls: 54.4+3.1 /mm?, n=3; OHT: 56.4+1.1 /mm?, n=4 p=0.86, Mann-
Whitney test) (Figure 5c¢). Similarly, we found no significant change in the density of displaced
M1 ipRGCs (OHT: 6.7+1 /mm?, n=12; controls: 7.0+0.7 /mm?, n=16, p=0.66, Mann-Whitney test)
(Figure 5d). Taken together, the M1 ipRGC population suffered little, if any, cell loss following

chronic ocular hypertension.

Circadian re-entrainment and circadian rhythmicity remain largely intact in OHT mice.

Given that M1 ipRGCs are known to innervate the master circadian clock in the hypothalamic
suprachiasmatic nucleus (SCN) (Baver et al., 2008; Chen et al., 2011; Hattar et al., 2002; Jain et
al.,, 2012), and M1 ipRGCs are preferentially spared from damage in OHT mice, we tested the
hypothesis that the circadian behaviors may remain largely unaffected in glaucomatous mice. We
performed bilateral laser photocoagulation on both eyes of C57BL/6 mice, and then tracked the
IOP, visual acuity, and contrast sensitivity for up to one year. Mice that showed sustained IOP
elevation for more than three months for both eyes (Figure 2b) were used for circadian studies.

Out of more than 40 mice upon which we performed bilateral laser surgeries, six met this criterion
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for circadian testing (Figure 1b).

At seven months post-laser photocoagulation, six bilaterally lasered mice and six age-
matched control mice were transferred to individual cages equipped with running wheels and
maintained in a 12-hour light:dark (LD) schedule. The mice were allowed to adapt for 10 days in
the running wheel cages. We observed clear onsets of activity immediately after lights-off in both
control and bilaterally lasered mice (Figure 6a). We then advanced the dark phase of the LD
cycle by six hours and monitored the wheel running behavior for 15 days. The entrainment was
scored by a blind observer where re-entrainment was quantified as the number of days required
to achieve a stable phase of entrainment to the advanced light cycle followed by two consecutive
days of similar phase. Surprisingly, we found that the bilaterally lasered mice entrained
significantly faster than control mice (controls: 8.8+0.5 days, n=6; OHT: 6.7+0.7 days, n=6,
p=0.049, Mann-Whitney test) (Figure 6a, b). To confirm this result, we performed another round
of phase advance and found similar results (controls: 7.5+£0.4 days, n=6; OHT: 5.8+0.5 days, n=6,
p=0.04, Mann-Whitney test).To test whether sensitivity of photoentrainment was altered, we
performed a shift where the light intensity was reduced 60-fold from 100 yW/cm? to 1.5 yW/cm?
(Figure 6¢). We found no significant difference in the number of days required for re-entrainment
between control and the bilaterally lasered mice (controls: 8.8+0.5 days, n=6; OHT: 7.8+0.7 days,
n=6, p=0.22, Mann-Whitney test) (Figure 6d).

We next tested whether the difference observed in re-entrainment rate is caused by a
difference in circadian periods. The same animals were maintained under constant darkness for
at least 2 weeks and the stable free-running period was calculated across at least 10 days for
each mouse (Figure 6e). We found no significant difference in circadian period between the
control and bilaterally lasered mice (controls: 23.6+0.02 hours, n=6; OHT: 23.6+0.02 hours, n=6,
p=0.81, Mann-Whitney test) (Figure 6f).

After the circadian experiments (about 11 months post-laser surgery), we examined the
visual acuity (Figure 7a) and contrast sensitivity (Figure 7b) of the experimental and control
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animals. The OHT mice exhibited a significantly reduced contrast sensitivity: At 0.103 c/d, the
contrast sensitivity of OHT mice (n=12 eyes) was 3.06+0.18, and that of controls (n=12 eyes) was
5.56+0.49 (p<0.001, Mann-Whitney test). At 0.192 c/d, the contrast sensitivity of OHT mice (n=12
eyes) was 3.28+0.18, and that of controls (n=12 eyes) was 5.53+0.69 (p<0.001, Mann-Whitney
test). Similarly, the visual acuity of OHT mice was significantly reduced compared to controls,
which remained high (controls: 0.36 c/d, n=12; OHT: 0.28+0.01 c/d, n=12; p<0.001, Mann-
Whitney test).

Finally, we analyzed the overall morphology of the retinas (Figure 7c). The laminar
structure was largely normal in OHT eyes. As expected, we observed a decrease in RGC density
as determined by rbpms labeling in the OHT retina (Figure 7d). We quantified two OHT retinas
and the overall density of the rbpms-positive cells in the OHT eyes was approximately 1674
cells/mm? at twelve months post laser photocoagulation, a 54.8% reduction compared to the
control retina (3700 cells/mm?, n=1). Similarly, the density of melanopsin-positive ipRGCs was
also reduced (Figure 7e) to 182.5 cellss/mm? (n=2), 13.5% lower than the control retina (211

cells/mm?, n=1).

45



Discussion

Characterization of general RGC population and ipRGC subtypes

Rbpms is a general RGC marker that is expressed by most, if not all, RGCs in mouse retina
(Rodriguez et al., 2014). We found that the anti-rbpms antibody labeled about half of all cells in
the GCL, s previously reported (Jeon et al., 1998). The other general RGC marker we used in this
study, Brn3a, is present in 87% of all rbopms-positive RGCs (Figure 3a). We further assessed the
general ipRGC population identified by the melanopsin antibody, which immunolabeled M1
through M4 (and possibly some M5) (Quattrochi et al., 2019; Stabio et al., 2018). We calculated
a density of 219.6 cells/mm?, which can be extrapolated to about 2800 cells per retina. This
number agrees with a previous report of an estimated 2600 ipRGCs (Berson et al., 2010).

A total of six different ipRGC subtypes have been characterized, each with distinct
morphology, physiology, and functions (Do, 2019; Duda et al., 2020). In the control retina, we
calculated a density of 52.2 cells/mm? of M4 cells by anti-SMI32 and anti-melanopsin antibodies.
In one study by Schmidt and colleagues (Schmidt et al., 2014), an average of 571.6 total M4 cells
were found in mouse retinas, which translates to about 45 cells/mm?. Similar results were
confirmed by another study where a total of 529 M4 cells were observed (Sonoda, Li, et al., 2020).
We further classified displaced M1 cells by their specific dendritic lamination in the OFF sublamina
of the IPL, similar to the M1 ipRGCs with perikarya in the GCL. We have calculated densities of
54.4 cells/mm? and 6.7 cellss/mm? for M1 cells and displaced M1 cells, respectively. The total
number of M1 cells is 54.4+6.7 = 61.1 cells/ mm?, which agrees with the previous finding by
Berson and colleagues that the density of the total M1 cells was 63 cellss/mm? (Berson et al.,
2010). Together, our data show that these markers can assess accurately the general RGC
population and ipRGC subtypes, thus enabling us to further examine their survivals in mice with

chronic ocular hypertension.
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Subtype-dependent ipRGC degeneration in OHT mice
Glaucoma is characterized by progressive RGC cell degeneration and death (Chen et al., 2015;
Feng, Chen, et al., 2013; Quigley, 2016). We observed a 25.6% cell loss of Brn3a-positive RGCs
and a 32.6% reduction in rbopms-positive RGC density 6 to 8 months post-laser photocoagulation.
Many studies have shown that ipRGCs are resistant to various disease insults (Chen et al., 2014;
Duan et al., 2015; Tran et al., 2019). For example, in a chronic OHT model in rats, no substantial
ipPRGCs loss or change in dendritic arbor structure could be found after 3 months of sustained
elevation of IOP, while a significant number of superior colliculus projecting RGCs degenerated
(Li et al., 2006). In a mouse optic nerve crush model, ipRGCs also have been found to
preferentially survive relative to other RGC types (Duan et al., 2015; Tran et al., 2019). Our results
show that with chronic IOP elevation the general ipRGCs (all M1-M4, possibly some M5 and M6)
density was reduced 16.5%, which is less than the 30% loss of the general RGC population.
The survival of ipRGCs may not be uniform among different subtypes. At 14 days post-
optic nerve crush injury, only a small number of M2 cells survived, but over 70% of M1 cells and
over 80% of alpha RGCs labeled in a Kcng4-YFP transgenic line, including the M4 ipRGCs,
survived (Duan et al., 2015). At 60-days post optic nerve transection in rats, M1 cells comprised
about 80% of all surviving RGCs (De Sevilla Miiller et al., 2014). We also found no significant loss
in M1 cells and displaced M1 cells in OHT mice, however, M4 cells suffered 25.7% loss. Other
ipPRGC subtypes, including M2s and possibly some M5 and M6s, also suffered about 23% cell
loss (tablel). This inconsistency may be explained by the different methods applied for RGC
subtype categorization, as well as the differential survival of each subtype in different animal
models. For example, Tran et al (2019) quantified RGCs from single cell samples dissociated
from whole retinas, which provides a comprehensive profile of RGC survival, but may also cause
disproportionate representation of RGC types (Tran et al., 2019). Additionally, optic nerve crush
injury or transection is an acute model of RGC damage, analyzed within a couple weeks of crush,
while chronic OHT induces slow and progressive RGC loss over months. Therefore, RGCs may
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respond differently to different types of disease insult (McKinnon et al., 2009).
Interestingly, melanopsin overexpression in RGCs promoted axonal regeneration by activating
the mammalian target of rapamycin (nNTOR) pathway (Li et al., 2016). Taken together, we found
that ipRGCs survived well with chronic OHT and this survival is subtype dependent. More work is
needed to better understand the underlying molecular mechanisms of protection, degeneration,
and regeneration which, in turn, will offer insights to develop neuroprotective treatments of

glaucoma.

Behavioral consequences of chronic OHT on circadian entrainments and visual acuity

As discussed, ipRGCs are involved in a broad range of image forming and non-image forming
functions (Do, 2019; Duda et al., 2020; Lucas et al., 2020). Thus, we further investigated how the
subtype-specific loss of ipRGCs affects visual behaviors in mice suffering chronic OHT insult. It
has been shown that M4 cells project to dLGN (Estevez et al., 2012) and contribute to contrast
sensitivity aspects of image forming vision with and without rods/cones inputs (Ecker et al., 2010;
Schmidt et al., 2014; Sonoda, Li, et al., 2020).

Specifically, following ablation of several ipRGC subtypes including the M4s, contrast
sensitivity was significantly reduced at various spatial frequencies (Schmidt et al., 2014). The
authors also observed that spatial frequencies at which significant deficits were found in these
mice matched the spatial frequencies (0.05 and 0.09 c/d) to which M4s respond most strongly in
isolated retina (Estevez et al., 2012), suggesting that M4s could contribute to contrast sensitivity.
In the current study, we found a significant decrease in contrast sensitivity, which is also correlated
with the significant loss of M4 cells in OHT eyes. Similarly, we also observed that our OHT mice
exhibited greater reduction of contrast sensitivity at 0.103 c/d than 0.192 c/d (Figure 4c). Yet we
cannot exclude that degeneration of other non-M4 RGCs may contribute to the change in contrast

sensitivity in the OHT mice (Baden et al., 2016a; Khani & Gollisch, 2017). M1 cells, on the other
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hand, project to the suprachiasmatic nucleus (SCN), the master clock that regulates circadian
photoentrainment, a non-image forming function (Baver et al., 2008; Do, 2019; Vadnie &
McClung, 2017). With little M1 loss under chronic OHT, we found no delay in circadian re-
entrainment between non-ocular hypertensive controls and OHT mice.

Note that when mice were subjected to a phase advance of a relatively bright LD cycle,
the OHT mice established a stable phase of entrainment significantly faster than the age-matched
controls. In a similar study using a rat OHT model, the authors found the opposite result where it
took significantly more time for the OHT rat to re-entrain after phase advance (Drouyer et al.,
2008). They also observed a significant reduction in RGC terminals in the SCN. These differences
could be attributed to the intensity and duration of IOP elevation which may induce a different
severity of RGC cell death. For example, IOP had been doubled for over 4 months in the rat
glaucoma model, which led to a 50-70% reduction of RGC axon terminals in a majority of visual
and non-visual centers in the brain (Drouyer et al., 2008). By contrast, our mouse model exhibited
a mild 10P elevation (about 20-30% increase) for a longer duration (from 3 months to up to a
year).

The accelerated re-entrainment observed in mice with elevated IOP relative to
normotensive controls was unexpected. We hypothesize that even a slight reduction of the direct
photic input into the hypothalamus may cause an increase in the desynchrony among the cellular
oscillators of the SCN. Such desynchrony speeds circadian entrainment in response to a shifted
LD cycle. For example, the administration of vasoactive intestinal peptide (VIP) induces
desynchrony or “phase tumbling” among SCN oscillator cells. If VIP is given prior to a shift in the
LD cycle, the number of days required to re-entrain is halved compared to mice receiving vehicle
injections (An et al., 2013). Although we did not observe a reduction in M1 cells in our bilaterally
lasered mice, it remains possible that the synaptic input from M1 cells to the SCN was damaged
under prolonged elevated IOP. In addition, the expression level of melanopsin as well as
melanopsin activity could also affect re-entrainment rates. Melanopsin knockout mice exhibit
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reduced phase-shifting responses (Panda et al., 2002). The lack of C-terminal phosphorylation
sites of the melanopsin molecue may also lead to faster re-entrainment (Somasundaram et al.,
2017). Alternatively, we observed a decrease in M4 cells which project to the intergeniculate
leaflet (IGL) (Ecker et al., 2010). The IGL, in turn, encodes irradiance and sends a projection to
the SCN via the geniculohypothalamic tract (Morin, 2013; Yuan et al., 2018). Therefore, the
degeneration of M4 cells could affect the IGL’s modulation of the retinal input to the SCN and
indirectly impact its behavioral output (Hanna et al., 2017).

