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ABSTRACT

Univocal identification of retinal ganglion cells
(RGCs) is an essential prerequisite for studying their
degeneration and neuroprotection. Before the advent
of phenotypic markers, RGCs were normally
identified using retrograde tracing of retinorecipient
areas. This is an invasive technique, and its use is
precluded in higher mammals such as monkeys. In
the past decade, several RGC markers have been
described. Here, we reviewed and analyzed the
specificity of nine markers used to identify all or most
RGCs, i.e., pan-RGC markers, in rats, mice, and
macaques. The best markers in the three species in
terms of specificity, proportion of RGCs labeled, and
indicators of viability were BRN3A, expressed by
vision-forming RGCs, and RBPMS, expressed by
vision- and non-vision-forming RGCs. NEUN, often
used to identify RGCs, was expressed by non-RGCs
in the ganglion cell layer, and therefore was not
RGC-specific. y-SYN, TUJ1, and NF-L labeled the
RGC axons, which impaired the detection of their
somas in the central retina but would be good for
studying RGC morphology. In rats, TUJ1 and NF-L
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were also expressed by non-RGCs. BM88, ERRp,
and PGP9.5 are rarely used as markers, but they
identified most RGCs in the rats and macaques and
ERRB in mice. However, PGP9.5 was also
expressed by non-RGCs in rats and macaques and
BM88 and ERRP were not suitable markers of
viability.
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INTRODUCTION

In his work “La retina de los vertebrados” (1893), Nobel Prize
winner Santiago Ramon y Cajal summarized why the retina is
an excellent model for studying neurodegeneration: ‘its

accessibility, its orderly organization in alternate layers of cell
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bodies and intercellular contacts, and the easy identification of
the main direction of the nervous message flow” (Cuenca & de
la Villa, 2021). Indeed, the retina offers several advantages
over other parts of the central nervous system (CNS), notably:
(i) ocular surfaces are transparent, which allows longitudinal
studies in vivo with non-invasive techniques to track
morphological and functional changes in the retina; (ii)
treatments, whether cells or drugs, can be administered
intravitreally or subretinally, thus avoiding possible systemic
adverse effects; (iii) systemic treatments are feasible if the
drug crosses the blood-retina barrier; (iv) behavioral analyses
are available to test the reach of functional and anatomical
improvement; and (v) well-established models of retinal
degeneration and disease are available in rats and mice
(Garcia-Ayuso et al., 2019a, 2019b; Parrilla-Reverter et al.,
2009; Vidal-Sanz etal.,, 2012, 2017), as well as in other
species such as pigs, ground squirrels, and rabbits (Sasaoka
et al., 2006; Volgyi & Bloomfield, 2002; Xiao et al., 2021); and
vi: new therapies may be extrapolated to the rest of the CNS.

The innermost part of the retina contains heterogeneous
populations of retinal ganglion cells (RGCs), which are the
only projecting neurons in the retina. Their axons form the
optic nerve and transmit light-triggered visual and non-visual
information to the brain, which elicits corresponding image and
non-image responses (Kim etal.,, 2021; Sanes & Masland,
2015). Unmyelinated RGC axons exit the retina and become
myelinated in the optic nerve. During travel, they decussate at
the optic chiasm to reach and synapse at several
retinorecipient brain areas (Giolli & Towns, 1980; Rodieck,
1979; Schiller, 1986). In rats and mice, more than 90% of
RGC axons cross the optic chiasm and, after sending co-
laterals to various visual nuclei, finally synapse at the
contralateral superior colliculi (SCi) (Linden & Perry, 1983;
Nadal-Nicolas etal.,, 2014, 2015b; Salinas-Navarro et al.,
2009a, 2009b).

Mammalian models of RGC degeneration can be applied to
study retinal diseases (e.g., glaucoma) and unravel how CNS
neurons respond to a given insult or systemic disease (e.g.,
diabetes, sepsis). These models can be inherited, such as
mouse strains that develop ocular hypertension with age (De
Lara etal., 2014; Liu etal., 2020; Raymond et al., 2009), or
induced (Gallego-Ortega et al., 2020; Valiente-Soriano et al.,
2015; Vidal-Sanz et al., 2012), including well-characterized
models such as axonal trauma (Kalesnykas etal., 2012;
Nadal-Nicolas etal.,, 2009; Parrilla-Reverter etal., 2009;
Sanchez-Migallén et al., 2016; Villegas-Pérez etal., 1993),
excitotoxicity (Chidlow & Osborne, 2003; Galindo-Romero
etal., 2016, transient ischemia (Lopez-Herrera et al., 2002;
Sellés-Navarro etal.,, 1996), and acute or chronic ocular
hypertension (Gallego-Ortega et al., 2020; Salinas-Navarro
et al., 2010; Valiente-Soriano et al., 2015; Vidal-Sanz et al.,
2012, 2015).

RGCs can be divided into several subtypes depending on
morphological (~35, Bae etal., 2018), physiological (~30,
Baden etal, 2016), or gene expression profiles (~46,
Rheaume et al.,, 2018; Tran etal., 2019). They can also be
comprehensively grouped based on functional type: i.e.,
vision-forming and non-vision-forming RGCs. Vision-forming
RGCs account for the vast majority (>90% of the total RGC

population in rodents (Galindo-Romero et al., 2013a; Nadal-
Nicolas et al., 2009; Salinas-Navarro et al., 2009a, 2009b))
and convey image features to the brain (e.g., color, contrast,
movement (Kim et al., 2021; Sanes & Masland, 2015)). Non-
vision-forming RGCs (<10% of all RGCs in rodents (Galindo-
Romero et al., 2013a; Valiente-Soriano et al., 2014)) are also
known as intrinsically photosensitive RGCs (ipRGCs). These
RGCs perceive light intensity and regulate circadian rhythm
and pupillary reflex (Berg et al., 2019; Provencio et al., 2000),
with additional involvement in pattern vision (Ecker etal.,
2010; Hattar et al., 2006; Schmidt et al., 2011). These two
RGC populations differ in their resilience to injury (Nadal-
Nicolas et al., 2015a; Sanchez-Migallon etal., 2018a), and
thus merit simultaneous and separate study to dissect the
complexities of injury resistance and vulnerability, with the
goal of increasing or blocking them, respectively.

In the last two decades, several phenotypic markers of
RGCs have been reported, notably BRN3A and RBPMS
(Galindo-Romero etal.,, 2011; Kwong etal., 2010; Nadal-
Nicolas et al., 2009; Rodriguez et al., 2014), although others
also exist. Because each marker protein has a specific
function and expression pattern, optimal proteins must be
selected based on their properties and what is being assessed
(e.g., RGC morphology, axonal structure, or viability).

In the current review, we focus on those markers used to
detect all (or most) RGCs, i.e., pan-RGC markers. Subtype-
specific RGC markers have been reviewed elsewhere (Corral-
Domenge et al., 2022; Tapia et al., 2022). This review does
not include markers for ipRGCs, as they are typically
immunoidentified based on their expression of melanopsin,
the pigment that renders them photosensitive (Provencio
etal.,, 2000). This protein is expressed at varying levels
depending on the ipRGC subtype, with low-expressing M4—M6
subtypes showing lower detection sensitivity than standard
fluorescence microscopy (Berg etal.,, 2019). Nevertheless,
melanopsin immunodetection is the most common approach
used to identify ipRGCs, subsequently named melanopsin®
RGCs (m* RGCs). These m" RGCs also express pan-RGC
markers, but relatively heterogeneously (Chen etal., 2021;
Jain etal., 2012; Karnas etal., 2013, Tran etal., 2019); for
example, some, such as BRNB, are expressed in a
subpopulation of m* RGCs (Nadal-Nicolas etal., 2012);
others, such as RBPMS, are expressed in all m* RGCs
(Rodriguez etal., 2014); and some, such as THY-1 and
BRN3A, are not expressed in any (Barnstable & Drager, 1984;
Galindo-Romero etal.,, 2011; Grillo & Stella, 2018; Nadal-
Nicolas etal,, 2014). The latter situation presents some
advantages, as discussed below.

