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Abstract

We report that the most common retinal ganglion cell type that remains after optic nerve transection is the M1 melanopsin
ganglion cell. M1 ganglion cells are members of the intrinsically photosensitive retinal ganglion cell population that
mediates non-image-forming vision, comprising ~2.5% of all ganglion cells in the rat retina. In the present study, M1
ganglion cells comprised 1.7+1%, 28%14%, 55%13% and 82£8% of the surviving ganglion cells 7, 14, 21 and 60 days after
optic nerve transection, respectively. Average M1 ganglion cell somal diameter and overall morphological appearance
remained unchanged in non-injured and injured retinas, suggesting a lack of injury-induced degeneration. Average M1
dendritic field size increased at 7 and 60 days following optic nerve transection, while average dendritic field size remained
similar in non-injured retinas and in retinas at 14 and 21 days after optic nerve transection. These findings demonstrate that
M1 ganglion cells are more resistant to injury than other ganglion cell types following optic nerve injury, and provide an
opportunity to develop pharmacological or genetic therapeutic approaches to mitigate ganglion cell death and save vision
following optic nerve injury.
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remains in the retina 60 days following optic nerve axotomy,
comprising 82+£8% of all surviving RGCs.

Introduction

Retinal, optic nerve and brain injury may lead to vision loss by

compression or trauma to retinal ganglion cell (RGC) axons that
often lead to RGC death. Glaucoma, the second leading cause of
blindness worldwide affecting nearly 70 million people [1], as well
as optic nerve stroke, cause blindness through nerve injury.

In the retina, more than 50% of RGCs degenerate one week
after axotomy [2,3] and more than 90% of RGCs are lost by the
third week after axotomy [2-6]. A small percentage of RGCs
survive up to one year following axotomy [5—7]. The goal of these
studies 1s to identify and characterize the RGCs that survive after
optic nerve transection (ONT), and to determine whether they are
representative of all RGC types or a subpopulation of RGCs in the
rat retina. Knowledge of surviving RGC type morphology and
neurochemistry may provide insights into intrinsic RGC protective
features that mediate cell survival. These properties could provide
the basis for the development of neuroprotective interventions to
save vision.

In the present study we have identified and analyzed the RGCs
that survive after ONT in the rat retina. We have found that M1
ganglion cells are the most common ganglion cell type that
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Materials and Methods

Animals

Male adult Sprague-Dawley rats (250-300 g., >1 month old,
Charles River Laboratories, Wilmington, MA) were used for these
studies. The UCLA Chancellor’s Animal Research Committee has
approved the animal care and use protocols (ARC #1998-064)
and all of these studies were performed in accordance with
ARVO’s Use of Animals in Ophthalmic and Visual Research and
PHS Policy on Humane Care and Use of Laboratory Animals. All
rat work was performed in accordance with JACUC guidelines.

Optic Nerve Transection Model

Rats were anesthetized with 3-5% isoflurane in oxygen (1.5 L/
min) during ONT. A small incision was made in the temporal
conjunctiva of the left eye and gently peeled back posteriorly to
avoid cutting blood vessels. The optic nerve sheath was incised
2 mm longitudinally, starting about 2 mm behind the globe to
expose the optic nerve. The optic nerve was transected completely
by a needle knife without damaging the adjacent blood supply.
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Direct ophthalmoscopic inspection confirmed there was no
bleeding from retinal blood vessels. The right eye was left
unoperated and used as a control.

Animals were deeply anesthetized with isoflurane (IsoFlo,
Abbott Laboratories) and euthanized by decapitation at 7, 14,
21 or 60 days after axotomy. In rat retina, ONT results in ~50%
loss of RGCis in the ganglion cell layer (GCL) at 7 days and ~95%
loss of cells at 3 weeks after transection, respectively [2,3].

