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PURPOSE. To investigate whether a recently described retinal
ganglion cell (RGC) marker Rbpms (RNA binding protein with
multiple splicing) could be used for RGC quantification in
various models of RGC degeneration.

METHODS. Optic nerve crush, excitotoxicity, and elevated in-
traocular pressure (IOP) rat models were used. Topographic
analysis of Rbpms immunolabeling was performed on retinal
wholemounts. Retrograde labelings with Fluorogold (FG) and
III �-tubulin immunohistochemistry were compared.

RESULTS. In the optic nerve crush model, 37%, 87%, and 93% of
Rbpms-positive cells were lost 1, 2, and 4 weeks, respectively.
Significant loss of Rbpms-positive cells was noted 1 week after
intravitreal injection of 12, 30, and 120 nmol N-methyl-D-aspar-
tate (NMDA), whereas coinjection of 120 nmol of NMDA along
with MK-801 increased the cell number from 10% to 59%. Over
95% of Rbpms-positive cells were FG- and III �-tubulin–positive
after injury caused by optic nerve crush and NMDA injection.
In rats with elevated IOP, induced by trabecular laser photo-
coagulation, there was a significant loss of Rbpms-positive cells
compared with that of contralateral controls (P � 0.0004), and
cumulative IOP elevation showed a strong linear relationship
with the quantification of RGCs by Rbpms immunolabeling and
retrograde labeling with FG. More than 99% of the remaining
Rbpms-positive cells were double-labeled with FG.

CONCLUSIONS. Rbpms can reliably be used as an RGC marker for
quantitative evaluation in rat models of RGC degeneration,
regardless of the nature and the location of the primary site of
the injury and the extent of neurodegeneration. (Invest Ophthal-
mol Vis Sci. 2011;52:9694–9702) DOI:10.1167/iovs.11-7869

The loss of vision in optic neuropathies is caused primarily
by the degeneration of retinal ganglion cells (RGCs). The

survival of RGCs in various animal models of RGC degeneration
is commonly evaluated with retrograde labeling by injection of
tracers such as Fluorogold (FG), dextran tetramethylrhod-
amine, or DiI into areas of the brain that are targeted by RGCs,
primarily the superior colliculus (SC), or by exposure of an
axotomized optic nerve to these dyes. However, both proce-
dures have significant limitations. Since RGC retrograde label-
ing with these tracers depends on active axonal transport,

neither of these labeling techniques can differentiate among
cell body loss, axon degeneration, or failure of transport. This
is particularly important when evaluating cell loss in animal
models of glaucoma, in which axonal transport deficiency
caused by elevated intraocular pressure (IOP) has been pro-
posed to be a factor in RGC degeneration.1–3 Furthermore,
labeling via the SC leaves uncounted those RGCs projecting to
other brain regions.4 The application of tracers to the cut
surface of the optic nerve overcomes these concerns, but
requires a surgical procedure that alters gene expression in
RGCs and leads to the initiation of RGC apoptosis. In addition
to retrograde labeling, several antigenic RGC markers, includ-
ing Thy 1, Brn3, III �-tubulin, neurofilament, and others, have
been used to label these cells. Many of these markers are not
specific to RGCs or do not label the entire RGC population.5–8

Therefore, retrograde labeling is still viewed as the most reli-
able and accurate way of identifying RGCs.

Recently, we characterized the expression of an RNA binding
protein with multiple splicing (Rbpms), or hermes, in the retina9

and demonstrated that anti-Rbpms antibodies label over 99% of
retrogradely labeled RGCs in the untreated rat retina.10 Since the
level of gene expression may be significantly altered in response
to various types of stress or injury, in this study we determined
whether Rbpms can be used as an RGC marker for quantitative
analysis of these cells in animal models of RGC degeneration
induced by IOP elevation, optic nerve crush, and excitotoxicity.