The disruption of the circadian system observed in animal glaucoma models are also
observed in patients. Primary open angle glaucoma (POAG) and primary angle-
closure glaucoma (PACG) patients often suffer mood and sleep disorders, and the severity is
correlated with visual field impairment (Ciulla et al., 2019; Wang et al., 2013). Sleep efficiency
assessed by polysomnographic recordings was significantly lowered (Gracitelli, Duque-Chica, et
al., 2015), and blood melatonin levels are higher in early morning in POAG patients (Ma et al.,
2018). It will be of great interest to further understand the ipRGC-mediated neural circuits that
account for the behavioral changes suffered by glaucoma patients. Such an understanding will

lead to improved patient care and treatment as glaucoma develops and progresses.
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Figure 1. Experimental design to investigate ipRGC survival and its functional
consequences in laser-induced ocular hypertensive (OHT) mice. (a) Unilaterally lasered mice
were generated for cell quantification. OHT was induced in one eye while the other eye of the
mouse was used as a control. (b) Bilateral OHT was induced in both eyes of a mouse for circadian
behavioral tests. Mice that had IOP consistently elevated for more than three months were
subjected to three rounds of phase advances (red arrows) in the light period of light: dark cycle.
Free run under constant darkness (DD) were performed to assess circadian periods at the end.
Intraocular pressure (IOP) (blue arrows), visual acuity (orange arrows), and contrast sensitivity

(purple arrows) were assessed regularly. Adv: advance.
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Figure 2. Chronic IOP elevation led to decreased visual acuity. (a) For unilaterally lasered

mice, the I0OP of the OHT eye was elevated for more than 3 months while that of the control eye

remained constant (left). With chronic IOP elevation, the visual acuity of the OHT eye continued

to decrease while that of the control eye remained relatively stable (right). n = 4-13 in each group.

(b) For bilaterally lasered mice, the IOP of both OHT eyes (left) remained elevated for more than

3 months. The IOP of control eye from unilaterally lasered mice was shown in gray (dashed line)

for purpose of comparison. With chronic IOP elevation, the visual acuity (right) of both eyes

continued to decrease. The visual acuity of age matched untreated control mice was shown (black

triangle). n = 4-11 in each group. *: P < 0.05; **: P < 0.01; ***: P < 0.001. in ‘Mann-Whitney test.

Data presented as Mean = SEM. If no asterisk, not significant.
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Figure 3. General RGC population and ipRGCs suffered significant loss in OHT mice.

(a) Flat mounted retinas of 8-month-old wt mice stained with DAPI (blue), Brn3a (purple), and
rbpms (green). Almost all Brn3a-positive cells were rbpms-positive and roughly 90% of rbpms-
positive cell were Brn3a-positive. (b) Flat-mounted retinas of a control and an OHT 6-8-months
post laser surgery were immunostained with Brn3a (b) or rbpms (d) antibodies for the general
population of RGCs. Quantification of Brn3a-positive cells (c) and rbpms-positive cells (e) were
shown between control and OHT retinas. (f) Flat mounted images of the temporal leaflet of a
control (left) and an OHT (right) retina stained with anti-melanopsin antibody. (g) The high-

magnification images of ipRGCs in the GCL (yellow rectangles in f) were used for cell counting.
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White crosses denote ipRGC somas. (h) Quantification of melanopsin-positive ipRGCs. *: P<0.05;

*** P<0.001 in Mann-Whitney test. Scale bar for (a, b, d, and g) is 20 um and for (f) is 200 pm.
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Figure 4. M4 ipRGC suffered significant loss following the chronic IOP elevation. (a)
Confocal images of flat mounted retinas from a control eye and an OHT eye eight-months post
laser surgery immunostained with melanopsin and SMI-32 antibodies. White crosses denote
melanopsin-positive cells and violet crosses denote large cells positive for both melanopsin and
SMI-32. Scale bar is 20 um. (b) Quantification of M4 cell density in control and OHT retinas. (c)
Contrast sensitivity measured at 0.103 and 0.192 cycle per degree (c/d) of control and OHT group
eight-months post laser surgery. **: P < 0.01; ***: P <0.001 in Mann-Whitney test. Data presented

as Mean + SEM.
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Figure 5. M1 ipRGC is resistant to the IOP elevation. (a) Identification of M1 ipRGCs by their
dendritic patterning and location of somas. Z-stack confocal images of the flat-mounted retinas
were projected to 2-D images are shown at the bottom. The extrapolated vertical view was shown
on the top. White rectangles mark the ganglion cell layer (GCL). INL: inner nuclear layer. (b)
Displaced melanopsin-positive cells in the INL. While rectangles mark the INL. Scale bar is 20um.
(c-d) Quantifications of M1 density (c) and displaced M1 density (d). NS: not significant in Mann-

Whitney test. Data presented as Mean + SEM.
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Figure 6. OHT mice exhibited a largely normal circadian re-entrainment behavior. (a)
Examples of double plot actograms for a wt control and a bilaterally lasered mouse (OHT) under
bright light intensity (a) or low light intensity (c) during light portion of the light: dark cycle. Six-
hour phase-advance was performed to assess re-entrainment. White and light gray backgrounds
indicate the light portions, and the dark gray backgrounds indicate the dark portions of the light:
dark cycle, respectively. Red arrows point to the day when re-entrainment was observed. Black
arrows point to the light shift. (b, d) Quantification of the average days it took for mice to re-entrain
to the new light: dark cycle after phase-advance. (e) Examples of double plot actograms of
circadian free run under constant darkness (DD) after day 105. Red asterisks mark the onset of
activity on each day. (f) The average free running circadian periods for control and OHT mice.

NS: Not significant; *: P < 0.05 in Mann-Whitney test. Data presented as Mean £ SEM.
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Figure 7. The overall retinal morphology was largely normal by eleven months post laser
surgery, despite observed reduction in RGC density. (a-b) Contrast sensitivity (a) and visual
acuity (b) of control and OHT mice 11-months post laser surgery. (c) Cross sections of control
and bilaterally lasered OHT eye cups eleven-months post laser surgery. Scale bar is 500 pm.
Representative higher magnification images were shown below. Scale bar is 50um. (d-e) Flat
mounted retinas of control and OHT retina were stained with rbpms antibody (d) and antibodies
against SMI-32 and melanopsin (e). Scale bar is 20um. ***: P < 0.001 in Mann-Whitney test. Data

presented as Mean + SEM.
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Table 1 Primary antibodies used in this study

RBPMS (N terminal) conjugated to
Keyhole Limpet Haemocyanin

(KLH)

polyclonal

Antibody Immunogen Source (RRID number) Dilution
factor
Melanopsin | 15 N-terminal amino acids of Iggy Provencio (Panda et al., | 1:2000
mouse melanopsin 2002), Rabbit monoclonal
Brn3a Amino acids 186-224 of Brn-3a Millipore, MAB1585, (RRID: | 1:125
fused to the T7 gene 10 protein AB_94166), mouse
monoclonal
SMI-32 Neurofilament H Biolegend, 801702, (RRID: 1:250
AB_2715852), mouse
monoclonal
rbpms Synthetic peptide within Rat Abcam, ab194213, rabbit 1:500
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Table 2 Summary of RGC Density in OHT and Control Mice

M5, M6

RGC type Cell density (/mm?) Percentage
mean £ SEM (n) change
Control OHT (6-9m post laser
photocoagulation)
rbpms 3942.5+100.4 (3) 2658.1 £ 216.0 (4) -32.6
Brn3a 3859.7 + 156.8 (5) 2871.7 £ 94.4 (3) -25.6
Melanopsin 219.6 £ 3.0 (16) 183.4 + 4.5 (11) -16.5
M1 54.4 + 3.1 (3) 56.4+ 1.1 (4) 3.4
Displaced M1 7.0 £0.7 (16) 6.7 1.0 (12) -4.2
M4 (SMI- 52.2 + 2.0 (10) 38.8 + 2.7 (10) -25.7
32+Melanopsin)
M2, M3 and some | 106.01 815t -23.1

1: Numbers are based on calculations, not direct cell counts.
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Abstract

In optic neuropathies, such as glaucoma, and neurodegenerative diseases, such as Parkinson’s
disease and Alzheimer’s disease, vision loss is often associated with loss of retinal ganglion cells
(RGCs) and their axons. Taking glaucoma as an example, timely management is vital to
preserving vision long-term; however, detecting RGC damages at the earliest stages and
identifying damage progression continues to be a substantial clinical challenge that depends on
disease severity. We previously established visible-light optical coherence tomography
fibergraphy (vis-OCTF), a technique for directly visualizing and quantifying RGC axon bundles in
mouse retinas in vivo, and validated vis-OCTF findings by ex vivo using confocal microscopy. In
this study, we further developed a new analytic tool to longitudinally track individual axon bundles
following the acute optic nerve crush injury (ONC) in mice. We analyzed four parameters: lateral
width, bundle height, cross-sectional area, and the shape of individual bundles. Our results
showed that axon bundles became wider and thicker at 3-days post ONC, followed by a significant
reduction in cross-sectional area and lateral width at 6-days, and reduction in bundle height at 9-
days post ONC. Early bundle swelling at 3-days post ONC correlated with about 15% RGC soma
loss, and bundle thinning at 9-days post ONC correlated with about 68% RGC soma loss. Both
experimental and simulation results suggest that the cross-sectional area of individual RGC axon
bundles is a more sensitive indicator for RGC soma loss than the bundle width and height. Taken
together, we demonstrate that the size transformation of RGC axon bundles monitored by vis-
OCTF could serve as an in vivo biomarker for RGC damages, which sets the foundation for

translating vis-OCTF findings from animal models to clinical care.
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Introduction

Retinal ganglion cell (RGC) loss is a hallmark sign of optic neuropathies, such as glaucoma (Fan
& Wiggs, 2010; Quigley, 2016; Smith et al., 2017), and neurodegenerative diseases that affect
vision, such as Parkinson’s and Alzheimer’s disease (Morgia et al., 2017; Snyder et al., 2021).
Thus, recognizing RGC loss at its earliest stage is crucial to prevent further irreversible vision loss
(Gracitelli, Abe, et al., 2015; Quaranta et al.,, 2016; Welp et al., 2016). With current clinical
diagnostic methods unable to detect RGC loss at the cellular level, functional and structural
diagnostic methods are employed to indirectly assess RGC health (Geevarghese et al., 2021,
Stein et al., 2021). For example, an important parameter for glaucoma diagnosis is visual field
(VF) deficits, though more than 30% of RGCs may be lost before it can be detected by VF testing
(Harwerth et al., 2010; Kerrigan-Baumrind et al., 2000; Quigley et al., 1981; Schuman et al., 2020;
Wollstein et al., 2012). Characteristic changes in the optic nerve head (ONH) and optic disc are
also used for glaucoma diagnosis, but identification of damage can be subjective, and grading
varies between observers (Jampel et al., 2009). Of the clinically relevant noninvasive imaging
methods (Anton et al., 1997; Da Pozzo et al., 2009; Wollstein et al., 1998; Wollstein et al., 2000),
optical coherence tomography (OCT) is most widely used for the diagnosis and monitoring of
optic neuropathies. OCT’s cross-sectional imaging capabilities enable measurement of the retinal
nerve fiber layer (RNFL) and ganglion cell — inner plexiform layer (GCIPL) thickness in vivo as
indirect indicators of RGC health (Hou et al., 2018; Schuman et al., 2020; Tatham & Medeiros,
2017). However, inconsistent axial resolution (5 ym to 10 ym) and segmentation algorithms
among clinical devices introduce measurement variability that make estimates of RGC health less
reliable (Dong et al., 2017; Yang et al., 2015). Moreover, great variability in RGC density and
RNFL thickness exists across the population, and individuals may exhibit very different patterns
of disease progression, emphasizing the need to monitor individual patients longitudinally (Hou
et al., 2018; Shin et al., 2017). RNFL thickness of healthy human subjects varies from 50 to about
120 ym as measured by OCT (Alasil et al., 2014). Overlaps between RNFL ranges were also
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observed between healthy subjects and glaucoma patients (Alasil et al., 2014). Shin and
colleagues followed 292 eyes of 192 patients with primary open-angle glaucoma (POAG) and
found that only 72 eyes (24.7%) showed progressive GCIPL thinning, and among the 72 eyes, 41
eyes showed progressing visual field (VF) loss (Shin et al., 2017). In our own studies, we also
observed 38% RGC axon loss at 3-5 days after optic nerve crush (ONC) injury in mice before a
significant reduction in overall RNFL thickness in mice (Li et al., 2020; Yi et al., 2016). In addition,
the ganglion cell layer (GCL) contains non-RGC cells, such as displaced amacrine cells, and the
inner plexiform layer (IPL) contains synaptic connections among different retinal cell types in
rodent and primate eyes (Jeon et al., 1998). Displaced amacrine cells, which vary from 30% to
80% in the GCL, are largely unaffected by glaucoma (Quigley, 2016). In other words, the RNFL
or GCIPL thinning is not a specific indicator to reflect RGC damage. Therefore, there is need for
more accurate and sensitive biomarkers for RGC damages following disease insult.

We recently applied visible-light OCT (vis-OCT), which operates from 510 nm to 610 nm
and reaches an axial resolution of 1.3 ym in the mouse retina (Miller et al., 2020; Shu et al., 2017).
In the visible-light spectral range, optical scattering contrast in biological tissue is much higher
than in the near-infrared (NIR) range (Miller et al., 2020). As a result, vis-OCT offers visualization
of unique anatomical features and functional imaging capabilities that improve RGC damage
evaluation (Shu et al., 2017). We developed vis-OCT fibergraphy (vis-OCTF) to visualize and
guantify changes in individual RGC axon bundles in mice (Grannonico et al., 2021; Miller et al.,
2020). It yet remains to be determined whether and how the structural changes of individual RGC
axon bundles correlate with RGC soma loss with disease progression.

In this study, we applied vis-OCTF to identify individual RGC axon bundles and further
qguantified four parameters of bundle morphology: (1) lateral width, (2) bundle height, (3) cross-
sectional area, and (4) bundle shape. Following ONC injury, we correlated the in vivo changes in
RGC axon bundle morphology with RGC soma loss using confocal microscopy. Lastly, we used
the experimental data we collected to create a simulation to determine which parameter is most
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sensitive and estimate each parameter’s floor value — a threshold at which no further change is
observed (Bowd et al., 2017; Mwanza et al., 2015). Our study thus builds on the foundation of our

previous studies to establish a new quantifiable biomarker for RGC loss in vivo.
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Results

E_stablishing a new analytic tool for identifying and tracking individual axon bundles in
vivo

Taking advantage of the improved axial resolution offered by vis-OCTF and associated data
processing methods (Miller et al., 2020), we established an analytic tool for tracking changes in
individual RGC axon bundles in vivo. Briefly, four vis-OCT volumes were acquired from the same
eye with the optic nerve head (ONH) aligned to each of the four corners of the field of view. This
minimized the curvature of the eye and maximized reflectance of the RNFL (Miller et al., 2020).
Figure 1A shows one of the four processed vis-OCT fibergrams from a wildtype mouse. The red
arc shows the path of a resampled circumpapillary scan centered at ONH (Fig. 1B) with two
example RGC axon bundles (1) and (2) labeled. The width of each bundle was measured using
the signal intensity profile, as shown in Fig. 1C, which gives 24.95 pm for bundle (1) and 11.68
pum for bundle (2). The resampled circumpapillary B-scan reconstructed at 425um radius from the
ONH shows the cross-sectional view of axon bundles (1) and (2), as indicated by the dashed
green lines. The bundle height was measured using the normalized intensity peaks (Fig. 1D),
which give 19.73 pum for bundle (1) and 12.77 um for bundle (2), respectively.

