
Retinal ganglion cells comprise only a percentage of 
the neurons actually residing in the ganglion cell layer of 
the rodent retina. The estimate most often cited and used for 
calculations is 41.6%. This value was derived by Jeon and 
colleagues for the mouse retina (C57BL/6) [1] by estimating 
the total ganglion cell numbers using axon counts from cross 
sections of optic nerves, and total neurons in the ganglion cell 
layer (GCL) from ethidium-stained retinal whole mounts. A 
sample of publications using this estimate in the past 2 years 
can be found in these references [2–7]. Other methods for esti-
mating ganglion cell numbers use either retrograde labeling 
protocols or staining of ganglion cell-specific markers, 
while the total neurons are typically estimated using a DNA 
or nucleoprotein stain. The method used to label ganglion 
cells can dramatically affect the estimate of the percentage 
of ganglion cells in the GCL, however, and estimates have 
been published ranging from 68% to 36% depending on the 
method. The percentage of ganglion cells, and the method 
used to derive this value, is potentially important. Many 

investigators use a count of total neurons in the GCL as the 
outcome metric for studies involving ganglion cell loss, to 
overcome technical problems such as early onset loss of 
ganglion cell gene expression [8, 9], retrograde dye toxicity 
[10], or compromise to axonal transport in pathologic condi-
tions [11, 12]. Numbers of ganglion cells are then calculated 
using the estimate of ganglion cell percentage.

Ultimately, if corrections are used to present data in 
the literature as actual ganglion cell loss, there should be 
some standardization of what value is accurate. We set out 
to determine if different methods yield similar or different 
results for the percentage of ganglion cells in the GCL of the 
mouse retina.

METHODS

Animals: Long-Evans rats (Sprague-Dawley, Madison, 
WI) and C57BL/6J mice (Jackson Laboratory, Bar Harbor, 
ME) were handled in accordance with the Association for 
Research in Vision and Ophthalmology Statement on the 
Use of Animals for Research. All methods were reviewed 
and approved by the RARC of the University of Wisconsin. 
Cholinergic amacrine cells in the ganglion cell layer were 
genetically labeled by crossing Rosa26R-LoxP-tdTomato 
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Purpose: Retinal ganglion cells comprise a percentage of the neurons actually residing in the ganglion cell layer (GCL) 
of the rodent retina. This estimate is useful to extrapolate ganglion cell loss in models of optic nerve disease, but the 
values reported in the literature are highly variable depending on the methods used to obtain them.
Methods: We tested three retrograde labeling methods and two immunostaining methods to calculate ganglion cell 
number in the mouse retina (C57BL/6). Additionally, a double-stain retrograde staining method was used to label rats 
(Long-Evans). The number of total neurons was estimated using a nuclear stain and selecting for nuclei that met specific 
criteria. Cholinergic amacrine cells were identified using transgenic mice expressing Tomato fluorescent protein. Total 
neurons and total ganglion cell numbers were measured in microscopic fields of 104 µm2 to determine the percentage of 
neurons comprising ganglion cells in each field.
Results: Historical estimates of the percentage of ganglion cells in the mouse GCL range from 36.1% to 67.5% depend-
ing on the method used. Experimentally, retrograde labeling methods yielded a combined estimate of 50.3% in mice. 
A retrograde method also yielded a value of 50.21% for rat retinas. Immunolabeling estimates were higher at 64.8%. 
Immunolabeling may introduce overestimates, however, with non-specific labeling effects, or ectopic expression of 
antigens in neurons other than ganglion cells.
Conclusions: Since immunolabeling methods may overestimate ganglion cell numbers, we conclude that 50%, which 
is consistently derived from retrograde labeling methods, is a reliable estimate of the ganglion cells in the neuronal 
population of the GCL.
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Table 1. Historical summary of ganglion cell percentages

Study Method Total Neurons Total RGCs Percentage Species (strain)
Drager and 
Olsen [15]

Retrograde Labela 117,000 70,000 59.8% M. musculus 
(C57BL/6)

Jeon et al. [1] Axon Countingb 110,242±5826 44,860±3125 41.6% M. musculus 
(C57BL/6)

Li et al. [31] Thy1 in situc N/A N/A 67.5±6.5% M. musculus 
(CB6F1)

Schlamp et 
al. [9]

Thy1 in situd N/A N/A 68.1±5.3% 57.5±13.1% R. norveg-
icus (Brown 
Norway)

Li et al. [16] Axon Countinge 118,416±12,313 
(DBA/2J) 90,788±11,200 
(BALB/cByJ)

72,175±17,554 
(DBA/2J) 54,740±8,484 
(BALB/cByJ)

61.0% 
(DBA/2J) 60.3% 
(BALB/cByJ)

M. musculus

Pang and Wu 
[32]

Retrograde Labellf 113,222±4,430 49,823±1,792 44% M. musculus 
(C57BL/6)

Quigley et 
al. [3]

SNCG immunolabelg N/A N/A 40.3±5.9% 
(WT) 36.1±5.2% 
(Jnk−/−)

M. musculus 
(C57BL/6)

Quigley et 
al. [3]