MATERIALS AND METHODS

Animals

The use of animals was approved by the Animal Research Committee
of the University of California, Los Angeles. The procedures were
performed in compliance with the ARVO Statement for the Use of
Animals in Ophthalmic and Vision Research. Animals were housed
with standard food and water provided without restriction. The light
was turned on at 3:00 AM and off at 3:00 PM. The animals were kept
at least 1 week in this environment before surgical procedures and IOP
measurement. Surgical procedures were performed on one eye of each
rat, whereas the contralateral eye served as an untreated control.
Topical ophthalmic ointment (tobramycin, Tobrex; Alcon, Fort Worth,
TX) was applied immediately after procedures.

Rat Models of RGC Degeneration

Excitotoxicity. A previously described method was used to
induce excitotoxic cell loss in rat retinas by intravitreal injection of
N-methyl-D-aspartate (NMDA).11 Briefly, 3-month-old male Wistar rats
were anesthetized by inhalation of isoflurane (3.5%–5%) in oxygen.
After a topical application of 0.5% procaracaine hydrochloride, an
intravitreal injection of 3 �L of 0.4, 1, 4, 10, and 40 mM (corresponding
to 1.2, 3, 12, 30, and 120 nmol) neutralized NMDA (Sigma, St. Louis,
MO) in 0.1 M PBS was administered unilaterally. The coinjection of
MK-801 (1 mg/mL) was administered to antagonize the effect of 120
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nmol NMDA. To define the dose–response of NMDA, animals were
euthanized 1 week after injection.

Optic Nerve Crush. After Wistar rats were anesthetized, the
optic nerve was exposed without damaging the adjacent blood supply.
A pair of extra-fine self-closing forceps was used to crush the optic
nerve at 2 mm behind the globe for 10 seconds.12 The conjunctival
incision was sutured. To examine the temporal response after optic
nerve crush, animals were euthanized at 1, 2, and 4 weeks.

Experimental Glaucoma. After 1 week of accommodation,
both light- and dark-phase IOP were measured with a portable tonometer
(TonoLab; Icare, Helsinki, Finland) twice a week at 10:00 AM and 5:00 PM,
respectively, on 6-month-old male Brown Norway rats in the awake state.
After topical anesthesia, five successful readings obtained with the tonom-
eter were recorded. The IOP readings usually became more stable and
consistent after 1 week. A previous method of trabecular laser photoco-
agulation was modified.13–15 Approximately 200 laser burns were deliv-
ered ab externo to the trabecular meshwork at laser settings of 200-�m
diameter, 100-mW power, and 50-ms duration. Approximately 2 to 3
weeks after the first laser treatment, a second laser treatment was per-
formed on eyes with no IOP elevation when compared with contralateral
control eye. To correlate RGC loss labeled by Rbpms with various cumu-
lative IOP elevation, laser photocoagulation was performed on 360° tra-
becular meshwork and animals were euthanized 3, 4, and 5 weeks after
IOP elevation. To evaluate the specificity and sensitivity of Rbpms immu-
nolabeling against retrograde labeling with FG, different levels of IOP
elevation over 5 weeks were generated by performing laser photocoagu-
lation on a range of 330° (30° at superior region received no laser) to 360°
trabecular meshwork.

The tonometer (TonoLab) was calibrated with hydrostatic pressure
ranging from 0 to 70 mm Hg in the eyes of anesthetized adult Brown
Norway rats as measured manometrically. The linear regression equa-
tion was y � 1.06x � 0.58 with R2 � 0.98. For IOP analysis, all IOP
readings were corrected to the actual IOP and presented as mm Hg in
this study. The IOP reading in the eye with experimental glaucoma was
compared with the contralateral control eye in the same animal.
Cumulative IOP elevation, mean and peak of IOP, and IOP fluctuation
were analyzed. Cumulative IOP elevation was calculated by performing
separate integrations of the IOP over the days of exposure for the
experimental and contralateral control eye (mm Hg–days).16 The con-
trol eye integral value was subtracted from the experimental eye
integral. The mean and peak of IOP in the dark and light phases were
also analyzed. The SD of IOP readings for the period after laser treat-
ment was considered the IOP fluctuation.