Assuming RGC axon bundles have an ellipsoidal cross section, we calculated the cross-
sectional area. As summarized in Fig. 1E, the areas of the axon bundles (1) and (2) are 386 pum?
and 117 um?, respectively. We also developed a dimensionless indicator for the shape of axon
bundles, which normalizes the bundle width to height ratio between -1 and +1. A wider axon
bundle, like bundle (1), reflects a positive shape value (Sp1 = 0.21); whereas a thicker axon bundle,
like bundle (2), reflects a negative shape value (Sp2 = - 0.08). Altogether, we established four

parameters to detect changes in axon bundle morphology: width, height, area, and shape.

In vivo Tracking and quantification of RGC axon bundles following the ONC
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We next applied vis-OCTF to examine the structural changes at the single axon bundle level
following ONC. Figure 2A shows example fibergrams and circumpapillary B-scans of a mouse
retina acquired at baseline (before ONC), 3-days (d), 6-d, 9-d, and 15-d post ONC (pONC). The
red arc indicates the path of the reconstructed circumpapillary B-scan at 425 um from the ONH.
Magnified and aligned views of the fibergrams, indicated by blue boxes in the middle panel, show
the same group of axon bundles tracked over time (Fig. 2A). The right panels show the resampled
circumpapillary scans of the axon bundles at the same location. We labeled and tracked five axon
bundles (1-5). At baseline, the five axon bundles exhibited diverse width, height, area, and shape
(top panel of Fig. 2A). Following ONC injury, the lateral width of bundle 1 (blue) increased from
23.5 ym before ONC to 25.0 um at 3-d, and then progressively decreased to 19.9 ym at 6-d, 15.2
pum at 9-d, and 13.7 um at 15-d pONC (Fig. 2A-B). Interestingly, the height of bundle 1 increased
from 11.6 uym before ONC to 20.3 um at 3-d and 20.6 pm at 6-d pONC, and then decreased to
14.5 uym at 9-d pONC. By contrast, the width of bundle 4 (green) continued to decrease from 23.6
pm before ONC to 21.3 um at 3-d, to 20.4 um at 6-d, to 18.0 ym at 9-d, and 16.0 ym 15-d pONC.
The height of bundle 4 increased from 10.3 ym before ONC to 16.8 uym at 3-d pONC and
decreased to 15.7 um at 6-d pONC.

The cross-sectional bundle area presented an overall clear pattern of increase-decrease
for bundles 1 and 4, although the peak point for each bundle is different. Bundle 5, on the other
hand, remained stable until 9-d pONC (Fig. 2A-B). The shape, however, did not show a clear
trend for the selected bundles, which is likely due to different rates of changes in width and height
for individual bundles. Taken together, our results suggest that (1) axon bundles have diverse
morphology; (2) four of the five bundles labeled here exhibit an initial swelling phase before a
shrinking phase; and (3) the four parameters of individual bundles change following different
patterns.

We identified and tracked a total of 141 axon bundles from 3 mice following ONC injury.
Histograms were generated (Fig. 3 and Suppl Fig. 1) and their smoothed distributions are shown
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in Fig. 3 to illustrate the parameter changes. Figure 3A shows that the RGC axon bundle width
is significantly increased from baseline (black, mean: 13.7 = 4.6 um) to 3-d pONC (dark red; 14.5
+ 4.5 um; p = 4.6e-2, One-way ANOVA), followed by a decrease at 6-d pONC (red; 12.8 + 4.3
pum, p = 5.9e-2) and 9-d pONC (light red; 11.5 + 3.8 um, p<le-4). Similarly, the height distribution
plot shown in Fig. 3B indicates a significant increase of bundle thickness at 3-d (black; baseline
mean: 12.5 + 3.9 um; dark blue; 3-d pONC: 13.5 + 4.5 um, p=1.5e-2). However, the height
returned to baseline at 6-days after ONC (blue; 13.1 £ 4.3 um, p= 2.5e-1), followed by a significant
decrease at 9-d pONC (light blue; 11.1 £ 4.0 um, p=5.0e-4).

Figure 3C shows the distribution of the bundle area, which indicates axon bundles with
larger size at 3-d pONC (dark purple) compared to baseline (black; baseline: 136.6 + 71.7 um?;
3-d pONC: 158.6 + 82.9 um?; p = 9.0e-4). At 6-d pONC (purple), the area returned to baseline (6-
d pONC: 133.8 + 71.3 um?; p = 9.1e-1), where at 9-d pONC the area of the axon bundles (light
purple) was significantly smaller compared to the baseline area (9-d pONC: 103.8 + 58.9 pm?,
p<0.0001). We also noticed that large bundles (blue arrows in Suppl Fig. 1) tend to disappear
first following ONC injury. The distribution curves of the axon bundle shape (Fig. 3D) show a
progressive shift toward the negative values from baseline (black; 0.065 + 0.3) compared to 3-d
(dark green; 0.067 + 0.3, p = 9.9e-1), 6-d (green; 0.011 + 0.3, p = 2.8e-2), and 9-d pONC (light
green; - 0.037 £ 0.3, p = 4.8e-2, Fig. 3G). These results indicate axon bundles take on a broader
shape before injury and begin to shrink to a more circular shape after injury.

We next plotted the percent change values of individual axon bundles (Figs. 3E-G). The
width of the axon bundles (red) is 14% higher at 3-d pONC compared to baseline and only 0.5%
higher at 6-d pONC (Fig. 3E). The mean axon bundle height (blue) was 13% higher at 3-d and
9% higher at 6-d pONC compared to baseline. By 9-d pONC, both the width and height of RGC
axon bundles decreased by 10% and 7%, respectively (Fig. 3E). In other words, the width
dropped below baseline close to 6-d pONC, while height dropped below baseline between 6-d
and 9-d pONC.
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The cross-sectional area, which enhances the subtle changes in the axon bundle
morphology, reveals a clear trend (Fig. 3E). The area increased by 30% at 3-d, and 8% at 6-d,
and then decreased by 16% at 9-d pONC, compared to baseline. We also observed a striking
change in bundle shape which decreased from baseline by 190% at 3-d, then to 677% at 6-d, and
followed by 404% at 9-d (Fig. 3F).

We plotted the size changes in the overall axon bundle population (Fig. 3G). About 60%
of bundle population presented a size increase at 3-d pONC, and 70% of bundle population
showed a size decrease at 9-d pONC. At 6-d pONC, about half of bundle population increased
(51%) and half of bundle population decreased (48%). Taken together, our results demonstrate
(1) a majority of the axon bundles exhibit a swollen phase immediately following ONC injury
followed by a shrinking phase; (2) the change in width is more sensitive than the change in the
height immediately after ONC injury; (3) the RGC axon bundle cross-sectional area, which
combined the width and height measurements, amplified the subtle changes in axon bundle
morphology; and (4) the RGC axon bundle shape parameter showed a strong decrease from

baseline suggesting a shift towards bundles becoming elongated axially.

Establishing the correlation of morphological changes in axon bundles with RGC soma

loss

We correlated the changes in axon bundle morphology with RGC density. In this set of
experiments, we acquired vis-OCT images from healthy wild type mice and mice at 3-, 9-, and
15-d post ONC, respectively. Immediately following vis-OCT imaging, mice were perfused, and
the retinas were flattened and immunostained with rbpms, an RGC marker, and imaged by
confocal microscopy. As demonstrated in the schematic representation of the flattened retina in
Fig. 4A, we divided the retina into superior (S), inferior (1), nasal (N), and temporal (T) quadrants.
Examples of in vivo vis-OCTFs (left panel) and their corresponding ex vivo confocal microscopy

images of flattened retinas (middle panel) are shown side by side in Fig. 4B. Magnified views of
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retina confocal images (right panel in Fig 4B-E) showed a steady decrease in RGC soma density
compared to control at 3-d, 9-d, and 15-d pONC.

We quantified the rbopms-positive RGC density from each retina and plotted it against each
axon bundle size parameter quantified from vis-OCT images (Fig. 5A-D). Each data point
represents the average reading per retina. The mean density of rbopms positive RGCs decreased
from the control 4095 + 209 cells/mm? (n=6 retinas), to 3475 * 343 cells/mm? (15% reduction, n=9
retinas) at 3-d pONC, 1305 + 104 cells/mm? (68.1% reduction, n=8 retinas) at 9-d pONC, and 611
+ 37 cells/mm? (85.1% reduction, n=3 retinas) at 15-d pONC.

The overall relationship between axon bundle height, width, and area with RGC density
was non-linear (Fig. 5A-C) due to a swelling phase that immediately followed ONC. For example,
at 3-d pONC (Fig. 5A), an average of 15% of RGCs had degenerated (p<0.001), while the area
of the axon bundles increased by 36% compared to the control (control: 92.4 + 13.6 um?, n= 6; 3-
d pONC: 126 + 17.8 pm?, n=9; p <0.01). At 9-d pONC, the average area decreased12% at 9-d
pONC (81.9 + 17.8 um?, n=8), though not significant compared to controls (p=0.5), while the RGC
density decreased 68% compared to the controls (p<0.001). At 15-d pONC, the axon bundle area
decreased 37% (15-d pONC: 58.4 + 10.4 um?, n=3; p=0.03), while RGC density suffered 85%
reduction (p<0.001, Fig. 5C). Overall, the axon bundle’s width, height, and area were initially
negatively correlated with RGC density and then became positively correlated.

Second order polynomial regression models were fit to the bundle width, height, and area
plots to examine the data quantitatively (dashed lines in Fig. 5A-C). RGC density and three of the
axon bundle parameters are strongly correlated, and the overall regression was statistically
significant for width (R?=0.55, p < 0.001), height (R?=0.45, p<0.001), and area (R?=0.55, p<0.001).
From the regressions, we estimated the RGC density at which the thickness, width and area
peaked. We found that axon bundle area peaked at 152 um? with an RGC density of 3780
cells/mm? (8% cell loss), while the width and height peaked at a lower RGC density of 3000
cells/mm? (27% cell loss) and 2875 cells/mm? (30% cell loss), respectively.
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Though the axon bundle changed in size after ONC injury, we did not observe a clear
trend of shape changes (Fig. 5D). The shape parameter remained stable slightly below zero in
control and ONC retinas, which we fit a linear regression model to (p=0.47, One-way ANOVA,
Fig. 5D). The R-squared values, significances, and estimates of peak values are listed in Table
1. Taken together, our findings suggest that (1) the width, height, and area parameters of the
axon bundles all change with RGC loss following a similar pattern, but with different sensitivity;
and (2) area is the first parameter to show a positive correlation with RGC loss.

Due to the unpredictability of location and the extent of RGC damage caused by ONC, we
compared the relationship between bundle morphology and RGC density in different retinal
guadrants after ONC. In Fig. 6, the four axon bundle parameters for the superior (S), inferior (I),
nasal (N) and temporal (T) regions of retina were plotted against RGC density for each of the
orientations. Second order polynomial regression models were fit to each region separately (Fig.
6A-C). Regression analyses were performed, and we found that all regressions were statistically
significant for width, height, and area parameters plotted against rbopms+ RGC density, except for
temporal width regression. The R-square values, significances and estimates of peak values for
all four regions were listed in Table 2. For example, at 3-d pONC, the average density of RGCs
in the superior and nasal leaflets had decreased 20% (superior: 3314 + 356 cells/mm? for control,
2681 + 337 cells/mm? at 3-d pONC, p < 0.01) and 13% percent (nasal: 4371 + 334 cells/ mm? for
control, 3826 + 385 cells/ mm? at 3-d pONC, p < 0.01), respectively. These correlate with a
significant 48% increase in the area in superior region (control: 94 + 14.9 um?, 3-d pONC: 140 +
26.5 um?, p = 0.01) and a 36% increase in nasal region (control: 91 + 11.7 um?, 3-d pONC: 124
+ 31.6 um?, p =0.07). At 15-d pONC, axon bundles from both nasal (15-d pONC: 56 + 15.7 um?,
p = 0.2) and superior regions (15-d pONC: 54 + 14.8 um?, p = 0.1) showed reduction in area
compared to the control, which correlate with an 84% (nasal: 15-d pONC: 712 + 52cells/ mm?, p
< 0.001, student’s t-test) and 87% reduction in RGC density, respectively (superior: 15-d pONC:
414 + 20 cellss/ mm?, p < 0.001, student’s t-test). We fit linear regression lines for the shape
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parameter for each region and performed regression analysis (Fig. 6D). Interestingly, though no
regression was significant for superior, temporal, and nasal regions, a significant linear
relationship was found between RGC density and shape parameter for the inferior region (R? =
0.25, p < 0.01). We found that there is a negative relationship between axon bundle shape and
RGC density, suggesting uneven changes in axon thickness and width in the inferior region.
Overall, our data showed that the width, height, and area can serve as quantifiable biomarkers

for RGC density globally and regionally.

Confocal microscopy imaging confirmed axon bundle damages after ONC.
We performed confocal airy scan microscopy to further examine the axon bundle damages
following ONC injury. The retina was dissected and double-immunostained with mouse anti-
tubulin beta 3 (Tuj1, top and bottom rows) and rat anti-neurofilament H (NFH, middle row, Fig. 7)
(Sanchez-Migallén et al., 2018b). Confocal images were taken at the ONH region of these retinas
(top row, Fig. 7A) close to the lesion site of ONC surgery. In the control retina, axon bundles were
well organized and converged directly toward the ONH to exit the eye. At 3-d pONC (Fig. 7B),
some axon bundles became disorganized with loose or splitting axon bundles (yellow arrows).
We also observed retraction bulbs (white arrows), the non-growing counterparts of growth cones,
at the tip of some of the lesioned axons (Ertirk et al., 2007). At 9-d pONC, the axon bundles near
the ONH became entangled, with some retraction bulbs and lesioned axon tips pointing away
from the ONH (Fig. 7C). At 15-d pONC, some of the axon bundles have degenerated and
disappeared at the ONH (Fig. 7D).