Axon Countingh 94,229 46,807±4,785 49.7% M. musculus 
(C57BL/6)

The summary table shows a chronological order only of studies that report ganglion cell number as a percentage of neurons in the GCL. 
The Method column refers to the general method used to identify retinal ganglion cells in either the mouse of rat retina. Details of the 
methods used in each study are: aTotal non-vascular cells were counted from Nissl-stained retinal whole mounts. RGCs were identified 
by Horse Radish Peroxidase (HRP) retrograde labeling, where the optic track on one side was macerated at the level of the Lateral Ge-
niculate Nucleus and 1 mg of HRP was applied to the lesion. A total of 12 mice were examined (12 retinas with HRP and the contralateral 
eye for Nissl). Of note, 69% of the cells with Nissl-substance were also HRP labeled. The non-HRP Nissl+ labeled cells were on aver-
age 21% smaller in area. Sample sizes were estimated at 6.1% of the retina. The source of the mice was not given. bTotal neurons were 
counted in 9 retinal whole mounts by labeling nuclei with an ethidium homodimer. Neurons were classified by morphological criteria 
of the nuclear stain (round to oval nucleus and prominent nucleoli). Ganglion cell numbers were estimated from axon counts of 3 optic 
nerves, which were evaluated by transmission electron miccroscopy (osmium tetroxide post-fix and uranyl acetate stain). The source of 
mice was Charles River. cControl mouse retinas were subjected to in situ hybridization for Thy1 mRNA using a block tissue staining 
protocol. After staining, the retina blocks were embedded in JB-4 Plus plastic and sectioned. Sections were counter stained with DAPI 
to identify nuclei. A total of 8 control retinas were examined, with 12–15 sections per retina being analyzed (cells counted along a 400 
µm length per section). Of note, after optic nerve crush, these studies noted a loss of 57.8±8.1% of the neurons in the GCL after 3 weeks 
post optic nerve crush. Total neurons and RGCs were not estimated. The source of mice was an inbred colony of the investigator. dSame 
in situ hybridization protocol as above (c) except that eyes were from rats with ocular hypertension. Control eyes (n=4) had the higher 
percentage, while eyes with minimal damage (based on semiquantitative evaluation of paraphenaline diamine-stained sections of optic 
nerves, n=5) had the lower percentage. Data was not significantly different. The source of rats was not given. eTotal neurons were counted 
from Nissl-stained retinal whole mounts prepared from ~30 mice each individual strain (~10% retinal area surveyed per retina). Ganglion 
cell numbers were estimated from silver impregnated sections of 3 sections each of 5 separate nerves from each individual strain (9 
1000×fields per nerve). The source of mice was Jackson Laboratories. fCells in the GCL were double labeled using a retrograde approach 
by dipping the optic nerve stump of enucleated eyes into a mixture of Lucifer Yellow (LY, stays in ganglion cells) and neurobiotin (NB, 
leaks out of ganglion cells). LY and NB double-labeled cells were considered ganglion cells. TO-PRO-3 was used as a nuclear counter 
stain. Sample size estimated at ~10% of the retina and a total of 9 mice were analyzed. The source of mice was Jackson Laboratories. gIn 
the first method reported in this study, total neurons (per field) were identified in 4 retinal whole mounts based on nuclear morphology 
after DAPI counter stain. Ganglion cells were identified by immunostaining the wholemount for SNCG protein using a commercial an-
tibody. No indication was given of the numbers of fields counted for the immunostained samples. The total neurons and retinal ganglion 
cells were not estimated using this method. hIn the second method reported in this study, values for total neurons and total retinal ganglion 
cells were extrapolated from data presented for wild-type mice in this report. They were not used to calculate the percentage of ganglion 
cells by the authors. Total ganglion cell numbers were estimated from osmium and toluidine blue stained sections of 10 optic nerves. 
Total neurons were extrapolated from DAPI-stained whole mounts of wild-type mice (Table 1, 6596 neurons were counted, which was 
estimated as 7% of the total retina).
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reporter mice with a transgenic line expressing Cre recom-
binase under the control of the choline acetyltransferase 
(Tg(Chat-cre)GM24Gsat). These mice were a gift from Dr. 
Miles Epstein at the University of Wisconsin. For retrograde 
labeling experiments, rats and mice were anesthetized with 
ketamine (90 mg/kg) and xylazine (9 mg/kg).