Methods to identify RGCs

Hematoxylin/eosin (H&E) staining: H&E staining has been
used to stain the retina and identify cells in the ganglion cell
layer (GCL) where RGCs lie (Sasaoka et al., 2006). However,
identification of these neurons may not be accurate, as there
is an equally abundant population of displaced amacrine cells
in this layer (Nadal-Nicolas et al., 2015c).

Quantification of optic nerve axons: Quantification of RGC
axons in electron microscopy images from optic nerve
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sections is a common, albeit indirect, approach for assessing
RGC numbers (Jeon etal.,, 1998; Sefton & Lam, 1984).
Today, axonal quantification is seldom used for this purpose
but is the assay of choice for assessing RGC regeneration
using anterograde tracers or immunodetection of proteins
expressed in regenerating axons (Avilés-Trigueros etal.,
2000; Bollaerts et al., 2018; Norte-Mufioz et al., 2021).
Retrograde tracing: An advance from H&E staining is the
use of retrograde tracers placed in retinorecipient areas or
around the optic nerve (Lafuente et al., 2002; Nadal-Nicolas
etal.,, 2015b; Thanos et al., 1987; Vidal-Sanz et al., 1988),
which are then transported from the axonal terminals or optic
nerve axons to RGC somas in the retina.

Retrograde tracing can be conducted with passively or
actively transported tracers. Passive tracers, such as
rhodamine isothiocyanate (RITC), are placed on the optic
nerve stump and are transported to the RGC somas with no
energy requirement. The main disadvantages of these tracers
are that RGCs are axotomized and the dye can reach the eye,
thus staining the retina non-specifically. Active tracers, such
as fluorogold (FG) and hydroxystilbamidine methanesulfonate
(OHSt), require energy for transport and can be applied to the
intact optic nerve or main retinorecipient areas (SCi in
rodents) without causing RGC death (Nadal-Nicolas et al.,
2015a, 2015b). Tracing from the SCi can be accomplished by
stereotaxic injection or by exposing both (or one) SCi and
applying the tracer to their surface. This latter method is highly
reliable and reproducible. Tracing from the SCi provides a
very good signal and RGCs are uniformly labeled, although
the 2%-3% of RGCs that do not project to the SCi are not
traced, whereas when the tracer is wrapped around the optic
nerve, all retinofugal projections are traced but the optic nerve
head is brightly labeled (Nadal-Nicolas et al., 2015b).

Actively transported tracers identify RGCs precisely;
however, when traced RGCs die, they are phagocytized by
microglial cells, which in turn are transcellularly labeled
(Thanos etal.,, 1987). This may be an advantage if the
purpose is to study microglial activation and phagocytic status
(Galindo-Romero et al., 2013b), but not to study the course of
RGC death, for two reasons: (i) transcellularly labeled
microglial cells must be distinguished from traced RGCs and
this cannot (yet) be done automatically; and (ii) dead RGCs
disappear from the tissue upon phagocytosis, which takes
some time. For example, there is a delay of 3 days between
RGC death and tissue clearance in rats (Nadal-Nicolas et al.,
2017). For most neuroprotection studies, this is of little
importance because, although quantification of the traced
RGCs suggests that the course of RGC death is slower than it
actually is, it is proportional between the control and treated
groups. However, this artefact becomes an issue when testing
anti-inflammatory or microglial-modulating therapies: notably,
RGCs would appear to survive if microglial cells are
inactivated or depleted, but what remain are tracer-filled
corpses. In this scenario, tracing is not a suitable approach to
assess RGC survival.

There are other considerations when deciding to use
tracing. First, this invasive method must be performed several
days before euthanasia and involves either exposing the optic
nerve or performing craniotomy or stereotaxis to reach the
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areas with the highest RGC projection (Nadal-Nicolas et al.,
2015b; Salinas-Navarro etal., 2009a, 2009b), which in
rodents, but not in all species, is the SCi. These
characteristics preclude the use of tracers in highly evolved
species, such as primates. Second, tracing alters gene
expression in RGCs (Nadal-Nicolas et al., 2015a) and may
affect their functional properties. Finally, after retinal
permeabilization for immunodetection, tracers may diffuse,
thereby staining the tissue and losing their somatic signal,
which is especially pronounced for passively transported
tracers.

Phenotypic markers: Phenotypic RGC markers are those
proteins or RNAs expressed only by RGCs in the retina, either
as whole populations or specific functional or physiological
subtypes (Corral-Domenge etal., 2022; Kay etal., 2011;
Rheaume et al., 2018; Tapia et al., 2022). Several transgenic
mouse strains carry a reporter under the promoter of certain
markers, such as Thy-1 (laboni etal., 2020; Munaut et al.,
2001; Raymond et al., 2009). In some cases, the penetrance
of these transgenes is incomplete, and thus the RGCs are
sparsely labeled, which is useful for morphologically clustering
RGCs or tracking individual RGCs in vivo (Badea & Nathans,
2011; Hayworth etal., 2008; laboni etal., 2020; Simmons
et al., 2016). However, most laboratories do not have access
to these strains, so immunohistofluorescence is usually used
to detect these markers, although in situ hybridization is also
feasible (Surgucheva et al., 2008).

The advantages of immunodetection are clear: i.e., no
previous animal manipulation is required, the technique is
relatively easy, and most antibodies are commercially
available and relatively affordable, thus within the means of
most groups.

When is an RGC marker a good marker of RGCs?

The answer to the above question depends on what we are
looking for. If the goal is to identify all RGCs, the marker
should be expressed by all or at least most RGCs. To study
morphology, markers expressed throughout the entire RGC
(axons, dendrites, and cytoplasm) are ideal, whereas nuclear
or cytoplasmic markers exhibit better performance for
quantification.

In all cases, however, three simple rules apply: (1) The
marker must be specific and its expression in the retina or at
least in the GCL must be restricted to RGCs. (2) The marker
must not change its expression pattern after injury. (3) The
marker must be a viability marker, and its expression must
decline as the RGC dies. This is particularly important when
performing survival and neuroprotection assays.

Pan-RGC markers

Thy-1 was one of the earliest described RGC-specific
antigens, with expression found in most RGCs (Barnstable &
Drager, 1984). However, its use as a tool to identify RGCs
declined when its expression pattern was found to change
after retinal injury (Chidlow et al., 2005; Dabin & Barnstable,
1995) and its down-regulation was faster than actual loss of
RGCs (Huang et al., 2006; Schlamp et al., 2001). This was
elegantly demonstrated using Bax™ mice whose RGCs were
resistant to axotomy-induced death (Li et al., 2000; Schlamp
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et al., 2001). In that study, Thy-1 expression decreased in the
axotomized retina despite the survival of RGCs, suggesting
that down-regulation preceded a committed step in the
apoptotic program of the cells. As such, Thy-1 was not
included in our review.

Here, we analyze and discuss gold standard (RBPMS and
BRN3A), commonly used (NEUN, NF-L, y-SYN, and TUJ1),
and lesser-known RGC markers (BM88, ERRf, and PGP9.5).
We first review current literature regarding each marker (in
alphabetical order) and then compare their expression
patterns, specificities, and accuracy in rats (Rattus norvegicus,
albino Sprague Dawley strain), mice (Mus musculus,
pigmented C57BL/6J strain), and rhesus macaques (Macaca
mulatta).