Visible damage was not limited to the ONH area. In the flattened central-peripheral area
(Fig. 8), axonal spheroids (white arrows) labeled by both Tuj-1 and NFH started to form on axon
bundles at 3-d pONC, giving it a beaded morphology different from the control retina (Fig. 8A-B).
Moreover, degenerating RGC soma became labeled by NFH (Suppl Fig. 3). At 9-d pONC, an

increased number of axonal spheroids were seen close to (white arrows) and inside of (blue
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arrows) bundles, with some reaching more than three microns in diameter (Fig. 8C), suggesting
increased axon degeneration (Yong et al., 2019). At 15-d pONC (Fig. 8D), while axonal spheroids
were still present on the axon bundles, other types of vesicles were also observed as shown in
the magnified view in Fig. 8D. These vesicles were positive for NFH, but negative for Tuj-1,
suggesting that they consisted entirely of phosphorylated neuro-filaments (Ertirk et al., 2007).
Altogether, morphological changes in the axon bundles were observed both at the ONH close to
lesion site and in the retina away from the initial lesion site, consistent with our findings of axon

bundle morphological changes from vis-OCT imaging.

Simulation using experimental data suggests bundle areais most sensitive to RGC

damage

We performed a simulation using our experimental results to determine which bundle size
parameter measured by vis-OCT is most sensitive to RGC damage. To do so, we modeled the
change in RGC soma density as a function of time after ONC by fitting the experimental soma
densities with a logistic function, as shown in Fig. 9A. Next, we simulated RGC soma density
values normally distributed along the modeled function with the experimentally recorded standard
deviation. A total of 10 density values were simulated every 0.25 days, as shown in Fig. 9B.
Simulated density values were then used as input values for the bundle size parameter models
described earlier. Simulated parameter values were normally distributed along the model for each
parameter using the experimentally recorded standard deviation values. We then plotted the
simulated parameter values as a function of time and used an unpaired t-test with a significance
level of 0.05 to determine at which time the parameter was significantly different from the baseline.
Figures 9C-F show example size parameter versus time plots for bundle cross-sectional area
(C), width (D), height (E), and shape (F). We repeated the simulation 50 times and recorded the

average p-value as a function of time for each parameter.
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The simulation results for determining the most sensitive size parameter are shown in Fig.
9G. As indicated by the plot, RGC density reaches the significance threshold at 1.3 days, followed
by bundle area at 9.6 days, width at 10.1 days, and height at 10.4 days. Unlike the other bundle
size parameters, bundle shape never crosses the significance threshold, indicating that it does
not have high enough sensitivity to detect a significant difference within 25 days of the ONC
procedure.

The parameter floor is defined as the time point at which no further change in the
parameter is detected (Bowd et al.,, 2017; Mwanza et al., 2015). Using our simulation, we
estimated the floor value for each of the measured parameters. To do so, we used an unpaired t-
test with a significance level of 0.05 to compare each simulated time point with the final time point.
The time at which the p-value of the parameter crossed above the significance threshold was
defined as the floor time (t;) of the parameter. The mean of the parameter value after ¢t was
defined as the parameter floor.

The simulation result for determining t; for each parameter is shown in Fig. 9H. As
indicated by the plot, bundle width is the first to cross the significance threshold at 12.9 days,
followed by height at 13.4 days, area at 13.9 days, and RGC density at 15.4 days. The bundle
shape parameter did not cross the significance threshold and thus, does not have a parameter
floor value within 25 days of the ONC procedure. RGC density had a floor value of 131 cells/mm?,
area had a floor value of 35.0 um?, width had a floor value of 6.4 um, and height had a floor value
of 7.1 ym. Together our simulation results suggest that the bundle area is a more sensitive

indicator for RGC density than the bundle width and height.

Discussion

RGC axon bundle structure as a new in vivo biomarker for RGC damages

Glaucoma can progress without having easily identifiable symptoms until reaching an advanced
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stage of RGC and vision loss. Early diagnosis and intervention are thus crucial to slow down
disease progression in glaucoma (Weinreb et al., 2014). Clinical OCT systems for the diagnosis
and monitoring of optic neuropathies operate using NIR illumination. By shifting the illumination
wavelengths to the visible light spectrum (510 nm to 610 nm), vis-OCT has an improved axial
resolution of 1.3 ym in the retina compared to 4 um in clinical NIR OCT devices (Shu et al., 2017).
In addition to this, vis-OCT has greater contrast between retinal layers due to the higher
backscattering properties of biological tissues in the visible light wavelength range (Shu et al.,
2017). Taking advantage of this improved resolution and increased contrast sensitivity, we
developed vis-OCTF for the analysis of individual RGC axon bundles in vivo. Thus far, we have
demonstrated vis-OCTF in the mouse retina to visualize RGC axon bundles in vivo and validated
these structures using confocal microscopy ex vivo (Miller et al., 2020). We then applied vis-OCTF
to visualize changes in RGC axon bundle structure in the case of increased RGC population using
BAX-/- mice and decreased RGC population using ONC mice (Grannonico et al., 2021). In the
present study, we set out to develop new analytic tools for extracting RGC axon bundle size
parameters from vis-OCTF images to determine which parameter is most sensitive to RGC
damages.

Because every RGC extends one axon in the RNFL, we seek to examine whether directly
guantifying changes of individual RGC axon bundles can be a more sensitive and accurate
indicator than the bulk thickness of RNFL or GCIPL for RGC damage. Specifically, we used an
acute ONC injury model to longitudinally track morphological changes in single RGC axon
bundles. Taking advantage of vis-OCT’s high-resolution imaging capability (Grannonico et al.,
2021), we measured four bundle size parameters: (1) lateral width, (2) bundle height, (3) cross-
sectional area, and (4) bundle shape. First, we found the bundle width from vis-OCTF is more
sensitive to early damage compared to bundle height. The reduction of the lateral width was
detected between 3-d and 6-d pONC (Fig. 3A - 3E), which was earlier compared to the reduction
in the bundle height (6-d to 9-d pONC, Fig. 3B - 3E). Secondly, we introduced two novel
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parameters to measure and track the size and shape of single RGC axon bundles. By combining
changes in both dimensions (lateral and axial), the cross-sectional area has shown to be an
accurate indicator of RGC damage. At 3-d pONC, we found that 60% of all axon bundles showed
a cross-sectional area increase of 30%, corresponding to about 14% increase in width and 15%
increase in height (Fig. 3G). Thirdly, the bundle height measurements obtained following ONC
matched the fact that RNFL thinning is not sensitive to the early neuropathic damage by ONC
(Dong et al., 2017; Hou et al., 2018). We first observed thinning of the RCG axon bundle at 9-
days post ONC (Fig. 3B-E).

Early retinal swelling has also been reported in another study (Li et al., 2020). However,
changes in thickness alone do not reflect detailed changes in the GCL and the IPL. By combining
width and height, we observed swelling in individual RGC axon bundles, when only 15% of RGC
somas had degenerated at 3-d post ONC. Interestingly, while axons were affected early in
disease, the rate of axon shrinkage was not as fast as that of the RGC somas. At 9-d pONC, we
observed 68% of RGC soma degeneration while the axon bundles showed about 12% decrease
in area. At 15-d pONC, most RGC somas had degenerated (85%), while a substantial amount of
axon bundles remained (30% decrease in axon bundle area). This desynchronization of soma
and axon suggested a compartmentalized degeneration program of the RGCs, which is in

agreement with previous studies (Howell et al., 2013; Whitmore et al., 2005).

Axon beading and RGC degeneration

Dendritic and axonal dysfunction is an early event in animal glaucoma models and may precede
RGC soma degeneration (Calkins, 2012; Weinreb et al., 2014). The ONH is hypothesized to be
one of the most vulnerable structures to disease insult by glaucoma (Chidlow et al., 2011; Howell
et al., 2007; Weinreb et al., 2014). In our study, we observed obvious axon bundle swelling at 3-
d pONC (Figs 3, 5, and 6), an early time-point when only 15% of RGC somas have degenerated.

This suggests morphological changes in axon bundles occur early in disease progression, which
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agrees with previous studies. In both DBA-2J mice, a genetic model of glaucoma (Howell et al.,
2007), and a rat ocular hypertension model (Chidlow et al., 2011), swelling of individual axons
was observed. Apart from individual axons, swelling of the RNFL (Rovere et al., 2015) and retina
(Li et al., 2020) was also observed in early response to optic nerve injuries. While individual axon
damage could lead to the swelling of these larger structures, other mechanisms may also
contribute, including inflammatory responses such as macro and microglial proliferation (Ramirez
et al., 2010; Rojas et al., 2014; Sobrado-Calvo et al., 2007).

We also show regional differences in bundle changes and RGC soma degeneration (Fig.
6). In wild type retinas, the distribution of general RGCs varies across different regions (Jeon et
al., 1998; Kalesnykas et al., 2012; Sonoda, Okabe, et al., 2020). For example, the density of
rbpms positive RGCs in the superior region of the retina is 24% lower than the nasal retina in
control mice. This difference in the overall RGC density could affect axon bundle organization and
change the way they react to disease or injury insults. Furthermore, RGC types distribute
unevenly across the retina (Jeon et al., 1998; Kalesnykas et al., 2012; Sonoda, Okabe, et al.,
2020), and different types of RGC respond differently to injury and disease (Chen et al., 2015;
Feng, Zhao, et al., 2013; Kalesnykas et al., 2012; Puyang et al., 2015). For example, one type of
RGCs, the ipRGC, is involved in circadian functions (Do, 2019) and at least one subtype, the M4
ipRGCs, has higher distribution in the superior and temporal retina (Sonoda, Okabe, et al., 2020).
It has been found that ipRGC’s are more resistant to chronic elevation of IOP (Gao et al., 2022)
and ONC injury (Duan et al., 2015) than general RGCs. The retained circadian functions of the
mice after chronic IOP elevation also suggests normal function of ipRGCs. Therefore, it is likely
that ipRGC axons suffered less damage and morphological changes than other RGCs in the case
of ONC injury, potentially contributing to the regional difference in axon bundle morphology
changes observed in our study. More studies remain needed to investigate whether the axons of
RGC are organized into axon bundles based on function or location.

We also observed the formation of axonal spheroids along the axon bundles, which were
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seen in a degenerating axon shortly before it became fragmented and completely disintegrated
(Beirowski et al., 2005; Wang et al., 2012). As a hallmark sign of axon pathology, the spheroids
can be found in various neurodegenerative conditions including Alzheimer’s and Parkinson’s
diseases (Coleman, 2005). It has been shown that these spheroids are calcium rich and contained
pro-degenerative molecules, which are released to the inter-axonal space when the spheroids
ruptured, hastening axon disintegration (Yong et al.,, 2019). At 9-d pONC, we observed
substantially more spheroids in the axon bundles than 3 days, indicating degenerating axons.
Some of the spheroids have diameter of more than 3 microns and might also contribute to the
swelling of axon bundles. In vis-OCT fibergrams, the spheroids could not be clearly resolved and
were thus included as part of the axon bundle width and height measurements.

Taken together, we established vis-OCTF parameters to track axon bundle morphology in
vivo following the acute ONC injury. Based on our findings, both experimental and simulated, we
concluded RGC axon bundle cross-sectional area is most sensitive to RGC damages. Our current
study presented a new possibility to characterize the morphology of RGC degeneration at the

early stage of glaucoma.
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Materials and Methods

Healthy adult (3-14 months) male and female wild-type C57BL/6 mice were used for this study.
All animal protocols were approved by the University of Virginia institutional animal care and use

committee and complied with the National Institutes of Health (NIH) guidelines.

Optic nerve crush Surgery

The ONC procedure was performed as described previously (Grannonico et al., 2021; Puyang et
al., 2016). Briefly, mice were anesthetized with an intraperitoneal injection of 80 mg/kg ketamine
(Kataset, Zoetis; NADA #043-304) and 4 mg/kg xylazine (AnaSed, Akorn; NADA#139-236). A
small incision was made in the superior and lateral conjunctiva and the optic nerve was exposed
by a gentle dissection. The optic nerve was then gently clamped with a pair of forceps
approximately 1 mm behind the globe for 10 seconds. After surgery, moxifloxacin (0.5%, NDC
60505-0582-4, Apotex Corp.) was applied to the crushed eyes to prevent infection. Mice were

kept on a heating pad until fully recovered.

Vis-OCT imaging

A small animal vis-OCT system (Halo 100; Opticent Health, Evanston, IL, USA) was used, as
previously reported (Grannonico et al., 2021; Miller et al., 2020). In brief, four to six vis-OCT
volumes (512 A-lines/B-scan, 512 B-scans/volume) were acquired from the same eye with the
ONH aligned in each corner of the field of view (FOV) to cover different areas of the retina
(Grannonico et al., 2021; Miller et al., 2020). For each area, we generated vis-OCT fibergrams
from each vis-OCT volume (Miller et al., 2020). We used an intensity-based threshold method to
detect the surface of the retina and cropped the RNFL by selecting the first ~16 ym in depth, and
then calculated the mean intensity projection along the axial (z) direction to generate the fibergram

image composed of RGC axon bundles and surrounding vasculature. The fibergrams were then
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montaged covering approximately 1.2 mm x 1.2 mm in total (Grannonico et al., 2021).

The four vis-OCT volumes surrounding the ONH were digitally resampled to generate 425
pMm radius circumpapillary scans. To do so, we manually marked the ONH in the enface image
and plotted an 15 um thick arc around the ONH. The pixels were then sorted as a function of the
angle measured between each sampled A-line and the nasal direction with the ONH as the vertex.
Adjacent A-lines within a 0.2° sector were averaged together to reduce speckle noise while

preserving spatial density.

Individual axon bundle size quantification
We used the blood vessel pattern and the ONH as reference points to identify and track individual
axon bundles in each retina. We measured the axial thickness and lateral width of individual RGC
axon bundles using MATLAB. Bundle width measurements were recorded as previously reported.
Briefly, the center axis of each bundle was manually marked and the mean intensity profile along
the center axis was plotted as shown in Figure 1C. The intensity profile was normalized between
0 and 1 and the bundle width was recorded as the profile width at 1/e? Bundle thickness was
similarly recorded by extracting the axial intensity profile of the bundle and recording the thickness
value at 1/e? as shown in Figure 1D. Blood vessels were excluded from analysis by identifying
the dark shadows in the B-scan images and uniquely distinguishable branching structures
compared with surrounding axon bundles in fibergram images. Measurement values were
reported for individual bundles rather than the number of mice.

The shape of each bundle was approximated as an ellipse. Thus, the cross sectional area

of each bundle was determined as follows:
b 1 b'b

where Ay is the bundle area, Wy, is the bundle width, and Ty, is the bundle thickness.

We developed a shape parameter to describe the width to thickness ratio of individual
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bundles using a dimensionless value normalized between -1 and +1. The shape parameter was

calculated as follows:

s = (1 (min(Wb,Tb)> (Wb — T )
b max(Wy, Tp) Wy — Tl
where Sy, is the shape parameter of a single RGC axon bundle. A positive Sy, reflects a wider axon

bundle elongated laterally, while a negative S, reflects a thicker bundle elongated axially axis.