Retrograde labeling with combined FluoroGold and 
4’,6-diamidino-2-phenylindole: After the fur was shaved 
from the head, the overlying skin was treated with Betadine, 
and the skull was exposed with a midline incision. Two small 
holes were drilled 4–5 mm posterior to the bregma, one on 
either side of the midline suture to expose the brain. Two µl 
of 50:50 of 3% FluoroGold (Fluorochrome, Denver, CO) and 
300 ng/ml 4’,6’-diamindino-2-phenylindole (DAPI; Thermo 
Fisher Scientific, Waltham, MA) in sterile phosphate buff-
ered saline (PBS; 100 mM phosphate buffer, pH 7.2, 150 mM 
NaCl) were injected using a Hamilton syringe attached to a 
micromanipulator. The injection protocol entailed inserting 
the needle 1.5 mm into the brain (into the superior colliculus) 
and injecting 0.5 µl/min over the course of 4 min. Injections 
were given on both sides of the brain. The exposed scalp was 
closed using liquid sutures. Rats were injected using the same 
procedure, except that 8 µl of solution was injected over three 
locations in each side of the brain, through holes in the skull 
made at 7.5 mm behind the bregma and 2.0 mm on either 
side of the midline. Injections were made at a depth of 4.0 to 
4.5 mm. Animals were analyzed at 4 days after the labeling 
protocol. Eyes were enucleated from euthanized animals 
after the superior quadrant was marked with an ophthalmic 
cautery. Whole eyes were fixed in 4% paraformaldehyde (PA) 
in PBS for 1 h at 22 °C, after which the retinas were removed, 
washed in PBS, and mounted on glass Plus slides (Thermo 
Fisher Scientific) with the GCL facing up. Relaxing cuts were 
made to create a whole mount with individual quadrants 
(superior, inferior, nasal, temporal) as the lobes of the whole 
mount. Additional retinas were processed for sectioning by 
embedding them in JB4-Plus glycol methacrylate (Poly-
sciences, Warrington, PA) and sectioning at 1–2 µm.

Retrograde labeling with 1,1’-dioctadecyl-3,3,3′3′-
tetramethylindocarbocyanine perchlorate or FluoroGold: 
The brain was exposed as described, except that the superior 
colliculus was further exposed by aspirating the overlying 
cortex to a depth of 1 mm. Pledgets of gel-foam soaked 
in either ethanol containing 2% 1,1’-dioctadecyl-3,3,3′3′-
tetramethylindocarbocyanine perchlorate (DiI; Anaspec, 
Freemont, CA) or PBS containing 2% FluoroGold were 
then packed into the space. Animals were euthanized 4 days 
later for evaluation. Whole mounts of retinas were made as 

described and counterstained with either DAPI (300 ng/ml) or 
TO-PRO-3 (1:3,000 dilution, Molecular Probes, Eugene, OR).

Neuronal-specific nuclear protein and BRN3 immunostaining 
of whole mounts: Immunostaining of retinal whole mounts 
was performed essentially as described by Templeton et 
al. [13] for neuronal-specific nuclear protein (NeuN) and 
Nadal-Nicolás et al. [14] for BRN3, both with minor modi-
fications. Enucleated eyes were fixed for 50 min at 22 °C in 
PBS containing 4% PA, washed in PBS, and then dissected 
to remove the anterior chamber and lens. For NeuN staining, 
eyecups were incubated in PBS containing 0.3% Triton-
X100 and 10% horse serum for 3.5 h at 22 °C. Following a 
rinse in PBS, they were then incubated in PBS containing a 
1:250 dilution of a rabbit polyclonal antibody against NeuN 
(MABN140, EMD Millipore, Billerica, MA) for 3 days at 

Figure 1. Histograph showing the percentage of ganglion cells that 
comprise the neurons in the ganglion cell layer. Ganglion cells were 
identified from retinas retrogradely labeled with FluoroGold and 
counterstained with TO-PRO-3. Data were collected from a total 
of 11 retinas (C57BL/6 mice). The percentage of ganglion cells did 
not differ among different retinal quadrants (ANOVA, p=0.798). 
Similarly, the percentage of neurons as ganglion cells did not vary 
significantly from the central to peripheral retina of each quadrant 
(p=0.09, data not shown).
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4 °C. After washes in PBS, the eyecups were then incubated 
with a 1:1,000 dilution of goat anti-rabbit immunoglobulin G 
(IgG) conjugated to fluorescein isothiocyanate (111–095–003, 
Jackson ImmunoResearch Laboratories, West Grove, PA) for 
2 days at 4 °C. After washing, the retinas were removed, 
whole mounted, and stained for 5 min with PBS containing 
300 ng/mL DAPI. For BRN3 staining, dissected eye cups 
were incubated in PBS containing 0.5% Triton-X100 for 
3.5 h at 22 °C. They were then transferred into PBS with 
0.5% Triton-X100 and 2% donkey serum (Jackson Immu-
noResearch) containing 1:50 dilutions of antibodies against 
BRN3A (mouse monoclonal MAB1585, EMD Millipore) 
and BRN3B (goat polyclonal cs-31989, Santa Cruz Biotech-
nology, Dallas, TX) overnight at 22 °C. After incubation, the 
eyecups were then washed in PBS with 0.5% Triton-X100 
and 2% donkey serum containing 1:500 dilutions each of 
donkey anti-mouse IgG conjugated to Alexa 594 (Molecular 
Probes) and donkey anti-goat IgG conjugated to fluorescein 
isothiocyanate (Jackson ImmunoResearch) for 2 h at 22 °C. 
After washing, the retinas were removed, whole mounted, 
and stained with DAPI.