Rbpms Immunohistochemistry on
Retinal Wholemount

Animals were deeply anesthetized with intramuscular injections of 80 mg/kg
sodium pentobarbital and then transcardially perfused with 4% paraformalde-
hyde in 0.1 M phosphate buffer. The eyes were enucleated and postfixed for
1 hour. According to published protocol,10 entire retinas were incubated with
10% fetal bovine serum for 1 hour to block nonspecific staining, and then
immersed in the custom-made primary antibody against Rbpms in PBS con-
taining 1% Triton, 0.5% BSA, and 0.9% sodium chloride (PBS-T-BSA) overnight
at 4°C. Anti-Rbpms antibodies were generated against N-terminal GGKAEK-
ENTPSEANLQEEEVR polypeptide (ProSci, Poway, CA) in our laboratory as
described previously.10 After washing in PBS-T-BSA, the retinas were incu-
bated with secondary Alexa Fluor 488 goat anti-rabbit IgG antibody (1/1000)
overnight at 4°C. They were mounted flat with several radial cuts on a glass
slide. After air-drying overnight, the retinas were counterstained with 4�,6�-
diamidino-2-phenindole (DAPI) and mounted.

Retrograde Labeling

Procedures for retrograde labeling with Fluorogold (FG; Fluorochrome, Den-
ver, CO) were performed as previously described.10,14 The procedure of
applying FG at the transected optic nerve was selected because it ensured that
all RGC axons were exposed to FG, including those RGCs projecting to areas
other than the superior colliculus. Briefly, the optic nerve was exposed

through a lateral conjunctival incision, and a cross section of the optic nerve
was made with the needle knife through the opening of the optic nerve
sheath, with care taken not to damage the adjacent blood supply. A gelfoam
soaked with 6% FG was applied onto the surface of the transected optic
nerve. The conjunctival incision was sutured and prophylactic antibiotic
ointment was applied. The procedures were performed on only one eye to
avoid bilateral blindness. The animals were euthanized 1 day after retrograde
labeling.

RGC Quantification

Topographical analysis of immunolabeled cells was performed under a
fluorescence microscope (LSM410; Carl Zeiss, Oberkochen, Ger-
many).10 The retina was divided into four quadrants: superior, inferior,
nasal, and temporal. Three sampling fields (0.32 � 0.24 mm each)
were imaged at each region of 1, 2, 3, and 4 mm from the center of the
optic nerve in each retina quadrant. In total, 48 images were captured
on each retina. In each sampling field, the number of Rbpms-positive
cells was counted in a masked manner. In this study, the average of cell
counting on each retina was used for analysis. For statistical analysis,
the density of immunopositive cells (number of cells per mm2) was
compared. The percentage of cell loss was defined as the percentage
of the decreased number of cells in the experimental eye against the
density in the contralateral control eye of the same animal.

Double Fluorescence Immunohistochemistry of
III �-Tubulin and Rbpms

The enucleated eyeballs were immersed in fixative for 1 hour, bi-
sected, and postfixed for 3 hours. The eye cups were incubated with
30% sucrose at 4°C overnight and embedded in optical cutting tem-
perature compound (O.C.T.; Sakura Finetec, Torrance, CA). Sections
(10 �m thick) were obtained along the vertical meridian through the
optic nerve head. Standard immunohistochemical procedures were
performed with primary rabbit antibodies against Rbpms and mouse III
�-tubulin (TUJI, 1:200, mouse; Covance, Emeryville, CA), and FITC-
conjugated anti-rabbit and rhodamine-conjugated anti-mouse second-
ary antibody. Negative control sections were incubated without pri-
mary or secondary antibodies. For quantification, at least two retinal
sections from each eye were collected. For each retinal section, the
numbers of cells in the RGC layer labeled with immunoreactivity of (1)
Rbpms and III �-tubulin, (2) Rbpms but no III �-tubulin, and (3) III
�-tubulin but no Rbpms were counted. Retinal sections obtained from
3-month-old C57 black mice were included.