Immunohistochemistry and confocal imaging
After acquiring vis-OCT data, mice were euthanized with 600 mg/kg euthasol (Euthasol, Virbac
ANADA, # 200-071) and perfused with 4% paraformaldehyde (PFA) (ChemCruz, sc-281692). Eye
cups were dissected, post-fixed in PFA for 30 minutes, washed with phosphate buffered saline
containing Triton-X detergent (PBST, 0.5% Triton X-100), and then blocked for 1 hour in blocking
buffer (1% BSA and 10% normal donkey serum, 0.5% Triton X-100 (Sigma-Aldrich, St. Louis,
MO, USA). Primary antibodies, diluted using blocking buffer, included rabbit anti-rbpms (Abcam,
ab194213, 1:500), mouse anti-neurofilament H antibody (Bio-Rad, MCA1321GA, 1:250), mouse
anti-Tujl (gift from Tony Spano, University of Virginia, 1:250) and rat anti-lcam-ll (BD
Pharmingen, 553325, 1:500). Secondary antibodies, including donkey anti-mouse
immunoglobulin G conjugated to Alexa Fluor 594 dye (Invitrogen A-21203, RRID: AB_141633)
and donkey anti-rabbit immunoglobulin G conjugated to Alexa Fluor 488 dye (Invitrogen A-21206,
RRID: AB_2535792), were also diluted at 1:1000 in blocking buffer and incubated overnight at
4°C. After immunostaining, retinas were flat-mounted and cut into four quadrants: temporal, nasal,
inferior and superior. The blood vessel pattern was used as a landmark to align vis-OCTF and
confocal images of flat mounted retinas (Suppl Figure 2).

Confocal images were taken using a Zeiss LSM800 confocal microscope (Zeiss,
Thornwood, NY). Z-stack images covering the depth of the outer nuclear layer (ONL) to the

ganglion cell layer (GCL; approximately 50-80 um) were acquired. Lower magnification (5x)
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pictures were captured for the whole retina using the tiling/stitch function in Zen (Zen 3.2;
Oberkochen, Germany). For cell counting, individual images were captured at 10x, covering an
area of 0.408 mm?2. To show morphological changes in degenerating axons, individual z-stack
images covering an area of 0.0037 mm? were taken using a 63x water immersion objective.

To characterize the morphological changes in high resolution, images were taken using
the airy scan mode of the confocal. The Airyscan detector consists of 32 elements based on
GaAsP PMT, which allows detection of the emission signal of a focal spot much smaller than the
typical 1 Airy volume at a resolution of 140 nm in x and y and 400 nm along the optical axis,

resulting in better rendering of fluorescently labeled samples.

RGC soma quantification

The nasal side of the eye was marked during eye dissection for orientation. To quantify RGC
density, mouse retinas were immunostained with anti-rbpms antibody. For each retina, 16 en face
z-stack images covering the depth of GCL were captured (roughly 30 um of total depth). Four
images were acquired for each of the four quadrants to ensure broad coverage of the entire retina
(Figure 4A). Three rectangles covering no less than 0.03mm? area were randomly drawn on the
images, avoiding overlaps with large blood vessels. All ropms-positive cells within the rectangles
were manually counted in Zen (Zen 3.2; Oberkochen, Germany). Cell density was calculated
using total cell counts divided by area for the four quadrants in each retina. All data analyses were

cross-examined by two independent observers.

Statistical Analyses

All statistical analyses were performed using MATLAB and Prism. We used a linear mixed-effects
model for all height, width, and area comparisons to remove influence from individual subjects.
For ONC experiments, one-way analysis of variance (ANOVA) followed by Dunnett test for
multiple comparison were used for RGC loss and changes in the four axon bundle parameters A
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significance level of 0.05 was used and the p-values of the Dunnett tests were reported unless

otherwise stated. All results were reported as mean * standard deviation.
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Table 1. Regression analysis of RGC axon bundle morphology and soma loss (see Figure

5)
Parame | Equation RZ |p Peak of the Curve/ tipping point
ter RGC density | axon RGC loss
(cells/mm?) parameters | (%)

Area y =-1E-05x? + 0.076x | 0.5 |< 3780 1529 ym? | 7.7
+9.98 5 0.001

Width |y =-7E-07x% + 05 | < 3000 11.8 ym 26.7
0.0042x + 5.41 5 0.001

Thickn |y =-8E-07x? + 04 |< 2875 12.9 ym 27.8
0.0046x + 6.33 5 0.001

ess

Shape |y=1E-05x-0.11 0.0 |0.27 | N/A N/A N/A

5
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Table 2. Region-dependent polynomial

morphology and soma loss (see Figure 6)

regression Analysis of RGC axon bundle

Param | Regi | Equation R? p Peak of the Curveltipping point
eter on RGC axon RGC
density parameters | loss (%)
(cells/mm?
)
Area y = -1E-05x2 + 0.45 < 0.001 | 3065 115.5 ym? 29.5
0.061x + 21.56
N y = -1E-05x? + 0.48 <0.001 | 3670 132.6 pm? 16.04
0.073x - 2.07
S y = -2E-05x? + 0.38 <0.01 2040 105.2 pm? 38.4
0.082x + 21.97
T y = -8E-06x? + 0.25 0.03 3094 108.6 pm? 28.9
0.050x + 32.06
width | | y = -6E-07x2 + 0.53 <0.001 | 3083 10.8 pum 29.04
0.0037x + 5.05
N y = -5E-07x? + 0.38 <0.01 3400 11.4 pm 22.2
0.0034x + 5.58
S y = -1E-06x? + 0.39 <0.01 2450 11.9 pm 26.1
0.0049x + 5.87
T y = -4E-07x? + 0.19 0.08 3125 11.3 pm 28.1
0.0025x + 7.44
Thickn | | y = -6E-07x2 + 0.24 0.04 2917 13.2 ym 32.9
ess 0.0035x + 8.13
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y = -8E-07x? + 0.48 <0.001 | 3188 12.7 pm 27.1
0.0051x + 4.60
y = -9E-07x? + 0.26 0.03 2556 13.0 ym 22.9
0.0046x + 7.11
y = -4E-07x% + 0.24 0.04 3500 12.0 pm 195
0.0028x + 7.11

Area y = 4E-05x - 0.25 0.25 <0.01 N/A N/A N/A
y = 7E-06x - 0.08 0.007 0.68 N/A N/A N/A
y = 9E-06x - 0.09 0.006 0.71 N/A N/A N/A
y =-1E-05x + 0.02 0.01 0.57 N/A N/A N/A
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Tables

Table 1. Regression analysis of RGC axon bundle morphology and soma loss (see Figure

5)

Parameter | Equation R? p Peak of the Curve/ tipping point
RGC density | axon RGC loss
(cells/mm?) parameters (%)

Area y =-1E-05x2 + 0.076x + 9.98 0.55 <0.001 | 3780 152.9 um? 7.7

Width y =-7E-07x? + 0.0042x + 5.41 | 0.55 <0.001 | 3000 11.8 um 26.7

Thickness | y =-8E-07x*+ 0.0046x +6.33 | 0.45 <0.001 | 2875 12.9 pm 27.8

Shape y = 1E-05x - 0.11 0.05 0.27 N/A N/A N/A
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Table 2. Region-dependent polynomial

morphology and

soma loss (see Figure 6)

regression Analysis of RGC axon bundle

Paramete | Regio | Equation R? p Peak of the Curveltipping point
r n RGC density | axon RGC loss
(cells/mm?) parameters (%)
Area y = -1E-05x2 + 0.061x + 0.45 <0.001 3065 115.5 pm? 29.5
21.56
N y = -1E-05%? + 0.073x - 2.07 0.48 <0.001 3670 132.6 pm? 16.04
S y = -2E-05x? + 0.082x + 0.38 <0.01 2040 105.2 um? 38.4
21.97
T y = -8E-06x? + 0.050x + 0.25 0.03 3094 108.6 um? 28.9
32.06
Width I y = -6E-07x2 + 0.0037x + 0.53 <0.001 3083 10.8 pm 29.04
5.05
N y = -5E-07x2 + 0.0034x + 0.38 <0.01 3400 11.4 pm 22.2
5.58
S y = -1E-06x? + 0.0049x + 0.39 <0.01 2450 11.9 pm 26.1
5.87
T y = -4E-07x? + 0.0025x + 0.19 0.08 3125 11.3 pm 28.1
7.44
Thicknes | y = -6E-07x2 + 0.0035x + 0.24 0.04 2917 13.2 pm 329
s 8.13
N y = -8E-07x? + 0.0051x + 0.48 <0.001 3188 12.7 pm 27.1
4.60
S y = -9E-07x2 + 0.0046x + 0.26 0.03 2556 13.0 ym 229
7.11
T y = -4E-07x? + 0.0028x + 0.24 0.04 3500 12.0 pm 195
7.11
Area | y = 4E-05x - 0.25 0.25 <0.01 N/A N/A N/A
N y = 7E-06x - 0.08 0.007 0.68 N/A N/A N/A
S y = 9E-06x - 0.09 0.006 0.71 N/A N/A N/A
T y =-1E-05x + 0.02 0.01 0.57 N/A N/A N/A
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Figure 1. In vivo identification and quantification of RGC axon bundle morphology. (A) A
fibergram from a single OCT volume of a wild-type mouse. Two RGC axon bundles (1) and (2)
were labeled at the radius of 425 ym from the ONH as indicated by the red arc. (B) Circumpapillary
B-scan image reconstructed along the red arc in A shows the cross-sectional image of the retina.
The blue arrow in A indicates the leftmost A-line in B. The green dashed lines indicate the bundles
(1) and (2).. (C-D) Intensity profile of the lateral width (C) and the axial intensity (D) of the bundles
(1) and (2). The width of the axon bundle is measured at 1/e2 decay, as indicated by the black
(1) and red (2) arrows. (E) Table of the lateral width, axial thickness, cross-sectional area, and
the shape indicators of bundles (1) and (2). RNFL: retinal nerve fiber layer; IPL: inner plexiform
layer; INL: inner nuclear layer; OPL: outer plexiform layer; ONL: outer nuclear layer; RPE: retinal

pigment epithelium
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Figure 2. In vivo tracking of individual axon bundles following the optic nerve crush (ONC)
injury. (A) In vivo fibergram image of the same retina at baseline and 3-days (d), 6-d, 9-d, and
15-d post ONC (pONC). The left two panels are the vis-OCTF images and right panel is the
resampled circumpapillary B-scans at the radius of 425 um (red arc). Middle panels show the
magnified views of highlighted regions in left panels (blue boxes). The green points (1-5) indicate

the same five axon bundles tracked over time. The red arrows indicate blood vessels (V1 and

90



V2). (B) Quantification plots of the lateral width, axial thickness, cross-sectional area, and shape

(Sb) of the five tracked axon bundles over time

91



g ! R At - Baseline oy
o 37 SR i it - 3-d pONC .
g_ /,'/ ’  JER AP - 6-d pONC g_
v 7 \ —
@05 B 56 & R 3-d pONC g
[ P ] R SRR [
E % YO¥ E
~ ~ .
5 ole= & ; PR e ; 5 ol ; s 7
Z 0 5 10 15 20 25 30 Z o 10 20 30
Width (pm) Height (pm)
! R et A - Baseline g ! 7T Baseline
s o Yok ~ 3-d pONC = "% R — 3.d pONC
= ’, T - 6-d pONC = 4 \ .. 6-d pONC
Sos5 “ V. N 3-d pONC Tos "4 N 3-d pONC
@ 4" b N 2 v 4 N,
s 14 ¥ -~ \ ~ b % /’ ’ s \\\\\
E M - e i i ~~.~\‘~_ . £ ._;."!’,’ \“Q;Q*
= 0 = ol L "
S 0 50 100 150 200 250 300 350 400 450 2 4 05 0 0.5 1
Area (pm?) Shape
E .. F G
EArea S EArea 3 WAreaincrease
EBWidth 200 BShape S 8o 9 Area Docroase |
50 BT hickness 0 g ‘
] [
o o -200 S 60)
e = o
o 25 © -400
] 5 2 40
O O -600 g
= 2 . .
& i - . @ 20
-1000 2
-25 -1200 0! -J
3 6 9 3 6 9 3 6 9
Days post ONC Days post ONC Days post ONC

Figure 3. Distribution of the changes in RGC Axon Bundle morphology following the ONC

injury. (A-D) Smoothed distributions of the lateral width (A), bundle height (B), cross-sectional

area (C), and shape (D) for 141 axon bundles (n = 3 mice) following the ONC injury. Shaded

arrows point to the mean value of the distribution curve. (E) Percent change of RGC axon bundle

width (red), thickness (blue), and area (purple) with respect to baseline values. (F) Percentage of

axon bundles exhibiting increased (gray) or decreased (orange) cross-sectional area at different

times compared to baseline.
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Confocal

Figure 4. Confocal imaging of flat mounted retinas for quantification of RGC loss following
vis-OCT imaging. (A) Schematic representation of the flat mounted retina with vis-OCT (blue
box) and confocal microscopy (orange boxes) FOVs overlaid. (B-E) Vis-OCTF (left panel)
followed by confocal microscopy images of RGCs labeled by rbpms for estimating RGC density
in control (B), 3-d (C), 9-d (D) and 15-d € pONC eyes. Right panels show the magnified views of

highlighted regions in middle panels (orange boxes). Green dashed lines in vis-OCTF divided the
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field of view into 4 regions: superior (S), nasal (N), temporal (T) and inferior (1).
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Figure 5. Correlation of RGC soma density and axon bundle size measurements. (A-D) RGC
axon bundle cross-sectional area (A), width (B), thickness (C), and shape (D) plotted as a function
of rbpms + RGCs density for each retina. Black, dark grey, light grey, and white dots represented
data from control (N=6), 3-d (N=9), 9-d (N=8) and 15-d (N=3) pONC, respectively. Second order
polynomial regression (dotted line) were fitted to the data for (A-C), and linear regression were

fitter to (D). The equation and r-square values are labeled on the figure.
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Figure 6. Regional differences were detected between RGC density and axon bundle size
measurements. (A-D) RGC axon bundle cross-sectional area (A), width (B), thickness (C), and
shape (D) plotted as a function of rbopms + RGCs density from each quadrant of each retina (S:
superior; I: inferior; T: temporal; N:nasal). Second order polynomial regressions (dashed lines)

were fitted to each region separately for (A-C), and linear regressions were fitted for (D).