Imaging and counting of cells: For retinas labeled with 
combined FluoroGold and DAPI, whole mounts or retinal 
sections were viewed using a Zeiss Axiophot fluorescent 
microscope (Carl Zeiss MicroImaging, Thornwood, NY). 
Images were captured using conventional photography on 
Ektochrome color 35 mm slide film (ISO 400, Eastman 
Kodak, Rochester, NY). Color slides were digitized using a 
Nikon Cool Scan scanner (Nikon, Melville, NY). Because 
digital images of color slide film often produce a blue hue 
to the image, all digital images were imported into Adobe 
Photoshop (Adobe Systems Inc., San Jose, CA) and processed 
to enhance the color differences in FluoroGold-labeled 

cells and nuclei stained with DAPI. All other samples were 
viewed using a Zeiss Axioplan 2 fluorescent microscope and 
captured as digital images using a black-and-white digital 
camera. Images were then pseudocolored using AxioVision 
4.6.3.0 software (Carl Zeiss). Whole mounted retinas were all 
photographed using 400X magnification.

For counting of cells, digital images corresponding to 
different retinal regions were overlaid with random boxes 100 
× 100 µm in size. This was designated as a single field. Fields 
imaged between 0 and 1,000 µm from the optic nerve head 
were considered part of the central retina, while those taken 
between 1,000 and 2,000 µm were considered to be from the 
mid-retina. The peripheral retina was considered as regions 
greater than 2,000 µm from the optic nerve head. All cells 
were classified as neurons. Ganglion cells were then counted 
within the boundaries of the box overlay, and the percentage 
of neurons represented by ganglion cells was calculated. 
Neurons were defined strictly from nuclear morphology 
using criteria described by others [1, 3, 15, 16]. Basically, a 
cell with a round or oval nucleus with minimal appearance 
of condensed heterochromatin and at least one prominent 
nucleolus was considered a neuron in the GCL.

RESULTS

Historical values of ganglion cell percentage from the litera-
ture: Various methods have been used to identify and quan-
tify ganglion cells in rats and mice. These methods and the 
resulting values are summarized in Table 1. Overall, various 
methods have yielded a large discrepancy in the percentage 
of neurons in the GCL that are ganglion cells. The estimate 
of 41.6% reported by Jeon and colleagues [1] represents one 
of the lowest values reported in the literature, yet this value 

Table 2. Summary of ganglion cell percentages with different labeling paradigms

Method Number Retinas 
Analyzed

Total Fields 
Counted

RGC Percentage (mean ± SD) Range

FGr-DAPIr 6 (3 mice) 218 53.51±17.10% 94% to 20%
FGr-DAPIr 2 (2 rats) 70 50.21±12.66% 84% to 23%
FGr-TO-PRO-3cs 11 (7 mice) 138 49.10±11.88% 78% to 20%
DiIr-DAPIcs 6 (6 mice) 57 51.14±9.68% 71% to 33%
NeuN-DAPIcs 4 (2 mice) 16 68.33±5.51% 80% to 62%
BRN3A-DAPIcs 4 (2 mice) 30 44.76±9.13% 65% to 29%
BRN3B-DAPIcs 4 (2 mice) 30 54.05±12.79% 79% to 31%
BRN3 combined 4 (2 mice) 30 61.33±13.9% 87% to 37%

The method column refers to the methods use to identify both retinal ganglion cells and the nuclear stain for estimating total neurons. 
Retrograde dyes are indicated with a subscript “r,” while counter-stains are represented with a subscript “cs.” The data designated as 
“BRN3 combined” represents all cells that were positive for BRN3A + BRN3B in the same field. Approximately 61% of these cells were 
positive for both BRN3 proteins. A single field represents an area of 104 µm2, and contained approximately 100 neurons.
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has been the most commonly used for normalizing retinal 
ganglion cell loss.

Ganglion cell percentages across the retina do not change: 
In our initial experiments, we used retrograde labeling of 
FluoroGold to identify ganglion cells and TO-PRO-3 counter-
staining to identify total neurons in the retinas of C57BL/6J 
mice (n=11 retinas). Data were collected as a function of the 
retinal quadrant, and secondarily stratified as central retina, 
mid-retina, or peripheral retina as detailed in the Methods 

section. An average of nine microscopic fields were analyzed 
for each quadrant (yielding a total of 99 fields/quadrant for 
analysis). In this study, the average ganglion cell percentage 
among all the retinas was 49.1±11.9%. This percentage did not 
vary among different quadrants (Figure 1; p=0.798, one-way 
ANOVA [ANOVA]) or from central to peripheral locations 
on the retina (p=0.09), even though overall total neuron and 
ganglion cell density varied across the mouse retina (p=0.002 
and 0.031, respectively), consistent with other reports that 