BM88 or CEND1 (cell cycle exit and neuronal differentiation
protein 1) is a neuronal lineage-specific regulator that induces
cell cycle exit and neuronal differentiation and maturation
(Katsimpardi et al., 2008; Koutmani et al., 2004; Wakabayashi
et al., 2010). It was originally described as an RGC marker in
rats and cats in 1996 (Siddiqui etal., 2014; Wakabayashi
et al.,, 1996a, 1996b) and in ferrets several years later (Quan
etal.,, 1999). BM88 is expressed in the somas and axonal
bundles of 94%-100% of RGCs traced from the superior
colliculus, depending on their retinal eccentricity
(Wakabayashi et al., 1996b). Early after optic nerve injury in
rats, its expression per neuron increases compared with intact
RGCs, but then decreases as RGC death progresses
(Siddiqui et al., 2014). This down-regulation is faster than the
loss of traced RGCs, suggesting that BM88 is not a good RGC
marker. However, as mentioned earlier, RGC death and
clearance are not parallel, and down-regulation of BM88 may
be in accordance with RGC death, i.e., BM88 is a marker of
RGC viability.

BRN3A (brain-specific homeobox/POU domain protein 3A)
belongs to the POU-IV class of neural transcription factors
together with BRN3B and BRN3C. These proteins play
important roles during development, orchestrating the
differentiation, specification, and axonal elongation of RGCs
(Avila-Garcia etal.,, 2012; Badea & Nathans, 2011; Ghinia
et al.,, 2019; Hirsch & Harris, 1997; Liu et al., 2000; Muzyka
etal., 2018; Pan etal., 2005; Parmhans et al., 2021; Plaza
etal., 1999; Sajgo et al., 2017; Xiang et al., 1995) and other
somatosensory neurons (Huang et al., 2001; Latchman et al.,
1992; Xiang etal.,, 1995). They are conserved across
phylogeny and perform similar functions from invertebrates
(orthologs UNC-86 in Caenorhabditis elegans or Acj-6 in
Drosophila) to vertebrates (Brn3), initiating and maintaining
neuronal identity (reviewed in Leyva-Diaz etal., 2020;
Serrano-Saiz et al., 2018).

BRN3A expression in adult RGCs has been described in
fish (Sato et al., 2007), birds (chickens and pigeons, Galindo-
Romero et al., 2016; Sheng et al., 2021), and mammals (mice,
rats, cats, ground squirrels, humans, monkeys, pigs, dogs,
alpacas, and blind moles, Avila-Garcia et al., 2012; Bouskila
et al., 2020; Esquiva et al., 2016; Galindo-Romero et al., 2011;
Kim etal., 2006; Nadal-Nicolas etal., 2009; Ruzafa etal.,
2017; Wang et al., 2015; Xiang et al., 1995; Xiao et al., 2021;
Zhang et al., 2010).

BRN3A is also involved in neuronal survival by activating

pro-survival genes and inhibiting pro-apoptotic genes
(Budram-Mahadeo et al., 2002; Farooqui-Kabir et al., 2004;
Hudson et al., 2016; Serrano-Saiz et al., 2018; Smith etal.,
1998). In the retina, BRN3A expression is reduced as RGCs
undergo  apoptosis  (Sanchez-Migallén etal,, 2016),
suggesting that BRN3A is a viability marker. In rats and mice,
BRN3A is expressed in vision-forming RGCs but not in m*
RGCs (Chen etal.,, 2011; Galindo-Romero etal., 2013a;
Nadal-Nicolas etal., 2012, 2014; Sanchez-Migallon etal.,
2016, 2018a; Valiente-Soriano etal., 2014), making this
marker ideal for studying two populations in parallel but
separately.

These properties, together with its nuclear expression that
simplifies RGC quantification, are why BRN3A has become a
gold standard for identifying RGCs.

ERR-B (estrogen-related receptor beta or steroid hormone
receptor ERR2) is an orphan nuclear hormone receptor that
does not respond to natural estrogen ligands such as
estradiol. Little is known about the role and expression
patterns of ERR-f in the CNS. Real et al. (2008) reported that
ERR-B is expressed in all retinorecipient nuclei, as well as in
projecting RGCs, although to what extent is unknown. ERR-8
is also expressed in photoreceptors in the retina (Kunst et al.,
2015) and plays a major role in rod survival (Onishi et al.,
2010).

NF-L (neurofilament light polypeptide), together with NF-M
(medium) and NF-H (high), forms part of the neuronal
intermediate neurofilament triplet. The neurofilament ftriplet
assembles in the neuronal soma and travels down the axon
via slow axonal transport, a process that relies on
phosphorylation (Black & Lasek, 1980; Hoffman & Lasek,
1975; Jung et al., 2000; Nixon et al., 1989). NFs are found in
somatic dendrites or axonal compartments depending on their
phosphorylation state (Drager & Hofbauer, 1984; Garcia-
Ayuso et al., 2019b; Parrilla-Reverter et al., 2009; Ruiz-Ederra
etal.,, 2004; Sanchez-Migallén et al., 2018b; Triplett et al.,
2014; Vickers et al., 1994). In the mammalian retina, NFs are
expressed in RGCs, but are also expressed in horizontal cells
(e.g., rats, mice, and guinea pigs), bipolar cells (e.g., rabbits
and guinea pigs, Kong & Cho, 1999; Raymond et al., 2009;
Ruiz-Ederra etal., 2004; Vickers & Costa, 1992), and an
amacrine cell subtype (e.g., rabbits and cats, Gabriel &
Straznicky, 1992; Voélgyi & Bloomfield, 2002).

Differential phosphorylation of these structural proteins is
useful for the selective recognition of RGC somas (Feng et al.,
2013; Lin etal, 2018; Raymond etal., 2009) or their
intraretinal axons, and for the identification of degenerating
RGCs, which aberrantly express highly phosphorylated
isoforms in their cytoplasm (Garcia-Ayuso etal., 2019b;
Parrilla-Reverter et al., 2009; Sanchez-Migallon et al., 2018b).

NF-L is expressed by most RGCs in pigs, humans (Ruiz-
Ederra et al., 2004), and hamsters (Kong & Cho, 1999) and
has been used to assess RGCs in rabbits (Nixon et al., 1989),
mice (Mali etal., 2005; Raymond etal.,, 2008), and rats
(Chidlow et al., 2005; Chidlow & Osborne, 2003). To the best
of our knowledge, however, the proportion of NF-L* RGCs in
the three species analyzed here has not yet been reported.
NEUN/Rbfox3 (neuronal nuclei antigen, RNA binding protein
fox-1 homolog 3) was first described in 1992 (Mullen et al.,
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1992) as a nuclear marker of postmitotic neurons in mammals,
birds, and reptiles, although it shows perinuclear and
cytoplasmic expression in some neuronal populations (Van
Nassauw etal., 2005, reviewed in Gusel'nikova &
Korzhevskiy, 2015).

NEUN is a member of the Fox1 gene family of splicing
factors and contains several isoforms (from 40 to 50 kDa),
which are predominantly, but not exclusively, located in the
nuclei (Kim et al., 2009). This protein plays an essential role in
neuronal development, maturation, and specificity, and
regulates neurogenesis and synaptogenesis (Kim et al., 2013;
Lin et al., 2018).

NEUN is expressed by most central and peripheral neurons,
except for populations such as Purkinje cells, photoreceptors,
and olfactory bulb mitral cells (Mullen etal., 1992). In the
mammalian retina, NEUN is expressed in RGCs, displaced
amacrine cells, and horizontal cells (Buckingham et al., 2008;
Johansson et al., 2010; Lin etal., 2018; Mullen et al., 1992;
Rodriguez etal., 2014; Telegina etal.,, 2019). NEUN
expression in displaced amacrine cells has been reported in
pigs (Johansson etal.,, 2010) and mice (Lin etal., 2018).
Although it is expressed in amacrine cells, several groups
have used it as an RGC-specific marker (Buckingham et al.,
2008).

Because NEUN is expressed in RGCs and is important for
neuronal specificity, Lin et al. (2018) studied its role in visual
function and found it to be dispensable. Thus, despite its
important role as a splicing regulator, its deficiency does not
affect RGC functionality.