96



Figure 7. Confocal imaging of the morphological changes of the RGC axon bundles
following the ONC injury. Images of flat mounted retinas of control (A), 3-d (B), 9-d (C) and 15-
d (D) pONC were double-immunostained with Tuj-1 (purple) and NFH (green) antibodies. Low
magnification images taken near the ONH (top panels). High magnification airy scan microscopy
images acquired at areas indicated by blue rectangles immunostained by NFH (middle panels)

and Tujl (bottom panels). The yellow arrow indicates a splitting axon bundle, and the white arrows
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indicates retraction bulbs that formed at axon lesion sites.

98



3-d pONC

Figure 8. Confocal images of disorganized axon bundles and beaded axons following the
ONC injury. Confocal airy scan microscopy images of flat mounted retinas of control (A), 3-d (B),
9-d (C) and 15-d (D) pONC double-immunostained with NFH (top panels, green) and Tuj-1
(bottom panels, purple) antibodies. (A-C) White arrows indicate axonal spheroids formed next to
the axon bundles, and blue arrows indicate axonal spheroids formed inside axon bundles. (D)
Magnified views of highlighted areas (yellow boxes) show vesicles that were positive for NFH, but

not Tuj-1 at 15-d pONC.
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Figure 9. Simulation using experimental data to determine which RGC axon bundle size
parameter is most sensitive to RGC damages and estimate parameter floor values. (A) RGC
density (pgec, blue data points) plotted as a function of time to establish relationship modeled by
a logistic function (dashed red line). (B) Example simulated RGC density values (black data

points) as a function of time. (C-F) Example simulated RGC axon bundle size parameters: cross-
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sectional area (Ag) (C), width (Ws) (D), thickness (Ts) (E), and shape (Sg) (F). (G) p-values as a
function of time for the simulated size parameters to determine which parameters are most
sensitive to RGC loss. (H) p-values as a function of time for the simulated size parameters to

determine parameter floor times (tf).
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Supplementary Figures
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Supplementary Figure 1. Histogram of tracking of a total of 141 RGC axon bundles before

ONC and 3-d, 6-d, 9-d pONC (See Figure 3). The width (A), height (B), area (C) and shape (D)

were measured, and values were plotted as shown in the histograms. Blue arrows indicate large
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axon bundles that decrease in size with time after ONC.
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Supplementary Figure 2. The blood vessel pattern was used as a landmark to align vis-
OCTF and confocal images of flat mounted retinas (See Figure 4). The same blood vessels
were labeled (1-11) in the ex vivo confocal image of flat-mounted retina immunostained for ICAM2

and in-vivo vis-OCT fibergram of the same retina. S: superior; N: nasal; T: temporal; I: inferior.
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CTRL 3-d pONC 9-d pONC 15-d pONC

Supplementary Figure 3. Degenerating RGCs were observed post ONC. Flat mounted retinas
were double immunostained with Tuj-1 (purple) and NFH (green) antibodies (see Figures 7 and
8). Confocal images were taken at the medial to peripheral retina. Tuj-1 labels axon bundles and
some RGC soma membranes, while NFH antibody labels axon bundles and degenerating RGC

somas (white arrows).
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Chapter 4 Discussion: Rethinking glaucoma pathogenesis

Glaucoma is a group of eye diseases that affects more than 70 million people worldwide and
causes 10% of them to be bilaterally blind, making it the leading cause of blindness. It is
characterized by the gradual degeneration of retinal ganglion cells (RGC) (Weinreb et al., 2014).
The soma of RGC is located in the retina but its axon exits the eye at optic nerve head and
projects to the brain along the optic nerve (Sanes & Masland, 2015). The pathogenesis of
glaucoma is poorly understood, though elevated intraocular pressure (IOP), the pressure of the
eye, is associated with a high proportion of glaucoma cases. Current treatments for glaucoma
include drugs and surgeries that alleviate the abnormally elevated IOP, which slows down disease
progression for some patients (Weinreb et al., 2014). However, no treatment has been developed
that is able to reverse or halt RGC degeneration once degeneration has begun, emphasizing the
need to better understand glaucoma pathogenesis for successful disease intervention.

Glaucoma pathogenesis: IOP elevation and its direct effects on RGCs—— the primary

damage
To develop more effective treatments for glaucoma patients, it is important to understand how the

elevation of intraocular pressure directly affects retinal ganglion cells.

Axons vs. soma: Which is ‘attacked’ first?

The retinal ganglion cell can be viewed as two segmented compartments: the soma and the axon.
RGC somas reside in the eyes, and their axons from bundles that aggregate as optic nerve, exit
the eye through the ONH and enroute to various brain targets. In glaucoma, the degeneration of
RGC is compartmentalized. While the soma degenerate by caspase dependent apoptosis (Howell
et al,, 2013; Quigley, 2016), the axons degenerate through Wallerian and/or dying back
mechanisms (Howell et al., 2013). For example, when BAX, a proapoptotic molecule, was
genetically ablated, RGC soma death was prevented in a mouse glaucoma model, though the

RGC axons still suffered degeneration (Libby et al., 2005). In another study, the Wallerian
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degeneration slow allele (WId®) prevented axon damage in glaucomatous mice, but RGC soma
were found to shrink in size (Howell et al., 2007). With this compartmentalized degeneration
scheme, an interesting question to ask is whether there’s a chronological order of events.
Specifically, which one, axon or soma, are affected first in glaucoma? It is important to address
this question as neuroprotection methods differ depending on the site of action. And determining
the location of initial insults will promote successful early intervention for patients. | propose that
elevated I0P first affects the RGC axons, and the damage is later transduced to the RGC soma
eventually leading to apoptosis.

Currently, arguments supporting both ‘axon first’ and ‘soma first’ hypotheses have been
presented. One of the main pieces of evidence supporting the ‘soma first’ hypothesis is that in
late stage glaucoma, a considerable number of axons remained even after the majority of the
RGCs are gone (Li et al., 2020; Rovere et al., 2015; Sanchez-Migallon et al., 2018a). Our own
study (see Chapter 3) also showed that a substantial amount of nerve fibers was present when
RGCs had degenerated by 80%. However, this argument has a flaw. The observation that axons
remain while most RGCs have degenerated only suggests that axons degenerate at a slower rate
and may take longer to disintegrate than the soma. However, it does not indicate that the initiation
of axon degeneration happens later. Actually, the very idea of compartmentalized degeneration
suggests that the RGC axon and soma may very well degenerate each at their own pace.

On the other hand, a number of studies have been published showing early axon damage
in rodent glaucoma models (Buckingham et al., 2008; Chidlow et al., 2011; Howell et al., 2007;
Levin, 2001; Vidal-Sanz et al., 2017; Whitmore et al., 2005). For example, in DBA/2J mice,
decreased axon counts were seen at 13 months, together with substantial defects in axonal
transport revealed by retrograde tracing from the superior colliculus using fluoro-gold. However,
significant RGC soma loss was not found until a later time at 18 months(Buckingham et al., 2008).
In a rat ocular hypertension model. (Chidlow et al., 2011), accumulation of proteins normally
transported along the axon were found at the optic nerve head region, where axonal cytoskeletal
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abnormalities were seen. The downregulation of RGC specific genes Thy-1 also occurred later
than axon damage(Chidlow et al., 2011). Moreover, while protection of the soma does not offer
protection for axons(Libby et al., 2005), the protection of axons by the WIdS allele were able to
reduce soma degeneration (though the soma still suffer shrinkage) in glaucoma, suggesting that
axonal damage is, at least partially, causal to subsequent soma death (Howell et al., 2007).

Though animal models of glaucoma provide great tools to study pathogenesis of
glaucoma, findings from these models cannot be directly translated to human glaucoma. In animal
models, substantial IOP elevation is induced that leads to rapid RGC degeneration. For many
human patients, though, glaucoma is a chronic disease that develops slowly over periods of over
one or two decades (Weinreb et al., 2014). This prolonged disease progression poses difficulty
for chronological studies. Moreover, at the time visual deficits can be detected by visual field tests,
more than 30% amount of retinal ganglion cells may have already degenerated (Harwerth et al.,
2010; Kerrigan-Baumrind et al., 2000; Quigley et al., 1981), making it impossible to study early
events in human glaucoma.

Though direct evidence is sparse, we can make a calculated guess based on the pattern
of progression of visual field loss in glaucoma (Levin, 2001). In human, the horizontal raphe, a
horizontal demarcation line in the temporal retina, divides the retina into separate superior and
inferior hemispheres. The retinal nerve fibers run in opposite directions at the two sides of
horizontal raphe. Due to this organization of the nerve fibers, RGC near the horizontal raphe area
may send axons to either side of the hemisphere, resulting in well separated axons despite close
proximity of somas. Therefore, the progression of visual field loss differs depending on whether
glaucoma damage progress in a ‘axon to axon’ or ‘soma to soma’ way. Specifically, if the damage
of glaucoma is perpetuated at the nerve fiber or optic disk level, the spreading of visual field loss
should not cross the hemiretina. If glaucoma progresses among adjacent RGC somas, then
spreading of visual field loss should not be hindered by the horizontal raphe. Indeed, in patients,
glaucomatous visual field deficits spreads in an arcuate pattern in the superior and inferior visual
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field that usually respects the horizontal median(Asman & Heijl, 1994; Chauhan et al., 1997),
suggesting glaucomatous damage may progress in an ‘axon to axon’ manner (Levin, 2001).
Taken together, RGC axons are highly likely the structure that receive the initial ‘attack’

from elevated IOP.

RGC axons are most vulnerable at the optic nerve head region

Along the RGC axon paths, one region most vulnerable to IOP elevation is the optic nerve head
where nerve fibers exit the optic globe. Specifically, the unmyelinated axon bundles aggregate at
the optic disk where they turn and travel perpendicular in relation to the retinal plane and invade
the lamina cribrosa. In human, the lamina cribrosa consists of a matrix of connective tissues that
provide structural support to the nerve bundles(Quigley, 2016). In rodents, this is replaced by a
similar structure with astrocytes ensheathing the axon bundles(Chidlow et al., 2011). In healthy
eyes, the lamina provides necessary structural and nutritional support to the axons.

In animal models, disrupted axonal transport and axon swelling is seen at the ONH
region(Buckingham et al., 2008; Chidlow et al., 2011; Howell et al., 2007; Levin, 2001, Vidal-Sanz
et al., 2017; Whitmore et al., 2005). In human glaucoma patients, the lamina cribrosa undergoes
substantial remodeling that are easily identified clinically (Anderson & Cynader, 1997; Quigley et
al., 1981), but such changes are not observed in some other neurological optic atrophy. The
morphological changes here may be a result of the increased circumferentially directed hoop
stress result from IOP elevation. Using computer modeling of the posterior scleral shell of human
eyes, the mechanical stress IOP exerted on different parts of the posterior eye were examined
(Bellezza et al., 2000). The authors found that IOP related stress is the greatest at the load bearing
tissue of the lamina but decreases gradually through the peripapillary and posterior scleral
regions. Moreover, their model also predicts that elongated eyes and eyes with a larger ONH
suffer higher IOP-related stress, which matches with the observation that people with larger ONH

are at higher risk of developing open angle glaucoma despite higher RGC densities(Hoffmann et
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al., 2007).

A more intuitive analogy is to imagine the eye as a balloon filled with maximum amount of
air without bursting. Next, we poke a small hole in the balloon representing the ONH in the eye.
The balloon will naturally burst. Moreover, if we take a close look at the remains of the balloon,
we likely will find a big rupture originating from the ‘ONH’, while other regions of the balloon stay
relatively intact. The rupture is a result of the huge amount of pressure exerted by the air inside
of the balloon to the small hole, a vulnerable point where the density of the elastic materials is
different from the rest of the sphere. In glaucoma, IOP elevation exerts similar, though much less
dramatic, effects to the optic nerve head region, where the inside of the eye comes into contact

with other tissues.

Normal tension glaucoma (NTG) and IOP elevation
Though IOP elevation is a main risk factor for glaucoma and is seen in majority of glaucoma
cases, studies have found that more than 25% glaucoma patients have IOPs lower than 22mm
Hg, not substantially higher than then normal IOP seen in healthy subjects (Fechtner & Weinreb,
1994; Weinreb & Tee Khaw, 2004). Moreover, in people with elevated IOP, some never develop
glaucoma (Weinreb & Tee Khaw, 2004). One explanation of these observations is that glaucoma
is not a heterogeneous disease. In some cases, the initial insults may not come from mechanical
damage at the optic nerve head, but from other mechanisms such as inflammation(Gramlich et
al., 2015; Luo et al., 2010; Wei et al., 2019), dysregulation of glutamate receptor(Naskar et al.,
2000), etc. However, these hypothesis may not offer a conclusive explanation for normal tension
glaucoma, as similar morphological changes in optic nerve head can still be observed in these
patients compared to those with IOP elevation(Killer & Pircher, 2018).

In fact, when the eye is not viewed as an isolated structure, it is easy to see that intraocular
pressure is not the only force directed to the optic nerve head. Post lamina cribrosa, the optic

nerve enters the retrobulbar space, a subarachnoid space continuous with the CNS and
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maintained by the cerebrospinal fluid (CSF). The cerebrospinal fluid pressure acts in the opposite
direction against the pressure generated by IOP, creating a translaminar gradient between the
two. In many glaucoma cases, |IOP elevation results from blockage of the drainage pathways of
vitreous humor (Weinreb et al., 2014), a local defect. As a result, the translaminar gradient cannot
be held constant and the overall force at the optic nerve head may exceed what it can handle,
leading to axon damage.

In normal tension glaucoma, though the IOP is not elevated, the translaminar gradient
may change if the cerebrospinal fluid pressure decreases. Indeed, Landi et al (2019) estimated
the cerebrospinal fluid pressure (CSFP) using BMI, age and diastolic pressure from POAG
patients and healthy subjects. The difference between the IOP and CSFP (TLCPD) were
calculated. They found that CSFP was significantly lower and the TLCPD was significantly higher
in glaucoma patients compared with healthy subjects. In another study (Siaudvytyte et al., 2016),
the intracranial pressure and the neuroretinal rim area (a small rim area generally indicates more
severe glaucomatous damage) was measured in patients with normal tension glaucoma. They
found that NTG patients have a lower intracranial pressure compared with controls. Moreover,
there’s a positive relationship between the intracranial pressure and neuroretinal rim area.