Figure 2. Images of mouse retinas 
with ganglion cells identif ied 
with retrograde labeling. A and 
B: A plastic section and whole 
mount of mouse (A) and rat (B) 
retinas, respectively, are labeled 
with a mixture of FluoroGold and 
4’,6-diamidino-2-phenylindole 
(DAPI, see Methods) stereotacti-
cally injected into the superior 
colliculus. The section in (A) shows 
that DAPI (purple) leaks from 
ganglion cells in the ganglion cell 
layer (GCL) and penetrates as far 
as the innermost layer of the inner 
nuclear layer (INL), while the outer 
nuclear layer (ONL) is unstained. 
FluoroGold (light blue) remains 
in the ganglion cells of the GCL. 
The whole mounted retina shows 
the distribution of FluoroGold/
DAPI positive cells, relative to 
the cells stained with DAPI only. 
These images are electronically 
enhanced from digitized 35 mm 
color slide film. C: The whole 
mount of a retina is stained with 
retrograde 1,1’-dioctadecyl-3,3,3 
3′-tetramethylindocarbocyanine 
perchlorate (DiI) label (red, DAPI 
counter stain). D: The whole mount 
of a retina is stained with retrograde 
hydroxystilbamidine (FluoroGold; 
yellow, TO-PRO-3 counterstain). 
In the latter two examples, the 

retrograde dyes were applied using gel-foam soaked pledgets placed over the exposed superior colliculus. Size bar in A=20 µm. Size bar in 
B, C, D=10 µm.
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ganglion cell density is highest in the nasal and inferior 
regions of the mouse retina [1, 15, 17].

Ganglion cell percentages using different labeling methods: 
Table 2 shows the summary of metrics obtained from retinas 
in which ganglion cells were identified using different 
labeling methods. Figure 2 shows images obtained from 
retinas stained using different retrograde labeling para-
digms. In the first image, FluoroGold and DAPI were used 
as the retrograde tracer. Both dyes entered the ganglion cells 
by way of axonal transport, but DAPI diffused across the 
plasma membranes of these cells and labeled other cells in 
the GCL. Within as few as 3 days after stereotactic injec-
tion, DAPI was identified as labeling the inner most neurons 
in the inner nuclear layer (Figure 2A). Rat (Figure 2B) and 
mouse retinas labeled with this method exhibited slightly 
more than 50% of the neurons as ganglion cells (Table 2). 
Retinas labeled retrogradely with either DiI or FluoroGold 
only, and then counterstained with DAPI or TO-PRO-3 after 
whole mounting (Figure 2C,D) exhibited a similar proportion 
of neurons as ganglion cells (49.1%; Table 2).

In addition to retrograde labeling methods to identify 
ganglion cells, we also examined protocols that utilize 
specific immunostaining for reported ganglion cell 
markers. Several recent studies have adopted using NeuN 

immunostaining to identify ganglion cells [13, 18, 19]. 
Evaluation of the percentage of neurons expressing NeuN 
in the mouse retina yielded a relatively high proportion of 
cells (68.33±5.51%, Table 2) compared to the retrograde 
labeling paradigms. Others, however, have observed variable 
staining of amacrine neurons with NeuN [20]. Staining of 
mouse retinas with cholinergic amacrine cells identified with 
Tomato fluorescent protein indicated robust colocalization of 
NeuN immunoreactivity with these cells (Figure 3).

Ganglion cells specifically express members of the class 
IV-POU domain transcription factors known as BRN3 [21, 
22]. Several studies have used either BRN3A or BRN3B 
immunostaining to identify ganglion cells in models of optic 
nerve damage (see references [2, 23, 24] for some examples). 
Using BRN3A to identify ganglion cells, we estimate that 
44.76±9.1% of the neurons express this marker, while an esti-
mated 54.05±12.79% of the neurons express BRN3B. Some 
ganglion cells express both markers, while a smaller popula-
tion express only one or the other (Figure 4). Combining all 
BRN3 positive cells in this calculation yielded an estimate of 
61.33±13.9% of the neurons in the GCL were ganglion cells 
(Table 2).

Figure 3. Immunof luorescent 
image of NeuN labeling of 
presumptive ganglion cells and 
cholinergic amacrine cells. A: 
The merged image of a region of 
a whole mounted retina from mice 
expressing tomato f luorescent 
protein in cholinergic amacrine 
cells (red, panel C), immunola-
beled for neuronal-specific nuclear 
protein (NeuN; green, panel D), and 
counterstained with 4’,6-diamidino-
2-phenylindole (DAPI, blue, panel 
B) is shown. Some neuron-like cells 
do not label with NeuN (exemplar 
indicated by arrowhead). NeuN 
colocalizes with the label for 
cholinergic amacrines (exemplar 
indicated with an arrow), in addi-
tion to other cell types (asterisk). 
Size bar=10 µm.

http://www.molvis.org/molvis/v19/1387


Molecular Vision 2013; 19:1387-1396 <http://www.molvis.org/molvis/v19/1387> © 2013 Molecular Vision 

1393

DISCUSSION

Our survey of retrograde methods to label ganglion cells 
yielded an average of 51.25% of neurons in the GCL of the 
mouse retina that comprise this cell type. This is higher 
than the commonly used value of 41.6% reported by Jeon 
and colleagues [1], who used axon counts to determine 
ganglion cell number in C67BL/6 mice (44,860 based on 
axon counts from three optic nerves). Conversely, Williams 
and colleagues reported a value of 54,416±4,896 based on 
the axon counts from 21 nerves of C67BL/6 mice [25]. Since 
this latter value is based on a much greater sample size, this 
value may be a better estimate of axon number in this strain 
than values obtained by other groups. Using the Williams 
number to calculate the percentage of ganglion cells, divided 
by the Jeon estimate of total neurons, yielded a value of 49.4% 
for C57BL/6 mice. The same calculation using the Quigley 
estimate for total neurons [3] changed the percentage to 57.7% 
for the same strain (wild-type mice).