NEUN is also expressed in cultured human and rodent

astrocytes (Darlington et al., 2008), and its down-regulation
after cerebral ischemia is not correlated with neuronal death
(Unal-Cevik et al., 2004).
PGP9.5 (ubiquitin carboxyl-terminal hydrolase isozyme L1 -
UCHL1-, neuron cytoplasmic protein 9.5, or protein gene
product 9.5) is a ubiquitin carboxy-terminal hydrolase and
ligase, recycling ubiquitin from degraded proteins and tagging
proteins with ubiquitin for degradation (Setsuie & Wada,
2007). It also plays a role in neurogenesis and apoptosis,
oxidative stress protection, and synaptic plasticity (Gong &
Leznik, 2007; Harada et al., 2004; Lansbury, 2006). PGP9.5 is
highly abundant, constituting around 1%-2% of soluble
proteins in the brain, and is primarily expressed in neurons
(Day, 1992; Trowern etal., 1996; Wilkinson etal., 1992),
although can also be found outside the CNS in carcinomas
and other mesodermal tissues (Jara et al., 2013; Matuszczak
et al., 2020).

Retinal PGP9.5 expression was first reported in bovines in
the late 1990s (Piccinini et al., 1996) and later in cats (May
et al.,, 2005) and other mammals (Esteve-Rudd et al., 2010).
Esteve-Rudd et al. (2010) found that PGP9.5 is expressed in
RGC somas and their axons, as well as in amacrine, bipolar,
and horizontal cells and cones of several mammals, but not in
rodents.

Given its role in protein ubiquitination, PGP9.5 is thought to
play an important role in the degradation of abnormal protein
deposits found in neurodegenerative diseases (Gong &
Leznik, 2007; Wilkinson et al., 1992). Indeed, in rodent models
of glaucoma, PGP9.5 expression is reduced in the retina and
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optic nerve, thereby increasing levels of proapoptotic proteins
that would otherwise be degraded by the proteasome, thus
amplifying neuronal death and disease progression (Dibas
et al., 2008).

RBPMS (RNA-binding protein with multiple slicing or

Hermes) was first described during embryonic heart
development in frogs (Gerber et al., 1999). Hermes belongs to
the largest family of RNA-binding proteins, i.e., RNA
recognition motif (RRM) family, hence its name (HEart, RRM
expressed sequence).
RBPMS is a transcriptional activator of the TGF-B1/Smad
pathway, a pleiotropic signaling pathway whose dysregulation
is associated with several peripheral diseases (Gordon &
Blobe, 2008).

RBPMS expression in the retina was first observed in frogs
(Gerber etal., 1999), with its use as an RGC marker
described some 11 vyears later (Kwong etal.; 2010).
Subsequent studies investigated RGC degeneration models
(Kwong etal.,, 2011) and characterized RBPMS in other
mammalian species, such as guinea pigs, monkeys, mice
(Rodriguez et al., 2014), cats (Wang et al., 2016), blind moles
(Esquiva et al., 2016), pigs, humans (Pereiro et al., 2020), and
ground squirrels (Xiao et al., 2021).

The expression pattern of RBPMS in the retina, which is
somatic under physiological states, changes under hypoxic
conditions and localizes to RGC dendrites in the inner
plexiform layer (IPL) (Pereiro et al., 2020), consistent with the
fact that hypoxic insults activate the TGF-B1 pathway (Xu
etal., 2018). In frog RGCs, RBPMS influences axonal and
synaptic biology (Hornberg et al., 2013).

RBPMS labels vision and non-vision forming RGCs. Thus, it
has become a gold standard for identifying RGCs, regardless
of their functional subtypes, although it may also label a small
proportion of GABA® displaced amacrine cells (dACs;
Rodriguez et al., 2014).
y-SYN (gamma synuclein or Persyn) is a cytoskeleton-
associated protein that maintains neurofilament integrity and
axonal architecture. While it is highly abundant in the brain, it
is also found in other tissues, such as muscle, intestine, and
kidneys. Studies have shown that y-SYN levels are elevated in
some cancers (Takemura etal., 2021) and in the
cerebrospinal fluid of patients with Alzheimer's disease
(Nilsson et al., 2021), thus potentially serving as a biomarker
of cancer and Alzheimer’s progression.

Specific y-SYN expression in RGCs was first described in
mice (Mu et al., 2004), then later described as a marker of
RGCs in humans (Surgucheva etal., 2008), mice
(Buckingham et al., 2008), and macaques (Hirata et al., 2015),
although it is also expressed in some horizontal cells,
presumably those with longer axons. In the retina, y-SYN
expression decreases after optic nerve axotomy and
increased ocular hypertension (Liu et al., 2020). Interestingly,
it accumulates in the optic nerve upon optic nerve axotomy
and plays a role in glial scar formation (Nguyen et al., 2011).
TUJ1 (neuron-specific class Il beta-tubulin, also known as (3-
tubulin or TUBB3) is a major component of microtubules and
is found in neuronal somas, dendrites, and axons. In the
retina, it is highly expressed in RGCs in monkeys (lkeda et al.,
2019), birds (AIvarez-Hernén etal.,, 2020; Romero-Aleman
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etal, 2012; Santos etal., 2014), reptiles (Romero-Aleman
etal., 2010), and rodents (Zhou etal, 2018). TUJ1
immunodetection can be used to study RGC axonal bundles
and to quantify and identify their somas (Miller et al., 2020).

In the second part of this review, we show the expression
patterns of the above markers (Figure 1) in rats (Figures 2, 3),
mice (Figures 4, 5), and macaques (Figures 6, 7).

MATERIALS AND METHODS

Animal handling and ethics statement

Adult female rats (albino Sprague Dawley strain) and mice
(pigmented C57BL/6J strain) were kept at the University of
Murcia animal housing facilities in temperature- and light-
controlled rooms (12 h light/dark cycle) with food and water
administered ad libitum. All rodent procedures were approved
by the Institutional Animal Care and Use Committee at the
University of Murcia (Murcia, Spain) and performed according
to the guidelines of the institution (approved protocols
A13150201, A1320140704, A13170110, and A13170111).

Surgery was carried out under general anesthesia using a
mixture of ketamine (60 mg/kg, Ketolar, Spain) and xylazine
(10 mg/kg, Rompun, Spain) administered intraperitoneally.
Analgesia was provided via subcutaneous administration of
buprenorphine (0.1 mg/kg; Buprex (buprenorphine 0.3
mg/mL); Schering-Plough, Spain). During and after
anesthesia, ointment (Tobrex, Spain) was added to the eyes
to prevent corneal desiccation. Animals were sacrificed with
an intraperitoneal injection of an overdose of sodium
pentobarbital (Dolethal, Vetoquinol, Spain).

Post-mortem eyes from rhesus macaques (M. mulatta,
8-12-years-old, n=4 eyes) were obtained from Dr. Lauren
Brinster (DRSB, NIH), Dr. Mark A. Eldridge (NIMH, NIH), and
Dr. Julie Mattison and Dr. Kielee Jennings (NHPC-NIA, NIH).
The macaque retinas were dissected in accordance with the
biosafety policies for the use of non-human primate tissues
and fluids at NIH to ensure proper protection (BSL-2).

Assessment of RGCs

To assess how many RGCs express specific markers in the
two murine species, ipsilaterally and contralaterally projecting
RGCs were traced by applying FG (rats; Fluorochrome Inc.,
USA) and OHSt (mice; Molecular Probes, The Netherlands) to
the SCi surfaces, following previously published methods

L, @

(Nadal-Nicolas etal., 2015b; Salinas-Navarro etal., 2009a,
2009b). We used tracing for RGC baseline for several
reasons: first, it is a marker-independent method and we
wanted to compare markers; second, using a marker as
baseline would not be feasible for all marker combinations due
to antibody incompatibilities; and third, only RGCs are traced,
allowing evaluation of non-RGCs expressing each marker.
However, the shortcoming is that tracing from both SCi labels
98% and 97% of RGCs in rats and mice, respectively.
Therefore, a 2%—3% mismatch with immunodetected markers
should not be considered significant.