Double Labeling of FG and Rbpms in Models of
Optic Neuropathy

To determine whether the FG-labeled RGCs expressed Rbpms, the above-
cited retrograde labeling procedure at the transected optic nerve was per-
formed 1 day before euthanasia. The dissected retinas were obtained from
animals 1 week after 120 nmol NMDA injection, 4 weeks after optic nerve
crush, and 5 weeks after IOP elevation, and then immunolabeled for Rbpms

FIGURE 1. Rbpms immunostaining and retrograde labeling of rat
retinal wholemount. Approximately 99% of retinal ganglion cells ret-
rogradely labeled by FG were also Rbpms-positive.
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analysis. In each sampling field, the numbers of RGCs labeled by (1) FG and
Rbpms immunoreactivity, (2) FG without Rbpms immunoreactivity, and (3)
Rbpms immunoreactivity without FG were counted. The percentage of FG-
positive cells labeled by Rbpms and the percentage of Rbpms-positive cells
labeled by FG were calculated.

Statistical Analysis

Data were presented as the mean � SD. Differences among groups
were analyzed by one-way ANOVA, followed by the Student’s t-test.
P � 0.05 was considered statistically significant.

FIGURE 2. Temporal- and dose-dependent loss of Rbpms-positive cells after optic nerve crush and
excitotoxicity, respectively. (A) Wholemount retinas were immunostained with Rbpms antibodies and
counterstained with DAPI to visualize cell nuclei. Rbpms-positive cells make up only a portion of all cells
in the retinal ganglion cell layer (RGCL), since rodent RGCL contains both RGCs and displaced amacrine
cells in an approximately equal ratio. (B) The density of Rbpms-positive cells after optic nerve crush
compared with contralateral control. Progressive loss of RGCs 1 week (37%), 2 weeks (87%), and 4 weeks
(93%) after optic nerve injury were observed. (C) Significant decreases of Rbpms-positive cell density were
noted 1 week after intravitreal injection of 12, 30, and 120 nmol NMDA. Injection of MK-801 reduced the
excitotoxic effect of NMDA (120 nmol) RGCs.
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RESULTS

Distribution of RGCs in Adult Rat Retinas

The distribution of RGCs in retinas was analyzed by Rbpms
immunohistochemistry (Fig. 1A) and correlated with retro-
grade labeling with FG (Fig. 1B). Experiments were performed
on rat wholemount retinas. The labeling of the cell bodies was
discrete, with prominent cytoplasmic immunoreactivity coun-
terstained by a nuclear dye, DAPI (Fig. 2A). The average num-
bers (�SD) of Rbpms-positive and FG-labeled cells were
2169 � 149 and 2120 � 132 per mm2, respectively (Table 1).
Consistent with FG labeling, the density of Rbpms-positive
cells was decreased from the posterior pole to the peripheral
retina dependent on the distance from the center of the optic
nerve head. The densities of FG- and Rbpms-labeled cells at
four retinal (superior, inferior, temporal, and nasal) quadrants
or at 1, 2, 3, and 4 mm from the center of optic nerve head
(n � 4) were similar, and not statistically different (P � 0.05).

Temporal and Dose-Dependent RGC Loss after
Optic Nerve Injury and Excitotoxicity

In the optic nerve crush model, 37%, 87%, and 93% loss of
Rbpms-positive cells compared with the contralateral control
retinas were observed at 1, 2, and 4 weeks after injury, respec-
tively (Fig. 2B; n � 4 per group). The losses of Rbpms-positive

cells were significant at 1 (P � 0.0001), 2 (P � 0.0001), and 4
weeks (P � 0.0001). There was no remarkable change in the
density of Rbpms-positive cells in the contralateral control
eyes.

The administration of 12 (P � 0.0013), 30 (P � 0.0001), and
120 (P � 0.0001) nmol of NMDA induced 79%, 92%, and 90%
losses of Rbpms-positive cells, respectively, compared with
controls (Fig. 2C; n � 4 per group). Coinjection of MK-801
significantly reduced the loss of Rbpms-positive cells induced
by 120 nmol of NMDA from 90% to 41% (P � 0.018; n � 4).