The use of ganglion cell specific markers to identify 
these cells tends to provide higher, more variable percent-
ages compared to retrograde labeling. This could be a result 
of the selective expression of these proteins within subsets of 
ganglion cells, which may have resulted in the low estimates 

(36%–40%) obtained using SNCG immunolabeling [3] (see 
also Table 1). Interestingly, in situ hybridization of mouse 
retinal whole mounts, using Sncg antisense probes, yielded 
values more in line with retrograde labeling methods (45%–
48%) [26]. Alternatively, different cell types in the GCL, in 
addition to ganglion cells, may label with the same marker. 
Previously, we had used Thy1 mRNA in situ hybridization to 
identify ganglion cells, which produced estimates of ganglion 
cell percentages higher than retrograde methods (Table 1). 
These high estimates may reflect Thy1 expression in Müller 
cells with stem-cell like properties [27].

Consistent with other reports that NeuN labels ganglion 
and amacrine cells [20], the percentage of neurons identi-
fied by this stain is also higher than conventional retrograde 
methods (about 68% versus about 51%). Double labeling for 
cholinergic amacrine cells and NeuN verified that at least 
this population of amacrines, reported to be 19.5% of the 
displaced amacrine cell population [1], was strongly posi-
tive for the NeuN antigen. Buckingham and colleagues [18] 
also recognized this fact and provided a correction factor (X 
0.838) in their study to better estimate ganglion cell numbers 
in the retinas of aged DBA/2J mice.

Figure 4. Immunofluorescent image 
of BRN3 positive ganglion cells. 
A: The merged image of BRN3A 
(red, panel C), BRN3B (green, 
panel D) and counterstained with 
4’,6-diamidino-2-phenylindole 
(DAPI, blue, panel B) is shown. 
This double labeling reveals four 
distinct classes of cell types. A 
cluster of cells that do not label 
with either BRN antibody are 
indicated with an asterisk. Most 
cells expressing BRN3 are posi-
tive for both proteins (example 
indicated with a straight arrow), 
while a minority express either 
BRN3A alone (example indicated 
with a bent arrow) or BRN3B alone 
(example indicated with an arrow-
head). Size bar=10 µm.
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BRN3 labeling of ganglion cells in the rat retina has been 
elegantly studied by Nadal-Nicolás and colleagues [14, 23], 
and provides an example of differential expression of markers 
within different populations of ganglion cells. BRN3A labels 
between 92.2% and 96.4% of FluoroGold-labeled ganglion 
cells (albino and pigmented strains, respectively). In both 
strains, approximately 65% of the BRN3A+ cells also express 
BRN3B, while only about 7% of the BRN3B+ cells do not 
express BRN3A [14]. These proportions of single- and double-
labeled cells appear to be different in the mouse retina. An 
estimate of ganglion cell percentage is higher for BRN3B 
staining, compared to BRN3A (54.05% versus 44.76%), 
while the rat retina has a higher proportion of ganglion cells 
expressing BRN3A. Approximately 12% and 27% of the 
predicted ganglion cells in the mouse were individually posi-
tive for either BRN3A or BRN3B, compared to a predicted 
35% and 11%, respectively, extrapolated from data presented 
by Nadal-Nicolás et al. [14]. Percentages of double-labeling 
in the mouse retina, similar to ours, were evident, however, in 
experiments using sparse conditional activation of different 
Brn3 alleles linked to alkaline phosphatase expression [28]. In 
this study, 13% of A+ ganglion cells did not express BRN3B, 
while 22% of B+ cells did not express BRN3A. This implies 
that the expression of BRN3 family proteins may be different 
between species. Combining all BRN3 positive cell totals, we 
calculate that 61.33% of the neurons are ganglion cells in the 
mouse GCL using this labeling method.

A potential limitation to the data presented here is that 
nearly all the estimates of the percentage of retinal ganglion 
cells in the mouse retina were obtained from the C57BL/6 
strain. There is clearly variation in the total numbers of 
ganglion cells between strains [25, 29], but there has been 
only limited evaluation of displaced amacrine cell variation 
among mouse strains. Whitney and colleagues [30] evaluated 
the numbers of dopaminergic amacrine cells across strains. 
A comparison of common strains between this study and 
that of Williams et al. [25] for ganglion cell numbers showed 
that the variation of both cell populations matched among 
the strains (DBA/2J > C57BL/6 > A/J). Consistent with this 
finding, Li et al. [16] showed that the percentage of ganglion 
cells for DBA/2J and BALB/cByJ was remarkably similar. 
Overall, although caution should be used to simply super-
impose a value derived from one strain to all others, these 
data suggest that the proportion of amacrine and ganglion 
cells remains relatively fixed between strains, even though 
the total numbers of neurons vary.