To assess the percentage of RGCs in the GCL and to infer
the proportion of intrinsically photosensitive RGCs, RBPMS
and BRN3A were immunoidentified together and nuclei were
counterstained with 4'.6-diamidino-2-phenylindole (DAPI)
(Vectashield mounting medium with DAPI, Palex Iberica,
Spain).

To investigate the extent to which marker down-regulation
was correlated with RGC viability, the expression of each
marker was compared to that of BRN3A at 5 days after optic
nerve crushing (ONC). ONC was performed as reported
previously (Galindo-Romero et al., 2011; Nadal-Nicolas et al.,
2009; Sanchez-Migallén et al., 2011) and each marker was
immunodetected with BRN3A. After quantification (see below),
the percentage of RGCs in the axotomized versus intact
retinas was calculated for each marker and BRN3A. If the
percentage of marker* RGCs was lower than that of
BRN3A*RGCs, its expression disappeared earlier than that of
BRN3A, and vice versa.

RGC death was already evident in both murine species at 5
days post lesion. This loss was visualized by BRN3A
immunodetection and retrograde tracing (Galindo-Romero
et al., 2011; Nadal-Nicolés et al., 2009; Parrilla-Reverter et al.,
2009). RGC loss was observed earlier with BRN3A than with
tracing because microglial uptake is slower than actual RGC
death, and this shift is more noticeable in rats than mice due
to slower microglial activation in the former (Nadal-Nicolas
et al.,, 2017; Vidal-Sanz et al., 2017).

Study and quantification design are shown in Figure 1.

Quantification

Three species markers were quantified in the central and
peripheral retina. Macaque images were taken from the
central retina but not the fovea.

Zas

How many RGCs express a marker?
How many non-RGCs express a marker?

Marker down-regulation after axotomy

Tracer and marker positive

Tracer negative and marker positive

BRN3A and marker positive

BRNB3A negative and marker positive

BRN3A and marker correlation

Proportion of ipRGCs
Percent of RGCs in the GCL
Percent of non-RGCs in the GCL

RBPMS positive and BRN3A negative
DAPI*nuclei RBPMS positive
DAPI*nuclei RBPMS negative

Figure 1 Analyses performed in three species

Percentages were relative to traced RGCs in rodents and BRN3A* RGCs in macaques (first row), marker* cells (second row), all quantified RGCs
(third row), RBPMS* RGCs (fourth row), and DAPI-stained nuclei (fifth and sixth rows).

Zoological Research 44(1): 226—248,2023 231



A et BM88 BRN3A ERR-B NEUN NF-L PGP9.5

+ FG Marker

Marker

RBPMS y-SYN (m) Y-SYN (r) TUJ1

B % of RGCs marker® % of non-RGCs
or marker marker*
BM88+ S ||
E BRN3A |
S ERRB
= NEUN- 1
NF-L- 11—
PGP9.5- 1
R B T RBPMS
s - 4
K B -SYN(m)- |
R - E
ol » ’o‘ = c\" e y-SYN (r) |
L & TUJ1A 1
T
Ml 0 100 150
&
PSRRI C| RBPMS  +BRN3ADAPI
q . -

Marker

ipRGCs 2.4%

‘9 B

Vision
RGCs

38.6%

Figure 2 BM88, BRN3A, ERR-B, NEUN NF-L, PGP9.5, RBPMS, a-SYN, y-SYN, and TUJ1 expression in intact rat retina

A: Immunodetection of each marker (red) in retinal flat-mounts and cross-sections and their co-localization with RGCs traced with fluorogold (FG,
white) from superior colliculi. y-SYN was immunodetected with two different primary antibodies, one raised in mice (m) and one in rabbits (r). See
text for further explanation. B: Column graphs in red show percentage of RGCs expressing each marker (number of FG* marker* RGCs over total
number of traced RGCs), in blue show percentage of RGCs not expressing the marker (number of FG* marker RGCs over total number of traced
RGCs), and in gray show percentage of non-RGCs in GCL that express the marker (number of FG™ marker® cells over total number of marker*
cells). C: Magnifications showing RBPMS and BRN3A immunodetection with DAPI nuclear counterstaining in flat-mounts and cross sections.
Bottom-right: part of a whole graph showing percentage of RGCs (purple, vision forming; green, ipRGCs) and non-RGCs (blue) in GCL. DAPI*
RBPMS*: RGCs; DAPI* RBPMS™ cells: non-RGCs (of DAPI* nuclei); RBPMS*BRN3Acells: ipRGCs (of RBPMS* cells). Within 41% of RGCs, 2.4%
were estimated as ipRGCs.
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Figure 3 Marker expression after optic nerve axotomy in rats
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A: Double immunodetection of each marker (red) with BRN3A (green) in flat-mounted retinas 5 days after ONC. B: Column graph in yellow shows
percentage of RGCs in which marker is down-regulated earlier than BRN3A, in gray shows percentage of RGCs in which BRN3A and marker follow
the same regulation, and in purple shows percentage of RGCs in which marker is down-regulated later than BRN3A. 100% is the sum of all

quantified cells.

Briefly, in the rats and mice, one image from the center and
one from the periphery was acquired per retinal quadrant for
each flat-mounted retina (n=3 intact and 3 axotomized retinas
per species, analysis, and marker), giving a total of eight
frames/retina. Images were acquired at 1.2 and 2.5 mm (rat)
or 0.5 and 1 mm (mouse) from the optic nerve head. In
macaques, 5-6 images were acquired for each flat-mount
(n=3/marker) at 0.5 and 3.5 mm from the perifovea (1012
frames/retina). Frame size was 0.216 mm?, 0.151 mm?, and
0.180 mm? for mice, rats, and macaques, respectively. For
cross-sections (n=3 retinas/species, analysis, and marker),
images were taken from samples at 0.5-1.5 mm from the optic

nerve. Quantification was performed manually. First, images
acquired from the same area of each analysis (i.e.,
marker+tracer, marker+RBPMS+DAPI, and marker+BRN3A,
see Figure 1) were superimposed in Adobe Photoshop. Next,
double- or single-positive cells were dotted with a different
color and quantified automatically. DAPI* nuclei were also
quantified automatically. Images were processed by two
experienced investigators and analyses were not blinded
because the expression pattern of each protein/tracer is easily
recognizable.

Quantification of markers with somatic and axonal
expression (NF-L, BM88, PGP9.5, both SYNs and Tuj-1) that
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Figure 4 BM88, BRN3A, ERR-B, NEUN NF-L, PGP9.5, RBPMS, y-SYN, and TUJ1 expression in intact mouse retina

A: Immunodetection of each marker (red) in retinal flat-mounts and cross-sections and their co-localization with RGCs traced with OHSt (white) from
superior colliculi. B: Column graphs in red show percentage of RGCs that express each marker (number of OHSt" marker” RGCs over total number
of traced RGCs), in blue show percentage of RGCs that do not express the marker (number of OHSt" marker RGCs over total number of traced
RGCs), and in gray show percentage of non-RGCs in GCL that express the marker (number of FG™ marker* cells over total number of marker*
cells). C: Magnifications showing RBPMS and BRN3A immunodetection with DAPI nuclear counterstaining in flat-mounts and cross sections.
Bottom-right: part of a whole graph showing percentage of RGCs (purple, vision forming; green, ipRGCs) and non-RGCs (blue). DAPI* RBPMS*:
RGCs; DAPI* RBPMS' cells: non-RGCs (of DAPI* nuclei); RBPMS*BRN3Acells: ipRGCs (of RBPMS™ cells). Within 49% of RGCs, 7.5% were
estimated as ipRGCs.
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Figure 5 Marker expression after optic nerve axotomy in mice

A: Double immunodetection of each marker (red) with BRN3A (green) in flat-mounted retinas 5 days after ONC. B: Column graphs in yellow show
percentage of RGCs in which the marker is down-regulated earlier than BRN3A, in gray show percentage of RGCs in which BRN3A and marker
follow the same regulation, and in purple show percentage of RGCs in which the marker is down-regulated later than BRN3A. 100% is the sum of

all quantified cells.

impair visualization of RGC somas in the central retina was
verified in cross-sections. y-SYN expression was studied in
mice using a mouse a-y-SYN antibody, as its specificity has
been verified in y-SYN-deficient animals (Nguyen et al., 2011).
In rats and macaques, we used a rabbit anti-y-SYN antibody
(Nadal-Nicolas et al., 2015b). Assuming that the antibodies
were antigen-specific, as only m-aBRN3A and m-a y-SYN
have been validated in knock-out tissue, RGC specificity for all
markers was determined (Table 1).