To confirm that the Rbpms-positive cells are RGCs, double-
fluorescence immunohistochemistry with Rbpms and III �-tu-
bulin (TUJ) was performed on retinal sections (Fig. 3A). Table
2 shows that �98% of Rbpms-positive cells were III �-tubulin
immunopositive after injections of different concentrations of
NMDA and optic nerve crush (n � 4 per group; total � 32).
The percentages of III �-tubulin and Rbpms double-labeled
cells after injuries and in control retinas were similar. In mouse
retina, Rbpms-positive cells were also III �-tubulin immunopo-
sitive (Fig. 3B). Table 3 demonstrates that there was over 97%
of FG-positive cells labeled by Rbpms 1 week after NMDA
injection, whereas �98% of Rbpms-positive cells were labeled
by FG. Both percentages in retinas 4 weeks after optic nerve
crush significantly decreased when compared with control
(P � 0.05).

TABLE 1. Distribution of FG- and Rbpms-Labeled Cells in Rat Retinal Wholemounts (n � 4 per Group)

Distance from Optic Nerve Head (mm)

Factor 1 2 3 4 Average

Cell density (per mm2)
FG� 2691 � 76 2554 � 54 1858 � 251 1377 � 206 2120 � 132
Rbpms� 2744 � 86 2603 � 87 1911 � 264 1418 � 326 2169 � 149

FIGURE 3. Colocalization of Rbpms- and III � tubulin–positive cells in rat (A) and mouse (B) retinas.
Retinal sections were double immunolabeled with Rbpms and III �-tubulin antibodies and counterstained
with nuclear DAPI. Cells positive for these two RGC markers are indicated by arrows.
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RGC Loss Induced by IOP Elevation

The average awake (corrected) IOPs in the dark and light
phases of control Brown Norway rats were 32.0 � 5.2 and
18.8 � 2.1 mm Hg, respectively. Trabecular laser photocoag-
ulation increased the average IOP by 45.5% to 46.6 � 8.4 mm
Hg in the dark phase and by 60.3% to 30.1 � 14.2 mm Hg in the
light phase. We observed large circadian IOP fluctuations per-
sisting throughout the whole experiment and two distin-
guished patterns of IOP elevation. One group of animals (n �
7) had elevated dark IOP but not light IOP (Fig. 4A), whereas
another group (n � 5) had both increased dark and light IOP
(Fig. 4B). The observed IOP fluctuations in this laser model
were similar to that reported by Morrison and colleagues for
their hypertonic saline rat glaucoma model.17–19 To explore
the relationship between RGC loss and cumulative IOP eleva-
tion, retinas were evaluated 3 (n � 2), 4 (n � 3), and 5 (n �
7) weeks after laser treatment. A range of cumulative IOP
elevation from 88.2 to 792.4 mm Hg–days in animals was
obtained to correlate with the graded RGC loss. Quantitative
analysis demonstrated a variable decrease in Rbpms-positive
cell density ranging from 7.8% to 96.2% in eyes with IOP
elevation compared with contralateral controls (Fig. 5A) and
topographical analysis showed uneven patterns of cell loss
(Figs. 5B, 5C).

Correlation between IOP Levels and RGC Loss

The correlation between the percentage loss of Rbpms-positive
cells to the properties of IOP by performing univariate linear
regression is summarized in Table 3. The cumulative IOP ele-
vation (R2 � 0.91; Fig. 4C) and the mean of light- and dark-
phase IOP (R2 � 0.92) showed a strong linear correlation with
the percentage loss of Rbpms-positive cells. The IOP fluctua-
tion (R2 � 0.03) and the peak of dark-phase IOP (R2 � 0.09)
had a weaker correlation with the percentage loss of Rbpms-
positive cells (Table 4).

The percentages of RGC labeling by FG and Rbpms, and the
levels of cumulative IOP elevation were compared. The aver-
age density of FG-positive cells decreased as the cumulative IOP
elevation increased (Fig. 6A). The average density of Rbpms-
positive cells showed a similar trend with the cumulative IOP

elevation (Fig. 6B). Table 5 shows that the percentages of
FG-positive cells labeled by Rbpms (99.53%) and Rbpms-posi-
tive cells labeled by FG (99.29%) in animals with IOP elevation
were similar.