Immunohistochemistry

Immunohistochemistry was performed on whole-mount retinas.
Antibodies to neurofilament-M (1:1000, MAB-1621; Millipore,
Billerica, MA), melanopsin (1:250, PA1-781; Thermo Scientific,
Waltham, MA) and RNA binding protein with multiple splicing
(RBPMS, 1:1000) were used. The RBPMS polyclonal antibodies
were generated against the N-terminus of the RBPMS polypep-
tide, GGKAEKENTPSEANLQEEEVR, in guinea pig by a
commercial vendor (ProSci, Poway, CA), and affinity purified
and characterized in our laboratory [8]. Retinas were mounted on
cellulose filter paper (Millipore) with the GCL up and fixed in 4%
PFA for 10 minutes. Whole-mounted retinas were incubated in
10% normal goat serum at 4°C overnight. The retinas were
subsequently incubated in primary antibody for 5-7 days at 4°C,
washed three times in phosphate buffer (PB) 0.1 M pH =7.4 and
then incubated overnight at 4°C in the appropriate secondary
antibody (1:500, coupled to Alexa Fluor 488, 633 or Cy3,
Invitrogen, Carlsbad, CA). After three final washes in PB, the
retinas were mounted in Vectashield Mounting Medium (Vector
Laboratories, Burlingame, CA). Coverslips were sealed with nail
polish for prolonged storage. Slides were stored at 4°C and
protected from light.

Image Analysis

Images were acquired using a Zeiss Laser Scanning Microscope
510 Meta or 710 (Carl Zeiss, Thornwood, NY) with a Zeiss Plan-
Neofluar 25x/0.80 mm or a Zeiss C-Apochromat 40x 1.2 NA
corrected water objective at a resolution of 1024 x 1024 pixels.
Images are presented as projections consisting of 6-17 optical
sections (z-axis step size 0.3—1 pm). Three morphological param-
eters were analyzed: dendritic field area, dendritic field diameter
and somal diameter. Dendritic field area was calculated by using
the public domain Java image processing software Image] (NIH).
Confocal images, dendritic field and somal diameters were
analyzed using the Zeiss LSM 510 proprietary software (version
3.2). The intensity levels and contrast of the final images were
adjusted in Adobe Photoshop CS2 v.9.02 (Adobe Systems, San
Jose, CA).

Quantification of RGCs

Confocal images were taken at 40x magnification of RBPMS-,
NF- and melanopsin immunoreactive cells from whole mounted
retinas. Images were collected at 0.5-mm intervals from the optic
nerve head to peripheral retina. At least 3 retinal fields per
quadrant of each retina were analyzed. Cells were manually
counted.

Statistical Analysis

All values are given as mean * standard deviation and were
compared for statistical difference by using the unpaired Student’s
t-test. One-way ANOVA followed by Tukey test was used when
more than two groups were compared (SigmaPlot; Systat Software
Inc., San Jose, CA). P=0.05 was considered to be statistically
significant.
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Results

RGCs remaining after axotomy were identified by RBPMS
immunoreactivity (Fig. la), a selective marker of mammalian
RGCs that is primarily expressed in the cell body [8,9] and
neurofilament-M (NF, Fig. 1b, arrows), a general marker of large

and small RGCs [10-14].

Neurofilament-immunoreactive Cells

Among the NF-immunoreactive cells, we identified an ON-cell
type, based on the distribution of their dendrites in the ON
sublamina of the inner plexiform layer (IPL), that survived
axotomy (Fig. 2). These cells were characterized by three to five
stout primary dendrites that branched laterally, and formed a large
dendritic field. These cells are among the largest RGCs with a
somal diameter of 24.6*3.4 um (n=9 cells). The stratification
and general morphology of these cells resemble ON o-RGCs in
the rat retina [15] (Fig. 2a, arrows). These cells undergo
morphological changes after axotomy, including more than a
50% decrease in their dendritic field (Fig. 2b) 21 days after
axotomy. In addition, some of these large cells had asymmetric
dendritic fields with enlarged dendrites (Fig. 2c, arrows),
indicative of neuronal damage [16,17]. Two months after ONT
(Fig. 2d), the ON o-like ganglion cells comprised the majority of
NF-positive cells (98+3%, n= 3 retinas).

Percentage of surviving NF-immunostained ganglion
The NF-immunostained cells (Fig. 3c) constituted 17%
of all RBPMS immunoreactive cells (143 NF ganglion cells/mm?;
n=1 retina), 46+9% (103+28 NF ganglion cells/mm? n=4
retinas), 39+15% (2111 NF ganglion cells/mm?; n =3 retinas),
and 16%5% (4=3 NF ganglion cells/mm?; n=3 retinas) of the
surviving RGCs 7, 14, 21 and 60 days after ONT, respectively.

cells.

M1 Ganglion Cells

A different subpopulation of RGCs, M1 ganglion cells, which
are a component of the intrinsically photosensitive RGC (ipRGC)
population that mediates non-image-forming vision [18], were
identified using a specific melanopsin antibody [18-20]. A large
number of the M1 ganglion cells remained after axotomy (Fig. 1c).