Calculated percentages are shown in Figure 1 and figure
legends.

RESULTS AND DISCUSSION

Rats
In rats, all markers labeled >90% of traced RGCs (Figure 2A,

B; Table 2). However, both NEUN and PGP.9 detected 38% of
cells in the GCL that were not RGCs (Figure 2; gray bars
Table 3), thus hindering their use as specific RGC markers. As
expected, r-a y-SYN was also detected in non-RGCs (54%).
The most well-defined signals were those of BRN3A,
NEUN, and RBPMS, with nuclear or cytoplasmic expression
patterns enabling easier quantification. ERR-3 expression was
also cytoplasmic but the signals were not clear. BM88 signals
were not well defined and were observed in the somas of
RGCs and weakly in their axons. TUJ1, NF-L, and y-SYN (m),
although RGC-specific, displayed an axonal expression, which
obscured the RGC somas in the central retina, thus impairing
their use for quantification of flat-mounts. Of these markers,
axonal staining was the most defined for TUJ1 and NF-L.
BM88, NEUN NF-L, PGP9.5, and y-SYN (m) were
expressed in neurons of the inner nuclear layer (INL)
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Figure 6 BM88, BRN3A, ERR-B, NEUN NF-L, and PGP9.5 expression in intact rhesus macaque retina
Double immunodetection of each marker (red) and BRN3A (green) in retinal flat-mounts and cross-sections counterstained with DAPI (blue). In flat-

mounts, images are shown from central (C) and peripheral (P) retina.

(Figure 2, cross-sections), with ERR-B, NF-L, and TUJ1 also
expressed in the IPL processes. This is not a problem in the
layered retinal structure but may cause artefacts in
degenerating retinas (Garcia-Ayuso et al., 2019a).

We next assessed the percentage of RGCs in the GCL by
quantifying the number RBPMS-positive or non-positive DAPI*
nuclei (Figure 2C; Table 4). Data showed that 41% of cells in
the GCL (on average) were RGCs, and thus 59% of cells in
the GCL were not RGCs, with a higher percentage in the
peripheral than in the central retina, consistent with previous
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research (Nadal-Nicolas et al., 2015c).

We also detected BRN3A in the same flat-mounts to infer
the population of ipRGCs, as ipRGCs are RBPMS* and
BRN3A". As shown in Figure 2C and Table 4, in rats, the
estimated functional subpopulation was 2.4% (Galindo-
Romero et al., 2013b; Nadal-Nicolas et al., 2014).

Finally, we investigated the down-regulation of each marker
compared to BRN3A (marker of viability, Sanchez-Migall6n
etal.,, 2016) in a model of RGC death (Figure 3; Table 5).
After ONC, only ERR-B and BM88 were down-regulated
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Figure 7 RBPMS, y-SYN, and TUJ1 expression in intact rhesus macaque retina

A: Double immunodetection of each marker (red) and BRN3A (green) in retinal flat-mount and resections counterstained with DAPI (blue). In flat-
mounts, images are shown from central (C) and peripheral (P) retina. y-SYN was immunodetected with two different primary antibodies, one raised
in mice (m) and one in rabbits (rb). See text for further explanation. B: Column graphs in red show percentage of RGCs that express each marker
(number of BRN3A" marker* RGCs over total number of BRN3A*RGCs), in blue show percentage of RGCs that do not express the marker (number
of BRN3A* marker RGCs over total number of BRN3A*-RGCs), and in gray show percentage of non-RGCs in GCL that express the marker
(number of BRN3A-marker* cells over total number of marker” cells). C: Top: Magnifications showing RBPMS and BRN3A immunodetection with
DAPI nuclear counterstaining in flat-mounts. Dashed circles mark RBPMS* BRN3A" RGCs. Bottom: Part of a whole graph showing percentage of
RGCs (purple, vision forming; green, ipRGCs) and non-RGCs (blue) in GCL. DAPI* RBPMS*: RGCs; DAPI* RBPMS™ cells: non-RGCs (of DAPI*
nuclei); RBPMS* BRN3A" cells: ipRGCs (of RBPMS* cells). Within 38% of RGCs, 1.7% were estimated as ipRGCs.
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Table 1 Primary antibodies and working dilutions

Antigen Antibody Dilution Cat. number and company
Mouse Rat Macaque
BM88 r a-BM88 1:50 flat-mounts, 1:200 sections  1:250 1:250 sc-138750, Santa Cruz Biotechnologies, Germany
BRN3A g a-Brn3a 1:500 1:500 1:500 sc-31984, Santa Cruz Biotechnologies, Germany
BRN3A m a-Brn3a* 1:300 N/A N/A MAB1585, Millipore, Spain
ERR-B r a-ERR-B 1:500 1:200 1:200 E0156 Sigma-Aldrich, Spainab288, 14C8 Abcam, UK
NF-L r a-NF-L 1:200 1:500 1:500 AB9568, Millipore, Spain
NEUN m a-NeuN 1:500 1:250 1:250 MAB377, Millipore, Spain
PGP9.5 ra-PGP9.5 1:100 1:500 1:500 ab10404, Abcam, UK
RBPMS r a-RBPMS 1:500 1:500 1:500 GTX118619, GeneTex, Spain
y-synuclein ~ m a-y synuclein*  1:1000 1:50 1:50 H000006623-M01, Abnova, Spain
y-synuclein  r a-y synuclein N/A 1:250 1:250 ab55424, Abcam, UK
Tuj1 r a-BlI Tubulin 1:5000 1:500 1:500 T-2200, Sigma-Aldrich, Spain

Secondary antibodies were obtained from Molecular Probes (ThermoFisher Scientific., Spain) conjugated with Alexa 488 or Alexa 594. All were
used at a 1:500 dilution. m: mouse; r: rabbit; g: goat. ": Antigen specificity verified in knockout mice. Note, discontinued goat anti BRN3A from Santa
Cruz Biotechnology (Germany) was substituted by mouse anti-BRN3A (Millipore, Spain). N/A: Not applicable.