In summary, the methods for identifying ganglion cells 
in the mouse retina clearly have variable factors associated. 
Due to the relative consistency we obtained using different 

retrograde dyes, we predict that these methods provide a 
more accurate estimate of ganglion cell number over methods 
using ganglion cell specific markers. Several important 
experiments are being conducted to assess the cellular and 
molecular pathways associated with ganglion cell loss after 
optic nerve damage. Various methods, for several reasons, 
utilize total neuronal cell counts in the GCL as the outcome 
metric for analysis. We propose that studies using a correction 
factor to better estimate the presence or absence of ganglion 
cells from this outcome metric should adopt approximately 
50% as the proportion of retinal ganglion cells that comprise 
the total neuronal population in the GCL of the rat and mouse 
retina. Overall, however, methods of quantifying ganglion 
cells should be appropriate for the design of the experiments.

ACKNOWLEDGMENTS

This work was supported by grants from the National Eye 
Institute (R01EY018869 and R01EY012223 to R.W.N., and 
a Vision Science CORE grant P30EY016665) and an unre-
stricted research grant from Research to Prevent Blindness, 
Inc.

REFERENCES
1.	 Jeon C-J, Strettoi E, Masland RH. The major cell populations 

of the mouse retina.  J Neurosci  1998; 18:8936-46. [PMID: 
9786999].

2.	 Fernandes KA, Harder JM, Fornarola LB, Freeman RS, Clark 
AF, Pang IH, John SWM, Libby RT. JNK2 and JNK3 are 
major regulators of axonal injury-induced retinal ganglion 
cell death.  Neurobiol Dis  2012; epub ahead of print[PMID: 
22353563].

3.	 Quigley HA, Cone FE, Gelman SE, Yang Z, Son JL, Oglesby 
EN, Pease ME, Zack DJ. Lack of neuroprotection against 
experimental glaucoma in c-Jun N-terminal kinase 3 
knockout mice.  Exp Eye Res  2011; 92:299-305. [PMID: 
21272576].

4.	 Zhang Y, Kim IJ, Sanes JR, Meister M. The most numerous 
ganglion cell type of the mouse retina is a selective feature 
detector.  Proc Natl Acad Sci USA  2012; 109:E2391-8. 
[PMID: 22891316].

5.	 Chindasub P, Lindsey JD, Duong-Polk K, Leung CK, Weinreb 
RN. Inhibition of histone deacetylases 1 and 3 protects 
injured retinal ganglion cells.  Invest Ophthalmol Vis Sci  
2013; 54:96-102. [PMID: 23197683].

6.	 Lye-Barthel M, Sun D, Jakobs TC. Morphology of astrocytes 
in a glaucomatous optic nerve.  Invest Ophthalmol Vis Sci  
2013; 54:909-17. [PMID: 23322566].

7.	 Watkins TA, Wang B, Huntwork-Rodriguez S, Yang J, 
Jiang Z, Eastham-Anderson J, Modrusan Z, Kaminker JS, 

http://www.molvis.org/molvis/v19/1387
http://www.ncbi.nlm.nih.gov/pubmed/9786999
http://www.ncbi.nlm.nih.gov/pubmed/9786999
http://www.ncbi.nlm.nih.gov/pubmed/22353563
http://www.ncbi.nlm.nih.gov/pubmed/22353563
http://www.ncbi.nlm.nih.gov/pubmed/21272576
http://www.ncbi.nlm.nih.gov/pubmed/21272576
http://www.ncbi.nlm.nih.gov/pubmed/22891316
http://www.ncbi.nlm.nih.gov/pubmed/23197683
http://www.ncbi.nlm.nih.gov/pubmed/23322566


Molecular Vision 2013; 19:1387-1396 <http://www.molvis.org/molvis/v19/1387> © 2013 Molecular Vision 

1395

Tessier-Lavigne M, Lewcock JW. DLK initiates a trass-
criptional program that couples apoptotic and regenerative 
responses to axonal injury.  Proc Natl Acad Sci USA  2013; 
110:4039-44. [PMID: 23431164].

8.	 Pelzel HR, Schlamp CL, Nickells RW. Histone H4 deacety-
lation plays a critical role in early gene silencing during 
neuronal apoptosis.  BMC Neurosci  2010; 11:62-[PMID: 
20504333].

9.	 Schlamp CL, Johnson EC, Li Y, Morrison JC, Nickells RW. 
Changes in Thy1 gene expression associated with damaged 
retinal ganglion cells.  Mol Vis  2001; 7:192-201. [PMID: 
11509915].

10.	 Garrett WT, McBride RL, Williams JKJ, Feringa ER. Fluoro-
Gold’s toxicity makes it inferior to True Blue for long-term 
studies of dorsal root ganglion neurons and motoneurons.  
Neurosci Lett  1991; 128:137-9. [PMID: 1922943].

11.	 Dandona L, Hendrickson A, Quigley HA. Selective effects 
of experimental glaucoma on axonal transport by retinal 
ganglion cells to the dorsal lateral geniculate nucleus.  Invest 
Ophthalmol Vis Sci  1991; 32:484-91. [PMID: 2001923].

12.	 Crish SD, Sappington RM, Inman DM, Horner PJ, Calkins 
DJ. Distal axonopathy with structural persistence in glauco-
matous neurodegeneration.  Proc Natl Acad Sci USA  2010; 
107:5196-201. [PMID: 20194762].