Percentage of surviving M1 ganglion cells. M1 ganglion
cells comprise ~2.5% of all RGCs in the rat retina [18]. In this
study, we found M1 ganglion cells comprised 1.7£1% (1628 M1
ganglion cells of 1065+525 RGCs/mm?; n = 3 retinas), 28+ 14%
(2922 M1 ganglion cells of 156+77 RGCs/mm?; n = 4 retinas),
55+13% (21+3 M1 ganglion cells of 46+14 RGCs/mm?; n=3
retinas) and 82%x8% (30%7 MI ganglion cells of 34*4 RGCs/
mm?% n =5 retinas) of the surviving RGCs 7, 14, 21 and 60 days
after ONT, respectively (Fig. 3a). There was an initial decrease of
M1 ganglion cell density 7 days after ONT (Fig. 3b), while the cell
density stabilized at 14, 21 and 60 days after ONT.

Soma size. A previous study reported that the average RGC
somal diameters reduced 7 days after ONT in the rat retina [21].
In contrast, M1 ganglion cell morphology appeared to be similar
in non-injured and ON'T retinas; the major somal diameters of
M1 ganglion cells from ONT retinas were unchanged (not shown;
n =16 cells from 3 retinas at 7 days after ONT, one-way ANOVA
followed by Tukey test p=0.865; n =19 cells from 2 retinas at 14
days after ONT, p=0.960; n =37 cells from 5 retinas at 21 days
after ONT, p=0.999; n =28 cells from 3 retinas at 60 days after
ONT, p=0.879) compared to M1 ganglion cells from non-injured
retinas (n =26 M1 ganglion cells from 3 retinas). Similarly the
minor somal diameters of M1 ganglion cells from ONT retinas
were unchanged (not shown; n=16 cells from 3 retinas at 7 days
after ONT, one-way ANOVA followed by Tukey test p=0.985;
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Figure 1. Whole-mounted rat retinas showing the effect of axotomy on RGC number and morphology. Left column is a control retina
from the non-operated eye (a) RBPMS immunostaining (a specific marker for ganglion cells) in the ganglion cell layer at 7, 14 and 21 days after optic
nerve transection. (b) Neurofilament-M immunostaining (arrows) at 7, 14 and 21 days after optic nerve transection. (c) M1 ganglion cells at 7, 14 and
21 days after optic nerve transection. (a, c) Scale bar=50 pum; (b) Scale bar=20 pum.

doi:10.1371/journal.pone.0093274.g001

n =19 cells from 2 retinas at 14 days after ONT, p=0.498; n = 37 ganglion cells from non-injured retinas (n =26 M1 ganglion cells

cells from 5 retinas at 21 days after ONT, p=0.834; n =28 cells from 3 retinas).

from 3 retinas at 60 days after ONT, p=0.881) compared to M1 Dendritic field size. M]1 ganglion cell dendritic field size
significantly increased 7 days after ONT (n=16 cells; major

Figure 2. ON a-like ganglion cells are the most resistant type of the neurofilament-M immunoreactive cells after axotomy. (a) Control
eye showing ON a-like ganglion cells (arrows) and other neurofilament-M positive ganglion cells in the peripheral area. (b, c) Examples of
morphological changes (arrows in C) 21 days after axotomy in the peripheral area. (d) Example of an ON a-like ganglion cell 60 days after optic nerve
transection in the peripheral area. Scale bar=50 pum.

doi:10.1371/journal.pone.0093274.g002
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Figure 3. Characterization of surviving M1 and neurofilament-M ganglion cells. Surviving M1 (a) and neurofilament-M ganglion cells (c)
compared to the number of RBPMS immunoreactive cells after axotomy. (b) Number of M1 ganglion cells/mm?. (d) Dendritic field diameter
measurements and (e) Dendritic area of M1 ganglion cells remain unchanged 21 days after axotomy. n.s = no significance, * indicates P<<0.05 and **

P<0.001.
doi:10.1371/journal.pone.0093274.g003

dendritic field; one-way ANOVA followed by Tukey test p<0.001;
minor dendritic field p = 0.021), yet remained similar in size to M1
ganglion cells in normal retinas and in retinas 14 and 21 days after
ONT (Fig. 3d; one-way ANOVA followed by Tukey test major
dendritic field p =0.654, p =0.980, respectively; minor dendritic
field p=1.000, and p=0.929; respectively). However, the
dendritic coverage of M1 ganglion cells was unchanged 21 days
after axotomy (Fig. 3e; t-test p=0.633). Interestingly, we
observed an increase in the major axis of the dendritic field but
not in the minor axis of the dendritic field at 60 days after ONT
m=21 cells; one-way ANOVA followed by Tukey test, major
dendritic field p=0.038; minor dendritic field p = 0.680).