Table 2 Percentage of RGCs expressing each marker

) Percentage of traced RGCs marker* (%) Percentage of cells BRN3A" marker* (%)
Marker Location Rat Mouse Macaque
BM88 Center 97 56 100
Periphery 91 43 100
Mean 94 50 100
BRN3A Center 98 92 N/A
Periphery 96 90 N/A
Mean 97 91 N/A
ERR-B Center 100 87 100
Periphery 100 90 100
Mean 100 88 100
NEUN Center 100 100 100
Periphery 100 100 100
Mean 100 100 100
NF-L Center 96 60 100
Periphery 97 39 100
Mean 97 50 100
PGP9.5 Center 100 75 97
Periphery 100 95 929
Mean 100 85 98
RBPMS Center 100 100 100
Periphery 100 100 100
Mean 100 100 100
y-SYN (m) Center 97 92 100
Periphery 100 86 98
Mean 98 89 99
y-SYN (r) Center 100 N/A 100
Periphery 100 N/A 100
Mean 100 N/A 100
TUJ Center 100 89 100
Periphery 100 76 90
Mean 100 83 95

Percentage of traced RGCs (rats and mice) or Brn3a* RGCs (macaques) expressing each marker in center and periphery of retina, and mean
expression in whole retina. In rats and macaques, y-synuclein was immunodetected with two different antibodies (rabbit -r- and mouse -m-, see text
for details). N/A: Not applicable.
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Table 3 Marker expression in non-RGCs

Percentage of tracer marker* cells (%)

Percentage of BRN3A™ marker” cells (%)

Marker Location Rat Mouse Macaque
BM88 Center 1.9 1 4.8
Periphery 3.2 1 6.2
Mean 2.6 1 5.7
BRN3A Center 1.3 0 N/A
Periphery 1.7 0 N/A
Mean 1.5 0 N/A
ERR-B Center 0 0 2.2
Periphery 0 0.7 1.3
Mean 0 0.3 1.7
NEUN Center 31 11 23
Periphery 45 15 45
Mean 38 13 32
NF-L Center 14 0 0
Periphery 18 0 0
Mean 16 0 0
PGP9.5 Center 35 0 7.5
Periphery 42 0 31
Mean 38 0 20
RBPMS Center 1.2 0 21
Periphery 22 0 1.3
Mean 1.7 0 1.7
y-SYN (m) Center 1.4 0 18
Periphery 1.8 0 3.9
Mean 1.6 0 12
Y-SYN (r) Center 45 N/A 3.9
Periphery 63 N/A 2.7
Mean 54 N/A 3
TUJ1 Center 7 0 9
Periphery 13 0 9
Mean 10 0 9

Rat and mouse: Percentage of tracer marker* cells in center and periphery of retina, and mean expression in whole retina. Macaque: Percentage of
Brn3a  marker” cells in center and periphery of retina, and mean expression in whole retina. N/A: Not applicable.

Table 4 Percentage of RGCs and ipRGCs in GCL

Percentage of RGCs in GCL DAPI* RBPMS™ (%)

Percentage of ipRGCs DAPI" BRN3A" RBPMS™ (%)

Location

Rat Mouse Macaque Rat Mouse Macaque
Center 49 53 60 1.5 8 21
Periphery 34 43 21 3.2 7 1.3
Mean 41 49 38 24 7.5 1.7

RGCs: Percentage of DAPI* nuclei in GCL expressing RBPMS in center and periphery of retina, and mean expression in whole retina. ipRGCs:
Percentage of DAPI* nuclei in GCL not expressing Brn3a but expressing RBPMS in center and periphery of retina, and mean expression in whole

retina.

earlier than BRN3A, with ERR-8 showing the most significant
down-regulation as it lost expression in all RGCs. BM88 was
expressed as BRN3A in 66% of RGCs and disappeared later
than BRN3A in 20% of RGCs. The remaining markers
behaved as BRN3A or showed later down-regulation: y-SYN
(m), TUJ1, and NF-L were co-expressed with BRN3A in 77%,
77%, and 65% of RGCs, respectively, while RBPMS
expression was very similar to that of BRN3A, with a delay in
13% of RGCs. NEUN and PGP.9 showed a higher percentage

of late down-regulation than other markers (51% and 56%
respectively), consistent with the expression of these markers
in non-RGCs in the GCL, possibly displaced amacrine cells,
which are the only other neurons in this layer. y-SYN (r) down-
regulation showed a delay (68%), as displaced amacrine cells
were also detected by the antibody.

Mice
In mice, 50% of traced RGCs were labeled by BM88 and
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Table 5 Marker expression after optic nerve crush in rodents

Marker Location Rat Mouse
% BRN3A* marker* % BRN3A* marker~ % BRN3A marker* % BRN3A*" marker® % BRN3A* marker % BRN3A™ marker*
BM88 Center 76 6 18 28 65
Periphery 64 13 22 22 73 5
Mean 70 10 20 25 69 6
ERR-B Center 0 100 0 39 55 7
Periphery 0 100 0 35 63 2
Mean 0 100 0 37 59 4
NEUN Center 56 0 44 41 0 59
Periphery 43 0 57 40 0 61
Mean 49 0 51 40 0 60
NFL Center 66 0 34 53 0 47
Periphery 65 0 35) 61 0 39
Mean 65 0 35 57 0 43
PGP9.5 Center 50 0 50 84 0 16
Periphery 37 0 63 90 0 10
Mean 44 0 56 87 0 13
RBPMS  Center 91 0 9 81 0 20
Periphery 83 0 16 87 0 13
Mean 87 0 13 84 0 16
y-SYN (m) Center 83 0 17 75 0 25
Periphery 73 0 26 75 0 25
Mean 78 0 22 75 0 25
Y-SYN (r) Center 40 0 59 N/A N/A N/A
Periphery 24 0 76 N/A N/A N/A
Mean 32 0 68 N/A N/A N/A
TUJ Center 84 0 16 77 0 23
Periphery 71 0 29 86 0 15
Mean 77 0 23 81 0 19

Percentage of cells quantified 5 days after ONC expressing Brn3a and marker, expressing Brn3a but not marker, or expressing marker but not
Brn3a (i.e., expression of the marker parallels expression of the gold standard to analyze RGC death (Brn3a), its expression is lost earlier than that
of Brn3a, or its expression is maintained longer than that of Brn3a, respectively). Data are from the center and periphery of the retina, and mean
expression across the whole retina. Co-localization analysis was performed in flat mounts. In rats, y-synuclein was immunodetected with two
different antibodies (rabbit -r- and mouse -m-, see text for more details). N/A: Not applicable

NF-L, >80% were labeled by ERR-B, PGP9.5, y-SYN, and
TUJ1, >90% were labeled by BRN3A, and 100% were labeled
by RBPMS (Figure 4; Table 2).

Similar to rats, the best somatic/nuclear marker signals
were BRN3A, NEUN, and RBPMS. In mice, only NEUN
labeled non-RGCs in the GCL (10% of cells, Figure 4;
Table 3). Staining of other retinal layers was only observed for
BM88, ERR-B, and TUJ1, which labeled the IPL, and for
NEUN, which was expressed in neuronal nuclei in the INL. As
in rats, axonal markers impaired RGC soma visualization, and
clearer axonal labeling was observed with NF-L and TUJ1.

Mice exhibited a slightly higher percentage of RGCs in the
GCL than rats (49% in mice vs. 41% in rats), with an
estimated percentage of ipRGCs of 7.5%, (Figure 4; Table 4),
much higher than that of the immunodetected m* RGCs
(2.0%-2.5%) (Valiente-Soriano et al., 2014) and consistent
with the believed number of ipRGCs (Chen et al., 2021).

After ONC, BM88 and ERR-3 were down-regulated earlier
than BRN3A, although ERR-B down-regulation was not as
severe as that in rats and its expression followed BRN3A in
37% of RGCs. NEUN, NF-L, and y-SYN showed a delayed
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down-regulation compared to BRN3A in 60%, 43%, and 25%
of RGCs, respectively. The higher percentage of NEUN+
BRNB3A- cells is consistent with the fact that this protein is
expressed in non-RGCs, as observed in rats. More than 80%
of RGCs showed the same regulation for BRN3A and
RBPMS, BRN3A and TUJ1, and BRN3A and PGP9.5 (Figure 5;
Table 5).