Apart from the lowered CSFP, some patients may develop normal tension glaucoma
because of their sensitivity to IOP fluctuations. As explained earlier, Computer modeling of the
posterior eye predicted that at a given IOP, eyes with a larger ONH suffer higher stress at the
lamina region (Bellezza et al., 2000). Therefore, a small IOP elevation that normally wouldn’t lead
to damage may illicit injury for people with larger discs at the ONH. In fact, studies have suggested
that NTG patients have larger discs and deeper cups compared with high pressure-induced
glaucoma patients(Adlina et al., 2014; Kiriyama et al., 2003).

In summary, axonal damage at the OHN regions may be an early pathological events in
normal tension glaucoma despite the lack of substantial IOP elevation. Moreover, the
pathogenesis of NTG offers insights to treatments methods. It is known that reducing IOP through
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drug or surgery does not halt glaucoma disease progression, but merely slows it down. Moreover,
some patients do not respond to these treatments. The failure to stop disease progression may
be partly due to the inability to balance IOP reduction with CSFP. It is known that both IOP(Maeda
et al., 2006) and CSFP(Jasien et al., 2020) are subject to circadian changes. Though the exact
regulation mechanism and pattern of change of those pressures is yet to be determined, it is likely
that they correlate with each other in order to maintain a constant translaminar gradient (Jasien
et al., 2020). However, the administration of IOP reduction drugs does not take this into
consideration and may tip the balance at various timepoints, despite an overall IOP reduction.
This may account for further damage that cannot be rescued. More studies on this aspect of the

disease are needed in order to develop more precise and efficient treatments.

Axonal damage at the OHN: result of direct mechanical insult?

With elevated IOP and/or elevated TLCPD, substantial amount of pressure is forced at the lamina
region. It is intuitive to think that the mechanical force directly acts on axons, leading to axon
damage. Indeed, when pressure was applied to the motor fibers of the rabbit vagus nerve, axonal
transport was significantly inhibited (Hahnenberger, 1980). Moreover, there are many similarities
shared among the glaucoma model and the optic nerve crush model that’s generated by applying
forces directly at the optic nerve(McKinnon et al., 2009; Yang et al., 2007). This suggests at least
partially convergent pathological mechanisms exist between the two.

However, the direct mechanical force acting on the RGC axons might be limited, since
axons in run longitudinally to the pressure gradient at the lamina. Let’'s consider the balloon
analogy again. This time, instead of poking at it with a needle, the OHN will be represented by
the mouth of balloon. If we untie the mouth, air will flow out from the mouth in the direction of the
neck. If we attach strings at the mouth to represent the axons, the strings will be floating in the
direction extending along the neck as air releases which resembles the natural path the axons

take. Therefore, the mechanical force is unlikely to greatly distort the axon itself. Instead, the
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structure that suffer big distortion at the OHN should be the connective tissues matrix(Quigley,
2016) and the astrocytes ensheathing the axon bundles(Dai et al., 2012), as they run orthogonally
across the pressure gradient.

Indeed, changes in astrocyte morphology and metabolism have been shown post IOP
elevation(Burgoyne, 2011). A descriptive study looked at the changes at ONH in a rat ocular
hypertension model(Dai et al., 2012). They found a special type of astrocytes fortified by dense
cytoskeletal filaments arranged in a radial array anchored to the thick vascular outer sheath at
the OHN in healthy eyes. These astrocytes surround axons passing through the ONH. Shortly
after IOP elevation, the dorsal processes of these astrocytes were torn away from the sheath.
After the IOP returned to baseline level, the damage continued and eventually led to complete
loss of the fortified astrocytes. The axons gradually degenerated following the death of astrocytes,
but a small percentage of axons remained when astrocytes were all lost. Moreover, during the
whole process, the axons remained at the right angles and their course was not distorted,
suggesting they did not suffer great mechanical force.

Under normal conditions, the ONH astrocytes offer important metabolic support for axons.
They maintain the extracellular environment, removing potassium and excess
glutamate(Burgoyne, 2011). Especially, as the astrocytes have direct contact with the
vasculature, it may directly transfer nutrients to the axons at the ONH, which have an extremely
high energy demand (Minckler et al., 1976), as the axon hillock generating action potential is
located here. As astrocytes degenerate, the metabolic support for the axons is disrupted, leading
to subsequent axon degeneration. Indeed, upon IOP elevation, change in mitochondria dynamics
and morphology were observed(Abe & Cavalli, 2008; Howell et al., 2013). Moreover, mitochondria
accumulated at the OHN in glaucoma(Gaasterland et al.,, 1978), which may reflect a
compensatory effect to restore energy supply.

In conclusion, | propose that apart from the mechanical force, dysfunctional astrocytes
and an altered metabolism also contribute, maybe even more, to axon degeneration after IOP
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elevation.

In vivo monitoring of axon bundles and early diagnosis of glaucoma

Early intervention in glaucoma is important since glaucomatous damage is irreversible. However,
glaucoma can progress without having easily identifiable symptoms until reaching an advanced
stage. The loss of axons and remodeling of connective tissue produce a characteristic excavated
optic nerve head that are often used for diagnosis, but identification of optic disc damage may not
be subjective as grading varies between observers (Jampel et al., 2009). Another important test
for glaucoma diagnosis is the visual field test. However, more than 30% of RGCs may be lost
before visual field defects can be seen (Harwerth et al., 2010; Kerrigan-Baumrind et al., 2000;
Quigley et al., 1981). More recent developments in glaucoma diagnosis turn to morphological
changes of nerve fibers as increasing evidence point to RGC axons as initial sites of damage in
glaucoma. Imaging techniques such as infrared-OCT and confocal scanning laser
ophthalmoscopy have made it possible to observe changes in the overall retinal nerve fiber layer
(RNFL) thickness (Chauhan et al., 2013; Medeiros et al., 2008). However, they still fail to identify
early glaucomatous damages (Alasil et al., 2014, Yi et al., 2016) as RNFL also contain blood
vessels and glial cells that may not be affected in glaucoma, which can blanket subtle changes in
nerve fibers.

Taking advantage of vis-OCT’s high resolution imaging capability(Grannonico et al., 2021),
we were able to directly monitor individual axon bundles (see Chapter 3) changes in mice optic
nerve crush models. Especially, we detected significant axon bundle swollen at 3-days post ONC
across the entire retina, when only 15% of RGCs had degenerated. This swollen of the axon
bundles may be caused by swelling of individual axons due to accumulation of organelles and
proteins when axonal transport is impeded(Chidlow et al., 2011; Coleman, 2005). Such axon
swelling is also observed in the DBA-2J mice(Howell et al., 2007), rat ocular hypertension

model(Chidlow et al., 2011), and various other CNS axonopathies(Galvin et al., 1999;
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Kerschensteiner et al., 2005). Apart from this, the formation of axonal spheroids may also
contribute to the axon bundle swelling, which is observed in our ONC mice model and in various
neurodegenerative diseases (Beirowski et al., 2005; Coleman, 2005; Tsai et al., 2004; Wang et
al., 2012). Interestingly, as an early mark of axon degeneration(Coleman, 2005; Yong et al., 2019),
the formation of spheroids may regress following immunotherapy in a mice model of
Alzheimer(Brendza et al., 2005). Therefore, identifying morphological changes and early events
in degenerating axons may provide a window for intervention in early glaucoma that can reverse
disease progression. Moreover, glaucomatous damage does not manifest all at once across the
whole retina and early damages may be only present at local regions. In vivo imaging techniques
that can track local or individual axon bundle changes is essential for early diagnosis.

Together, our results confirmed that morphological changes in axon bundles occurred

early in ONC model and presented a possibility to characterize early glaucomatous damage.

Are ipRGCs resistant to axonal damage?

All RGCs axons pass through the ONH and are therefore subject to damage when IOP raises.
However, not all RGCs degenerate at the same rate in glaucoma. Specifically, we have shown
that, ipRGCs, especially the M1 subtypes, seem to preferentially survive in mice OHT model
compared with Brn3a positive RGC types (see Chapter 2). It is interesting to ask if this resistance
to OHT partly comes from the axons.

Indeed, resistant to glaucomatous damage is different across RGC axons. This differential
resistance may depends on the location of the axon bundles, as visual field deficits generally
develops in a non-homogenous pattern in glaucoma(Levin, 2001; Weinreb et al., 2014). The
morphology and/or type of axons may also contribute. Studies have found degeneration of large
diameter axons occurred early in mouse glaucoma model (Grozdanic et al., 2003), primate
glaucoma model(Glovinsky et al., 1991) and in human patients(Quigley et al., 1988).

However, study investigating the resistance of ipRGC axons in glaucoma is sparse. In our
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own study(Gao et al., 2022), the double lasered OHT mice seemed to retain relatively intact
circadian function as no delay in circadian re-entrainment was found, while the visual acuity and
contrast sensitivity were significantly reduced, likely suggesting preservation of functional axons
for the M1ls compared to other RGCs (see Chapter 2). One factor that may contribute to M1s’
axons resistance to damage is the shorter distance it needs to travel compared with other RGC
axons. While majority of the vision formation RGCs innervate the superior colliculus(Sanes &
Masland, 2015), the Brn3b negative M1 cells innervate the master circadian clock, SCN, a region
a lot less distant from the optic nerve head(Baver et al., 2008; Chen et al., 2011). In various
axonopathies where axons degenerate in a dying back mechanisms, longer axons tend to suffer
more damage or die quicker than shorter ones, possibly due to higher metabolic
demands(Stassart et al.,, 2018). As dying back mechanism is responsible for some axon
degeneration in glaucoma, the shorter routes of the M1 axons may be protective. Apart from this,
M1s are also known to send axon collaterals to regions inside of the retina such as the ciliary
marginal zone (Semo et al., 2014) and the nerve fiber layer(Joo et al., 2013). These collaterals
may provide protection for the M1 cells, as in mice spinal injury, a surviving intact branch of axon
suppresses retrograde degeneration of the injured branch (Lorenzana et al., 2015).

In conclusion, ipRGC axons, especially those of M1ls, may be more resistance to
glaucomatous damage compared to other RGCs due to a shorter route to brain target and
surviving axon collaterals. However, we still lack direct observations confirming M1s resistance
to axonal damage at the ONH. Future studies can utilize genetic labeling methods to investigate
cell type dependent axonal damage in glaucoma, as this may offer insights for effective glaucoma

treatments.
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Glaucoma pathogenesis: RGC apoptosis and secondary damages

Though the pressure imbalance at the OHN may not directly affects the RGC somas, indirect
mechanisms, such as the lack of trophic support and metabolic stress due to halted axonal
transport and ischemia, as well as secondary neuroinflammation mediated by glia cells, eventually
lead to the loss of RGC somas. A comprehensive understanding of the molecular pathways
associated these processes using the ‘omic’ technologies and will enable development of

neuroprotective treatments.

Loss of Neurotrophic factors and RGC apoptosis

Neurotrophic factors are small, diffusible molecules that exert a survival effect on CNS neurons
mediated by the tropomyosin related kinase (Trk) receptors and the p75 receptors (p75"™®), which
are expressed in RGCs. RGCs receive neurotrophic factors (NTFs) from two sources: 1) target-
derived factors secreted from higher brain centers where RGC axons innervate and 2) local
trophic factors that are produced by retinal neurons and glia cells in the eye. It is known that target
derived trophic factors are transported along the RGC axon retrogradely. In development, NTF
play important roles in neural pruning, where excess RGCs are eliminated if their axons fail to
reach brain targets and receive no target derived neurotrophic factors(lto & Enomoto, 2016). Post
development, target derived NTFs may continue to support the survival of mature RGCs, though
there may be a shift to endogenously produced NTFs(Whitmore et al., 2005), as ablating RGC
target neurons result in little or much delayed RGC cell death in adult rodents compared to

neonates(Harvey & Robertson, 1992; Yang et al., 2013).

It has been proposed that deprivation of target derived NTFs as a result of hindered axonal
transport contribute to the apoptosis of RGC soma in glaucoma. In a rodent glaucoma model,
accumulation of the radioactively labeled brain derived neurotrophic factor (BDNF), one most

intensively studied NTFs, was found at the optic nerve head regions, and its transport to RGC
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soma was significantly diminished(Quigley et al., 2000). In human patients, decreased level of
BDNF was also seen in agueous humor of the eye(Ghaffariyeh et al., 2011). As NTFs may exert
survival effects on RGC, researchers have investigated their neuroprotective effects in various
animal glaucoma models. Indeed, upon administration of BDNF, RGC degeneration was
significantly reduced in various animal glaucoma model, though this pro-survival effect was often
temporary(Claes et al., 2019). Despite BDNF, the neuroprotective effects of other NTFs are
controversial. For example, while some studies showed a moderate neuroprotective effect of
nerve growth factors (NGF) in animal glaucoma models, others failed to observe it(Almasieh et
al., 2011). In fact, NGF could be both pro-survival and pro-apoptotic depending on the type of
receptors it binds to(Gupta et al., 2013). Clinical trials of NTFs also yielded contradictory results,
while some studies reported application of NTFs reduced RGC loss in glaucoma patients, many
failed to demonstrate such an effect or only showed a temporary neuroprotective

effects(Lambiase et al., 2009; Osborne, 2009).

The temporary effect can be explained by the desensitization of the NTF receptors.
Specifically, excess amount of NTFs may lead to downregulation of receptors(Frank et al., 1996),
making subsequent NTF stimulation ineffective. Therefore, instead of supplying NTFs, better
neuroprotective treatments may be developed if we shift the focus to downstream actuators in
MTF signaling pathways. However, this is a daunting task as NTFs are linked to diverse,
intertwining signaling pathways involved in broad cellular responses, including the pro-apoptotic
c-Jun N-terminal kinase (JNK) kinase pathway, JAK/STAT pathway, the MAPK/ERK pathway,
and many more(Almasieh et al., 2011; Levkovitch-Verbin, 2015; Tezel et al., 2004). Moreover, we
still lack a complete description of the spectrum of NTFs present in the retina and most of the
current understanding comes from a small number of NTFs investigated in in vitro setups. With

this complexity, it is extremely hard to locate key molecules to target to offer effective
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neuroprotection. In fact, signaling pathways linked to NTFs have been found to up- or

downregulated in animal glaucoma models(Levkovitch-Verbin, 2015).

The contradictory results may arise from the many variations along each step of the NTF
signaling pathways, which intersect and crosstalk to modulate biological outcomes. Most studies
fail to take into account of this complexity as they only look at one or few molecules along a
specific pathway by examining phosphorylation states of these molecules via Western blot.
Therefore, to truly embark on NTF based therapies, technologies allowing researchers to track

multiple pathways simultaneously is required.