Stratification patterns. The laminar position of the MI
ganglion cell dendrites in the IPL did not change after axotomy.
Fig. 4a shows a confocal projection of M1 ganglion cells in a non-
mjured retina and its ramification in lamina 1 of the IPL. Sixty
days after the ONT, M1 ganglion cell dendrites ramified in the
same lamina of the IPL (Fig. 4b).

Other Surviving RGCs

In addition to M1 and ON a-like ganglion cells, triple labeling
experiments showed 1.2£0.3% of the RGCs identified by RBPMS
immunoreactivity as neither M1- nor NF-positive in the GCL 60
days after surgery with a soma size of 9.8£3.7 pm (n =5 cells from
2 retinas; see Discussion).

Displaced RGCs

RGOCs located in the inner nuclear layer (INL), known as
displaced ganglion cells, which are reported to constitute about 2 -
3% of the total RGC population in mouse [22,23] and rat retina
[24], were also investigated. At least 16 different types of displaced
ganglion cells have been described in the rodent retina [23].
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Figure 5a shows a confocal image of RBPMS immunoreactivity in
displaced ganglion cells in the control eye. After the ONT, few
RBPMS immunoreactive cells were identified (Fig. 5b). Displaced
M1 ganglion cells were the only displaced RGCs that were present
21 (n= 3 retinas; Fig. 5¢) and 60 days following ONT (not shown;
n =3 retinas).

Discussion

M1 ganglion cells comprise the largest population of RGCs
amongst all surviving RGC types following nerve injury; MI
ganglion cells comprised 82+8% of the surviving RGCs two
months after ONT. Several groups have reported that some RGCs
are more resistant to axotomy, all of which were reported to have
large cell bodies [25-29].

M1 ganglion cells are reported to be resistant to death in several
injury and disease models, including axotomized mouse RGCs
and chronic ocular hypertension [28-30]. A study performed by
Mey and Thanos (1993) described two “types” of RGCs that were
resistant to axotomy at 3 weeks. One of the RGCs was described
as a “large ganglion cell,” which resembles the ON o-like ganglion
cell in our study. The second RGC type was the only cell type that
survived one year following axotomy, which was described as a
“new type” of RGC characterized by long and meandering
dendrites. The descriptions of the morphology and dendritic field
size of these cells match that of the M1 ganglion cells.

The minority (1.2%20.3%) of surviving RGCs that were neither
M1- nor NF-positive (60 days following ONT) could correspond to
another RGC type that also survives axotomy. One possibility is
that these cells belong to another melanopsin ganglion cell type.
However, to our knowledge, only the M1 ganglion cell type has
been reported in rat retina compared to the five different
melanopsin ganglion cell types in mouse retina [31]. In view of
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Figure 4. Morphological comparison of M1 ganglion cells in normal and optic nerve transected retina. (a) M1 ganglion cell
immunostaining in the control eye. Bottom panel shows a side view with the typical stratification in the OFF sublamina of the inner plexiform layer.
(b) M1 ganglion cell immunostaining 60 days after optic nerve transection. A displaced M1 ganglion cell is included (arrow). Bottom panel shows that
in the injured retina the M1 ganglion cell dendrites remain in the same lamina of the IPL as in the control retina. Scale bar=50 pum.

doi:10.1371/journal.pone.0093274.g004

the reports that utilized genetic techniques and improved
antibodies to identify multiple cell types in mouse [31-33], there
is a possibility that the other surviving cell types also contain low
levels of melanopsin, which are below the level of detectability of
the antibody used for these studies.

The other RGC that remained after axotomy is an ON o-like
ganglion cell, which corresponds best morphologically to M4
melanopsin ganglion cells in the mouse retina [34]. Future
experiments are needed to determine whether the surviving ON
RGC type is a melanopsin-containing RGC. Experiments could
include light response recordings, intrinsic membrane properties
and photocurrents to examine whether they exhibit sustained,

synaptically driven ON responses as reported for the M4 ganglion
cells [34].

We have shown that the surviving M1 ganglion cells undergo
changes in their dendritic field size at 7 and 60 days following
ONT. Dendritic elongation/reduction might be attributed to the
absence of neighboring neurons and dendrites in the IPL. When
dendrites are depleted, M1 cell dendrites might have a preference
in the direction of their growth in response to the loss of synaptic
contacts to ganglion cells, amacrine cells and bipolar cells.
Precedents for asymmetric growth in RGC dendrites have been
shown after local lesions in the retina [16,17].