Macaques

Analyses differed in this species as neither retrograde tracing
of RGCs nor ONC were feasible. In the macaque retina, more
than 95% of RGCs showed co-expression of each marker and
BRNB3A (Figures 6, 7; Table 2). In addition, NEUN, PGP9.5, y-
SYN (m), and TUJ1 were expressed in 32%, 20%, 12%, and
9% of BRN3A-negative cells (Figures 6, 7; Table 3). The
rabbit anti-y-SYN antibody was more RGC-specific in the
macaque retina than in the rat retina, with only 3% of BRN3A"
cells detected with this antibody. BM88, ERR-B, NF-L, y-SYN
(r), and TUJ1 signals were found in the IPL, as also observed
in rodents. Finally, y-SYN (r) expression was observed in
somas located in the INL.
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Detects half of the mouse RGCs
Signal variation after damage, cytoplasmic downregula-
tion and axonal upregulation

Not expressed in ipRGCs?®°
Not expressed by half of the ipsilaterally projecting RGCs®

Weak signal
Not suitable for automatic quantification
Highly downregulated after RGC damage

& Not RGC specific

Axonal and dendritic signals impair automatic quan-
tification
Detects half of the mouse RGCs

& Not RGC specific

Expressed in GABA*cells, probably dACs'"
Inaccurate automatic quantification in high RGC density
areas’

Axonal and dendritic signals impair automatic
quantification

Signal Advantages
BMS88 Cytoplasmic
Axonal®
& RGC specific’234
& Pan-RGC marker'24
& Viability marker (downregulation during apoptosis®®)
BRN3A pucteal & Best for automatic quantification’”’
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& Best to discriminate RGCs in high density areas”
ERR-B Cytoplasmic & RGC specific
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Cytoplasmic Mostly RGC specific
NF-L Dendritic & Evaluation of RGC morphology
Axonal & Evaluation of the nerve fiber layer
Cytoplasmic Evaluation of RGC mor
s phology
PGP9.5 D::g;g'lc Evaluation of the nerve fiber layer
& RGC specific'®!
. & Pan-RGC marker'®!!
RBPMS Cyicplasmic & Automatic quantification'213.14.15
& Best to identify the whole RGC population
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Figure 8 Review summary

A: Percentage of RGCs and non-RGCs expressing each marker in each species. Drawings of neurons in light red indicate expression pattern of

different markers in rats, mice, and macaques: nuclear, cytoplasmic, and cytoplasmic/axonal/dendritic. B: Summary of advantages and
disadvantages of each marker. ': Nadal-Nicolas et al., 2009; 2: Galindo-Romero et al., 2011; 3: Nadal-Nicolas et al., 2012; : Nadal-Nicolas et al.,
2014; 5. Sanchez-Migallon et al., 2016; ®: Nadal-Nicolas et al., 2017; 7: Xiao et al., 2021; & Nadal-Nicolas et al., 2015b; ®: Cheng et al., 2015; '°:
Kwong et al., 2010; '": Rodriguez et al., 2014; '?: Dordea et al., 2016; '*: Guymer et al., 2020; '*: Masin et al., 2021; '>: Zhang et al., 2022. ®: BM88
signal is predominantly cytoplasmic, although axons are faintly detected. BM88 axonal expression in macaques is stronger than in rodents. °: NEUN
expression is perinuclear/cytoplasmic in RGCs. m: mouse anti-y-SYN; r: rabbit anti-y-SYN.

Interestingly, while the percentage of non-RGCs in the GCL
was 10%-15% higher in the center than in the periphery in
rats and mice, this difference was close to three-fold higher in
the macaques. In addition, the percentage of RGCs in the
GCL was smaller in macaques than in rodents (38% in
macaques vs. 41%—49% in rodents) and the inferred
subpopulation of ipPRGCs was close to 2% (Figure 7; Table 4).

CONCLUDING REMARKS

This is the first work to systematically address the expression
patterns of nine proteins commonly used to identify RGCs in
three different species. Mice and rats are widely used in

preclinical studies, while research on non-human primates is
of great interest from a developmental, neuroanatomical, and
physiological point of view given their highly similarity to
humans, which facilitates translation (Nadal-Nicolas et al.,
2022). However, due to high costs and ethical considerations,
monkeys are not used as often as rodents, although this is
changing in the fields of stem cell therapy and induced
pluripotent stem cells (Lingam etal., 2021; Liu et al., 2021;
Lopez et al., 2022).

Nuclear and cytoplasmic markers are more suitable for
quantification of RGCs, with BRN3A and RBPMS being the
most specific in the three species (Figure 8). Thus, these two
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markers are the current markers of choice. Their main
difference is that BRN3A is expressed in vision-forming RGCs
(91% to 98% of RGCs, depending on the species) but not in
ipPRGCs (2% to 7.5% of RGCs (Chen etal.,, 2011; Nadal-
Nicolas etal., 2012)). This is an advantage when studying
functional populations separately. Methodologically, nuclear
BRN3A signals do not overlap with RGC somas, thus enabling
easier manual and automated quantification (Galindo-Romero
etal.,, 2011; Geeraerts etal.,, 2016; Masin etal., 2021,
Miesfeld etal., 2020; Nadal-Nicolas et al., 2009; Sanchez-
Migallon et al., 2011). Automatic algorithms of RBPMS are
reliable and efficient in mouse retinas (Dordea et al., 2016;
Guymer et al., 2020; Masin et al., 2021; Zhang et al., 2022),
but in other species, e.g., ground squirrels, high-density RGC
areas impair soma discrimination and accurate quantification
(Xiao et al., 2021).

The delay between RBPMS and BRN3A may be due to
several reasons. First, RBPMS is also expressed in ipRGCs,
which are more resistant to axotomy than vision-forming
RGCs (Nadal-Nicolas et al., 2015a; Sanchez-Migallon et al.,
2018a), and second, BRN3A is a marker of viability and is
down-regulated in death-committed RGCs, independent of
microglial clearance. Nevertheless, this delay is small, and
while BRN3A* RGC death will be observed slightly earlier and
may be more pronounced, it is not a problem if all retinas
within an experimental setting are analyzed with the same
marker.

NEUN expression in RGCs was cytoplasmic in the three
species. In rodents, but not in macaques, NEUN was also
expressed in the INL with nuclear signals. NEUN is expressed
in all RGCs, and its cytoplasmic signal is advantageous for
quantification. However, a considerable proportion of non-
RGCs also express this transcription factor in the GCL,
disqualifying it as a specific RGC marker.

The other two cytoplasmic markers also exhibit drawbacks.
Here, ERR-B recognized >85% of RGCs in the three species
but with relatively poor signals. In addition, in rats and in a
good proportion of RGCs in mice, its regulation did not follow
actual RGC death. Therefore, this marker should not be used
in survival and neuroprotection studies. In rats and macaques,
but not in mice, BM88 labeled most RGCs but again with
relatively poorly defined signals.

Axonal/somatic markers are useful for studying axonal
degeneration but not for quantifying RGCs. Of these markers,
y-SYN was the most specific and was expressed by the
maijority of RGCs in all three species. In humans and mice, y-
SYN is expressed by astrocytes in the optic nerve only under
disease conditions, and thus may not be a good axonal
marker under pathological situations (Liu et al., 2020; Nguyen
etal., 2011). We also found that PGP9.5 was labeled in 85%
of RGCs in mice and in all RGCs in macaques and rats,
although it was also expressed in non-RGCs in the latter two
species. TUJ1 and NF-L showed very well-defined signals, but
NF-L was only detected in 50% of RGCs in mice and both
markers labeled non-RGCs in rats.

Some markers are also expressed in other retinal layers,
which is not a problem per se. Those labeling the IPL can also
be used to analyze cross-sections to determine the fate of
RGC dendrites after lesion.
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We also deduced the proportion of ipRGCs, ranging from
1.7% (macaques) to 7.5% (mice). Furthermore, in all three
species, RGC density was lower in the periphery and the
percentage of non-RGCs in the GCL exceeded 50%.

In summary, when analyzing RGCs, the choice of marker
will depend on the goals of each study. However, specificity is
essential to obtain reliable results (Figure 8B). RBPMS is best
for examining the entire RGC population, although it may
include a small proportion of GABA* dACs (Rodriguez et al.,
2014). BRN3A allows assessment of areas of high RGC
density (Xiao etal., 2021), as well as separate analysis of
image-forming and non-image-forming RGCs.
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