DISCUSSION

We recently demonstrated that the expression of Rbpms in
the retina is restricted to RGCs9 and consequently charac-
terizes Rbpms as a new RGC marker.10 Immunolabeling with
antibody against Rbpms detected over 99% of FG-labeled
RGCs in rat retinal wholemounts, whereas �3% of Rbpms-
positive cells were not retrogradely labeled by FG. Retro-
grade labeling of RGCs, despite the availability of several
antigenic RGC markers, is considered to be the most reliable
method to identify and quantify RGCs in control and injured
retinas.5– 8,12 This could be explained by the fact that most
commonly known RGC markers are not specific to RGCs, or
do not label the entire RGC population. Some markers may
be not suitable for topographic quantification of RGC body
on retinal wholemount due to strong immunoreactivity in
nerve fiber bundles particularly at the region close to optic
nerve head. Furthermore, some RGC markers are downregu-
lated during RGC injury and become insufficient to identify
RGCs. For instance, quantification of Brn3a-positive cells in
the control rat retina revealed that 92.2% of the FG-positive
cells were Brn3a positive and 3.4% of FG-positive cells did
not express Brn3a.12 Only a portion of the FG-positive RGCs
were labeled by a Brn3a antigenic RGC marker after optic
nerve injury (crush and transection).

In the present study, we evaluated Rbpms as a potential
RGC marker in retinas of three commonly used rat models of
RGC degeneration: excitotoxicity, optic nerve crush, and
ocular hypertension. These models have distinct sites of
injury that likely trigger different pathways of RGC death.
Intravitreal exposure to excessive NMDA overstimulates
NMDA receptors on cell membranes of RGC bodies,11,20

whereas crush injury generates direct trauma to RGC axons.
The parameters (NMDA dosage and time and intensity of
crush) of these two models can be manipulated to generate
desired levels of RGC loss. After intravitreal injection of
NMDA and optic nerve crush, the dose- and temporal-
dependent loss of RGCs was evaluated with immunolabeling
of Rbpms and confirmed by double labeling of III �-tubulin
and FG. Although the density of FG-positive cells labeled by
Rbpms after optic nerve crush was reduced significantly, we
believe that 96% of FG-prelabeled RGCs, which are immu-
nolabeled by Rbpms, is satisfactory. These data indicate that
Rbpms expression in a minority of RGCs (�4%) can be
affected by the nature of injury. In the rat model of chronic
IOP elevation, Rbpms immunolabeling identified 99% of
FG-prelabeled RGCs, supporting that Rbpms immunolabel-
ing may visualize RGCs with intact axonal transport. Less
than 3% of Rbpms-positive cells in some individual animals
(1636R and 1789R as shown in Table 5) were lacking FG and
they were possibly considered as axonally damaged RGCs.
This pattern is consistent with the hypothesis that retro-

TABLE 2. Percentage of Rbpms-Positive Cells Labeled by III �-Tubulin
1 Week after Intravitreal Injection of NMDA and Optic Nerve Crush
(n � 4 per Group)

Group
Percentage of Rbpms� Cells

That Are III �-Tubulin�

Untreated control 98.83 � 1.08
1.2 nmol NMDA 98.79 � 2.42
3 nmol NMDA 100.00
12 nmol NMDA 98.15 � 3.21
30 nmol NMDA 100.00
120 nmol NMDA 100.00
120 nmol NMDA �3 �g MK-801 99.41 � 0.89
Contralateral control 98.27 � 2.00
Optic nerve crush 1 week 99.14 � 0.65

TABLE 3. Comparison between Rbpms Immunolabeling and Retrograde Labeling Using FG after NMDA Injection and Optic Nerve Crush

Group
Percentage of Rbpms� Cells That

Are FG� P Value
Percentage of FG� Cells That

Are Rbpms� P Value

Untreated control (n � 6) 99.71 � 0.46 — 99.92 � 0.06 —
120 nmol NMDA 1 wk (n � 7) 98.28 � 2.87 0.24 97.51 � 3.98 0.16
Optic nerve crush 4 wk (n � 5) 95.68 � 3.24 0.049* 96.13 � 2.51 0.028*