One possible explanation for the survival of M1 ganglion cells is
their close relationship to dopaminergic amacrine cells. Since

Figure 5. Displaced ganglion cells in the rat retina. (a) RBPMS immunostaining shows numerous displaced ganglion cells in the control eye. (b)
The majority of the RBPMS-positive cells are lost 21 days after axotomy. The surviving displaced ganglion cells (b) correspond to M1 ganglion cells (c).

Scale bar=50 um.
doi:10.1371/journal.pone.0093274.9005
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dopamine has been shown to be neuroprotective against
glutamate-related neurotoxicity in rat retinal neuron cultures
and against glutamate-induced excitotoxicity [35,36], synaptic
contacts between the dendrites of MI ganglion cells and
dopaminergic amacrine cells processes [37] could provide support
to the RGCs to prevent degeneration.

A second possibility is that surviving RGCs may be supported
by other retinal cells located in the INL that do not contact M1
dendrites. A subpopulation of M1 ganglion cells have collateral
axons that do not leave the eye and innervate the IPL [38]. These
axonal collaterals could form a novel retinal circuit that maintains
MI ganglion cells after optic nerve injury.

Finally, there are three major survival mechanisms that may
mmpact these cells. A molecular mechanism mediating ganglion cell
survival might involve PTEN/mTOR, JAK/STAT or PACAP
pathways. The PTEN/mTOR pathway, which regulates dendritic
growth in cortical pyramidal neurons [39] and supports ganglion
cell axon regeneration in the retina [40], may also play a
neuroprotective role in RGCs, including M1 ganglion cells. This
speculation follows from studies showing that inhibition of the
PTEN/mTOR pathway provides protection against many
pathologies including neurodegenerative diseases, cancer, heart
diseases, obesity and kidney disease [41-43]. Akt plays a critical
role in controlling the balance between survival and apoptosis [44—
46] and is activated by insulin and various growth and survival
factors involving phosphatidylinositol ~ 3-kinase (PI3-kinase)
[44,45]. The phosphatase and tensin homologue deleted on
chromosome ten (PTEN) is a major suppressor of phosphoinosi-
tide-3 kinase/Akt signaling, a vital survival pathway in lung
parenchymal cells, RGCs, ischemic brain injury, and traumatic
brain injury [47-49]. PTEN plays a key role in cell migration,
survival and apoptosis by negatively regulating phosphoproteins in
the PI3K/Akt pathway.

A second possible mechanism mediating RGC survival is an
activation of the janus family tyrosine kinases (JAKSs) and signal
transducer and activator of transcription (STAT) proteins (JAK/
STAT pathway). IL-6 is an activator of the JAK/STAT pathway,
which is produced by Miiller cells and rescue photoreceptors
under stress and RGCs after ischemia-reperfusion in vivo [50,51].
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This pathway is involved in cellular survival, proliferation,
differentiation and apoptosis [52].

An alternative mechanism could be mediated by the neuropep-
tide pituitary adenylate cyclase-activating polypeptide (PACAP),
which has a cytoprotective action in neurons and other tissues
[53]. Since PACAP is colocalized with the melanopsin-containing
ganglion cells [54], it would be interesting to determine whether
M1 ganglion cells survive ONT in a PACAP knockout mouse.

Gap junctions are channels that are also involved in allowing
the passage of proapoptotic signals between apoptotic cells and
healthy surrounding cells [55,56]. Although it is unclear which
molecules are involved in promoting apoptosis, some proapoptotic
signal molecules could include Ca®', inositol triphosphate (IPs),
ATP and cAMP [55]. It has been reported that the effect of
survival and apoptosis through gap junctions is partially connexin-
dependent [55-57]. In the retina, most RGC express Cx36 [58]
and a few RGC types express Cx45 [59] and Cx30.2 [60]. It has
been postulated that melanopsin RGCs express Cx30.2 [61],
which has the lowest single channel conductance among all
members of the connexin family [62], and are coupled to
amacrine cells rather than ganglion cells [61]. One might
speculate that the combination of these factors might impede the
passage of death signals from apoptotic ganglion cells to the
melanopsin RGCs.

In conclusion, M1 ganglion cells are an optic nerve injury-
resistant RGC subtype that offers an exceptional opportunity to
explore neuroprotective molecules which could mitigate the loss of
vision following optic nerve injury.
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