Unique trophic support may contribute to ipRGCs resistance to apoptosis

Though little is known whether ipRGCs, especially M1s, suffer less axonal damage in glaucoma,
it is well established that their somas preferentially survive in glaucoma and other retinal diseases
(see Chapter 1 and 2). As pathways such as JAK/STAT and PIK/Akt play important roles in
neuronal survival and can be activated by NTF signaling. Could part of ipRGCs’ unique resistance

to damage come from difference in trophic support of compared to other RGCs?

Indeed, ipRGCs may have alternative trophic supply compared to other RGCs in injury. It
is known that M1s have axon collaterals that terminates within the retina(Joo et al., 2013; Semo
et al., 2014) and are thus able to receive target derived trophic support within the retina. Though
other RGCs may also receive endogenously produced trophic support, the mode of action of
these support may differ. While the target derived trophic factors are endocytosed, retrogradely
transported to the soma and activate downstream pathways within the cells through receptor-
containing signaling endosomes(lto & Enomoto, 2016), endogenous NTFs directly bind to
receptors at the RGC plasma membrane(Johnson et al., 2009). These difference modes of action
are known to induce distinct signaling pathways and produce varying biological outcomes(Segal,

2003). In fact, endogenous NTFs may only offer short term protection to RGCs following damage,
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while long term protection requires target derived NTFs. Following optic nerve injury, the
application of BDNF both to the eye and brain showed long term protection of cat RGCs, while
application to the eye only temporarily rescued RGCs(Weber et al., 2010). These observations
also match with the dynamic of ipRGC degeneration. Following axotomy, optic nerve crush and
acute ocular hypertension, Brn3a positive general RGCs showed two stage of degeneration: an
initial stage of rapid cell degeneration followed by a slower and prolonged linear degeneration
stage. The ipRGCs, though, only showed an initial reduction in cell density after which no further
cell loss was observed(Vidal-Sanz et al., 2017). In a chronic OHT model, ipRGCs also remained
stable from 1 to 15 months of injury (Nadal-Nicolas et al., 2015). These observations could be

explained by the long term protection effects of continued target derived trophic support.

Apart from sustained target derived trophic support, ipRGCs may also benefit from a better
endogenous trophic support in glaucomatous injuries. Unlike other RGCs, the intrinsic
photosensitivity of ipRGCs allow them to initiate neuronal activity without receiving inputs from
retinal interneurons. Compared with artificial supplementation of NTFs, neuronal activity may
induce a more physiologically relevant NTF expression in the neurons and thus avoids the
desensitization problem(Corredor & Goldberg, 2009). In glaucoma, dendrites of RGCs tend to
shrink in size and complexity(Feng, Zhao, et al., 2013; Puyang et al., 2015; Weinreb et al., 2014),
indicating a reduction in inputs and a less robust neuronal activity. IpPRGCs, however, may retain
robust intrinsic activity with light stimulation. Moreover, study has found that ipRGC dendrites may
not suffer from reduction in ocular hypertension (Li et al., 2006). Rather, in aging dystrophic rat
retina, ipRGC processes may undergo remodeling and expansion (Vugler et al., 2008). Together,

ipPRGCs may retain robust neuronal activity and thus sustain a pro-survival NTF profile.

Moreover, ipRGCs’ close contact with Muller cells may also provide them with a pro-
survival environment. Muller cell is a resident glial cell of retina that provides metabolic, structural,

and trophic support to retinal neurons(Pfeiffer et al., 2020). It is known that they secrete several
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NTFs such as BDNF, ciliary neurotrophic factors (CNTF) and insulin like growth factor (IGF) that
are upregulated upon electrical stimulation of cultured retina(Manthey et al., 2017; Sato et al.,
2008). They traverse the retina and their end feed surround RGCs somas, a position that allows
them to directly ‘feed’ NTFs to RGCs. Interestingly, injection of tracer virus in one eye labeled
ipRGCs in the contralateral eyes shortly after, together with Muller glia and a few amacrine cells,
but not other cells. Moreover, immunostaining showed Muller cells were in close proximity with
iIpPRGCs(Viney et al., 2007). These results suggest that Muller cells make specialized contacts

with ipPRGCs and may provide extra trophic and metabolic support to them.

Taken together, the unique trophic support may contribute to the resistance to apoptosis
of ipRGCs. This cell type dependent trophic support and the underlying mechanisms may provide
great insights for future NTF based treatments. Though some of the unique structural properties
of ipRGCs, such as axon collaterals and Muller cell contacts are hard to apply to other RGCs,
modulating the downstream effectors of the unique NTF action modes of ipRGCs may be possible

with more comprehensive understanding of the pathways associated.

Glia cells and neuroinflammation cause secondary damage in glaucoma

In glaucoma, IOP elevation, or the imbalance of translaminar pressure, induce axonal damage at
the OHN, which eventually leads to the degeneration of the RGC somas. Therefore, restoring the
translaminar pressure should be able to save remaining RGCs that are not yet committed to
apoptosis and prolonged RGC cell loss should be minimal. However, in animal models of
glaucoma, even after the IOP was restored to the baseline level, RGC degeneration progressed,
suggesting mechanisms other than axonal damage may lead to secondary damage in glaucoma.
Such mechanisms may also explain why treatments reducing IOP is not enough to stop disease

progression in glaucoma patients.
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One possible candidate is the detrimental effect of neuroinflammation.
Neuroinflammation is a defense mechanism that may offer initial protective effects in the CNS,
removing pathogens and debris through activation of glial cells such as microglia and
astrocytes(Kwon & Koh, 2020). However, sustained neuroinflammation and expanded immune
response may cause damage and lead to neural loss. It is implicated in multiple
neurodegenerative diseases such as Alzheimer’s disease (AD), Parkinson’s disease (PD), and
amyotrophic lateral sclerosis (ALS) (Jiang et al., 2020). Interestingly, glaucoma shares many
features with these neurodegenerative diseases. Deposits of amyloid 8 protein, synuclein, and
pTau, a marker of Alzheimer disease, can be seen in glaucomatous retina. The vitreous humor
of glaucoma patients also has over a hundred proteins regulation common the pathophysiology
of Alzheimer disease(Mélik Parsadaniantz et al., 2020). For example, activation of the
complement cascades, a pathway involved in innate immunity, is seen both in Alzheimer and
glaucoma(Howell et al., 2011). These similarities suggest neuroinflammation may also play

important roles in glaucoma pathogenesis.

Three main types of glial cells reside in the retina: microglia, astrocytes, and Muller cells.
After IOP elevation, all three undergo substantial changes, transforming into more reactive types.
Astrocytes reside near ONH and may be the first glial cells responding. Increase of astrocytes
reactivity shown by higher vimentin level is observed in experimental rat glaucoma model and
DBA/2J mice (Son et al., 2010). Microglia cells also become active and transform to more motile
amoeba morphology while upregulating secretion of pro-inflammatory cytokines and reactive
species and downregulating trophic factor secretion(Bosco et al., 2011; Ebneter et al., 2010;
Rashid et al., 2019; Sobrado-Calvo et al., 2007; Son et al., 2010). Similarly, Muller cells upregulate
expression of GFAP and Bcl-2, proteins that are found in reactive gliosis in glaucoma

(Woldemussie et al., 2004). These activated glial cells with altered functions can no longer provide
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proper metabolic and trophic support and secrete molecules that are toxic to neurons, leading to

RGC damage and degeneration(Rashid et al., 2019).

Moreover, retina as part of the central nervous system, has immune privilege, where the
blood-retina barrier and blood-aqueous barrier prevent entrance of pathogens and immune cells
into the retina. This feature, together with local production of anti-inflammatory cytokines, prevent
heighted immune response in healthy eyes(Jiang et al., 2020). Immune privilege is believed to
protect the retina as it has limited self-repair abilities. However, this also suggest, unlike what
happens in peripheral inflammation, the retina may lack the mechanism to revert
neuroinflammation once it is initiated, causing subsequent RGC loss even after the IOP has
returned to baseline level. In glaucoma, IOP elevation cause astrocyte dysregulation, which
increased vascular and endothelial permeability. It is shown in mice that a transient elevation of
IOP is sufficient to induce infiltration of T-cells and inflammation in retina. The damage of

neuroinflammation is reflected by prolonged RGC loss long after IOP dropped(Chen et al., 2018).

Such damage can also be directly examined through transfer experiments. When the
aqueous humor or splenocytes cells of glaucomatous mice were transferred to healthy eyes, RGC
degeneration is found in the recipient eyes even though IOP elevation was never induced. This
process is mediated partly by the cell-cell interaction between transferred T-cells and resident
microglia. Such effect was not seen when splenocytes from immune deficient glaucomatous was
used in transfer though(Gramlich et al., 2015). Without experimental transfer of immune cells,
neuroinflammation can also spread from the glaucomatous eye to the contralateral eye
autonomously. In rodents, activated microglia and GFAP upregulation of Muller cells were found
in the contralateral retina to the experimental eye in glaucoma(Ramirez et al., 2010; Rojas et al.,
2014) and optic nerve crush(Sobrado-Calvo et al., 2007) model. However, without IOP elevation

and primary axonal damage, the contralateral eye general show very small RGC damage
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degeneration, suggesting neuroinflammation alone may not initiate significant glaucomatous

damage without axonal damage and vascular remodeling.

Interestingly, different types of RGCs may not be affected equally by neuroinflammation.
As discussed in previous section, ipRGCs seem to be resistant to prolonged degeneration
compared with other RGCs(Nadal-Nicolas et al., 2015; Vidal-Sanz et al., 2017), suggesting they
may not suffer secondary damage caused by neuroinflammation. It is known ipRGCs form specific
contacts with Muller glia(Viney et al., 2007), though how this interaction is mediated and how it
changes in glaucoma is not known. This type dependent interaction of RGCs with glial cells and
other immune cells is worth exploring and a comprehensive understanding may help building
better treatment strategies for glaucoma patients. Tools that allow the simultaneous examination

of multiple cell types and molecules will be needed.

Single cell omic technologies can accelerate understanding of glaucoma pathogenesis

Attempts have been made to locate molecular targets for neuroprotection in glaucoma. However,
contradictory results were often found, and we are yet able to stop or reverse neurodegeneration
in glaucoma. Much of that is due to the lack of understanding of the complex molecular pathways
involved in RGC degeneration, as successful treatments may require targeting multiple pathways
in multiple cell types, a tremendous task to complete with traditional methodologies that only allow
researchers to examine a few molecules at a time. With the emergence of single cell omic
technologies, though, the field may be at the beginning of establishing a complete understanding

of the spectrum of underlying molecules in glaucoma.

Single cell RNA sequencing allows unbiased cell classification and identification of
differentially expressed genes. It is well suited tool for compiling comprehensive molecular atlas
of retinal cells in glaucoma. In a recent study, single cell RNA-seq was performed on dissociated

RGCs of mice retina before and post optic nerve crush (Tran et al., 2019). Using clustering
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algorithms, they successfully identified 46 RGC subtypes, some of which were not identified
previously. They also validated novel molecular markers of these cells, which suggest RGC
subtypes can be relatively reliably classified by several novel markers. Especially, many of the
novel markers were previously unidentified, a result impossible to achieve with an ‘candidate’
approach. At 14 days post optic nerve crush, some RGCs, such as ipRGCs, were preferentially
spared from degeneration, while others suffered more cell loss. Moreover, they were able to
identify genes correlated with resistance and vulnerability, which were up or down regulated in in
a subtype dependent manner. They expressed the some of the resistant in mice retina and found
it increased survival of some susceptible RGCs but not others after optic nerve crush, suggesting
neuroprotective strategies need to be designed to particular neuronal populations. This study only
focused on RGCs, but not other retinal cells that also contribute to RGC degeneration, such as
glial cells. Future studies looking into the change in gene expression profiles of the other retinal
cells, especially on the expression of neurotrophic factors and its downstream effects should be

performed to search for novel targets for treatment.

Though single cell transcriptomic studies allow unbiased characterization of expression
profile changes in glaucoma progression, the findings may not be directly translated to clinical
interventions due to ethic and safety issues related to gene therapies. The key is to look at next-
step products of the mRNAs, the proteins, as most drugs in use target proteins. Though
transcriptomic studies implicitly assume that changes in mMRNA expression mediate
corresponding changes in the protein products, it is not always the case. In fact, mMRNA expression
level may only explain less than half of the variations observed in protein levels(Vogel & Marcotte,
2012), as other levels of regulation exist between transcript and protein products. Moreover, in
signaling pathways, modifications such as phosphorylation have important biological meanings,
which cannot be characterized by transcriptomic studies. Therefore, it is important to investigate

protein level changes.
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One of the tools that allow the characterization of multiple protein molecules at single cell
level is Mass cytometry, a flow cytometry variant that employs time of flight mass spectrometry
(TOF-MS) to detect up to 50 heavy metal ions presented in single cells(Bandura et al., 2009). By
attaching antibodies to these specific metals, CyToF can detect the relative abundance of 50
distinct antibodies per cell. It is a high throughput method that can measure up to 2 million cells
per hour (Spitzer & Nolan, 2016). These properties make CyToF a suitable technology to examine
the identity and molecular pathway changes of single cells in a high throughput manner (Bendall
et al., 2011; Bodenmiller et al., 2012). Specifically, tissue is dissected and dissociated to single
cells and stained with an antibodies conjugated with specific rare earth metals not found in living
organisms. Cells are labeled with metal conjugated antibodies using standard immunochemistry
method. After introduced into the mass cytometer, stained single cells are nebulized into droplets
and passed through 7500K flame. Each cell, together with the conjugated antibody, is ionized.
The presence and quantity of ion types present for each cell are then resolved based on the mass
and kinetic energy by TOF detector and can be correlated with protein expression profiles. A high
parameter dataset for each set will be generated for analysis. Using various statistical methods,
the high dimensional data can be visualized to classify cell populations(Van Der Maaten & Hinton,
2008) as well as characterizing progressions of molecular phenotype changes overtime(Zunder
et al., 2015). Taken together, these features of the CyToF technology makes it an ideal tool to
study changes in NTF related pathways in different RGC subtypes and other retinal cells.

However, CyToF suffer one drawback when in use: Though it allows the examination of
over 50 antibodies, it is not truly an unbiased method like single cell RNA-seq. Therefore, it is not
an ideal tool to search for completely unknown molecular mechanisms or provide comprehensive
description of molecular profiles. With limited ‘spots’ available, the antibody panel need to be
carefully designed that allow separation of cell populations and tracking of key molecules in
pathways of interests. Therefore, it is important to combine CyToF with other unbiased tools, such
as single cell RNA-seq and mass spectrometry. While the other tools can be used to locate
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interesting pathways and key molecules in disease progression, CyToF may subsequently verify

and characterize those changes and allow the identification of high potential clinical targets.
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