* P � 0.05.
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FIGURE 4. Patterns of IOP elevation
and the relationship between IOP and
RGC loss. (A) Animal 1488R with cumu-
lative IOP elevation of 298 mm Hg–days
showing marked dark-phase IOP eleva-
tion. (B) Animal 1482R with cumulative
IOP elevation of 721 mm Hg–days
showing IOP elevation in both dark and
light phases. (C) Relationship between
cumulative IOP elevation and percent-
age loss of Rbpms-positive cells. There
was a linear correlation, with the equa-
tion y � 0.13x � 0.17, R2 � 0.91. Filled
diamonds and squares represent IOP
readings in the dark phase, whereas
open diamonds and squares represent
IOP readings in the light phase. Dia-
monds represent right eyes with trabec-
ular laser photocoagulation, whereas
squares represent left control eyes.
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grade transport is blocked at the optic nerve head region
due to high IOP.21–23

Soto et al.24 studied the stages of RGC degeneration in a
rat model of experimental glaucoma model with translimbal
laser photocoagulation and performed �-synuclein (Sncg)
mRNA in situ hybridization on retinas after retrograde label-
ing of FG at both superior colliculi. There were 63.4% of
nuclei in the RGC layer of the control rat retina labeled by
both Sncg mRNA in situ hybridization signal and FG,
whereas only 0.2% of RGCs expressed Sncg mRNA but were
not labeled by FG. The authors found that the number of
Sncg-positive cells without FG was dependent on the sever-
ity of RGC degeneration because Sncg-positive cells lacking

FG totaled 10% and 85% in the rat retinas with mild and
severe RGC degeneration, respectively. Our study was not
able to correlate the axonal transport deficit of FG with the
severity of RGC degeneration, but this discrepancy may be
due to different stages or rates of disease progression in our
rat model (3–5 weeks) and their rat laser model (10 and 29
days after translimbal laser), and probably different levels of
dark-phase IOP elevation.

A strong correlation between RGC loss and cumulative
IOP elevation was observed in the present study. Cumulative
IOP elevation has been demonstrated as a crucial factor
causing RGC loss in animal models of glaucoma.19 Unex-
pectedly, we found that the relationship between RGC loss
and the mean of light and dark IOP is stronger than the mean
of light IOP or the mean of dark IOP. However, this phe-
nomenon could be strain specific. Consistent with pub-
lished reports,13–15,17–19 we noticed that the IOP difference
between the light and dark phase is larger in pigmented
Brown Norway rats compared with albino Wistar rats. Nev-
ertheless, this observation indicates that measurement of
both light- and dark-phase IOP may be required in future
studies in rat models of chronic IOP elevation.

In summary, the present findings extend our characteriza-
tion of Rbpms as a reliable RGC marker, and demonstrate that
Rbpms can be used for quantitative analysis of RGCs in animal
models of RGC degeneration induced by excitotoxicity, optic
nerve injury, and chronic IOP elevation. The results demon-

FIGURE 5. Distribution of RGCs in retinal wholemounts. (A) Rbpms-positive cells in control retina. (B)
Severe loss of Rbpms-positive cells after 5 weeks of IOP elevation in both light and dark phases. Animal
1482R with 721 mm Hg–days demonstrated 83% loss of Rbpms-positive cells when compared with
contralateral control. (C) Regional loss of Rbpms-positive cells at a retinal quadrant after 5 weeks of IOP
elevation in the dark phase. The average loss of Rbpms-positive cells in Animal 1488R with 298 mm
Hg–days was 48%.

TABLE 4. Association of Rbpms-Positive Cell Loss with IOP Elevation
by Univariate Linear Regression

IOP Slope Intercept at x-Axis R2

Mean (light and dark) 3.53 24.08 0.92
Mean (light) 2.18 7.06 0.72
Mean (dark) 3.52 32.25 0.67
Peak (light and dark) 3.30 48.29 0.42
Peak (light) 1.33 8.78 0.61
Peak (dark) 1.30 22.96 0.09
Cumulative elevation 0.94 0.18 0.91
Fluctuation �1.62 48.79 0.03
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strate that Rbpms immunolabeling may be effectively used
regardless of the nature and the location of the injury site, and
the extent of RGC loss. Efficient and reliable detection of RGCs
with Rbpms immunolabeling may complement or be used as
an alternative to retrograde labeling to reduce the potential
disturbance of gene expression associated with an invasive
labeling procedure.
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