13.	 Templeton JP, Nassr M, Vazquez-Chona F, Freeman-Anderson 
NE, Orr WE, Williams RW, Geisert EE. Differential response 
of C57BL/6J mouse and DBA/2J mouse to optic nerve crush.  
BMC Neurosci  2009; 10:90-[PMID: 19643015].

14.	 Nadal-Nicolás FM, Jimenez-Lopez M, Salinas-Navarro 
M, Sobrado-Calvo P, Alburquerque-Bejar JJ, Vidal-Sanz 
M, Agudo-Barriuso M. Whole number, distribution and 
co-expression of Brn3 transcription factors in retinal 
ganglion cells of adult albino and pigmented rats.  PLoS ONE  
2012; 7:e49830-[PMID: 23166779].

15.	 Dräger UC, Olsen JF. Ganglion cell distribution in the retina 
of the mouse.  Invest Ophthalmol Vis Sci  1981; 20:285-93. 
[PMID: 6162818].

16.	 Li Y, Semaan SJ, Schlamp CL, Nickells RW. Dominant inheri-
tance of retinal ganglion cell resistance to optic nerve crush 
in mice.  BMC Neurosci  2007; 8:19-[PMID: 17338819].

17.	 Schlamp CL, Thliveris AT, Li Y, Kohl LP, Knop C, Dietz JA, 
Larsen IV, Imesch P, Pinto LH, Nickells RW. Insertion of the 
βGeo promoter trap into the Fem1c gene of ROSA3 mice.  
Mol Cell Biol  2004; 24:3794-803. [PMID: 15082774].

18.	 Buckingham BP, Inman DM, Lambert W, Oglesby E, Calkins 
DJ, Steele MR, Vetter ML, Marsh-Armstrong N, Horner PJ. 
Progressive ganglion cell degeneration precedes neuronal 
loss in a mouse model of glaucoma.  J Neurosci  2008; 
28:2735-44. [PMID: 18337403].

19.	 Zhu Y, Zhang L, Sasaki Y, Milbrandt J, Gidday JM. Protection 
of mouse retinal ganglion cell axons and soma from glauco-
matous and ischemic injury by cytoplasmic overexpression of 
Nmnat1.  Invest Ophthalmol Vis Sci  2013; 54:25-36. [PMID: 
23211826].

20.	 Raymond ID, Vila A, Huynh UC, Brecha NC. Cyan fluorescent 
protein expression in ganglion and amacrine cells in a Thy1-
CFP transgenic mouse retina.  Mol Vis  2008; 14:1559-74. 
[PMID: 18728756].

21.	 Xiang M, Zhou L, Macke JP, Yoshioka T, Hendry SHC, Eddy 
RL, Shows TB, Nathans J. The Brn-3 family of POU-domain 
factors: primary structure, binding specificity, and expres-
sion in subsets of retinal ganglion cells and somatosensory 
neurons.  J Neurosci  1995; 15:4762-85. [PMID: 7623109].

22.	 Xiang M, Zhou L, Peng YW, Eddy RL, Shows TB, Nathans J. 
Brn-3b: a POU domain gene expressed in a subset of retinal 
ganglion cells.  Neuron  1993; 11:689-701. [PMID: 7691107].

23.	 Nadal-Nicolás FM, Jimenez-Lopez M, Sobrado-Calvo P, Nieto-
Lopez L, Canovas-Martinez I, Salinas-Navarro M, Vidal-
Sanz M, Agudo M. Brn3a as a marker of retinal ganglion 
cells: qualitative and quantitative time course studies in naive 
and optic nerve-injured retinas.  Invest Ophthalmol Vis Sci  
2009; 50:3860-8. [PMID: 19264888].

24.	 Zhu Y, Zhang L, Schmidt JF, Gidday JM. Glaucoma-induced 
degeneration of retinal ganglion cells prevented by hypoxic 
preconditioning: a moel of glaucoma tolerance.  Mol Med  
2012; 18:697-706. [PMID: 22396016].

25.	 Williams RW, Strom RC, Rice DS, Goldowitz D. Genetic and 
environmental control of variation in retinal ganglion cell 
number in mice.  J Neurosci  1996; 16:7193-205. [PMID: 
8929428].

26.	 Soto I, Oglesby E, Buckingham BP, Son JL, Roberson EDO, 
Steele MR, Inman DM, Vetter ML, Horner PJ, Marsh-
Armstrong N. Retinal ganglion cells downregulate gene 
expression and lose their axons within the optic nerve head 
in a mouse glaucoma model.  J Neurosci  2008; 28:548-61. 
[PMID: 18184797].

27.	 Dabin I, Barnstable CJ. Rat retinal Müller cells express Thy-1 
following neuronal cell death.  Glia  1995; 14:23-32. [PMID: 
7615343].

28.	 Badea TC, Williams J, Smallwood P, Shi M, Motajo O, Nathans 
J. Combinatorial expression of Brn3 transcription factors in 
somatosensory neurons: Genetic and morphologic analysis.  
J Neurosci  2012; 32:995-1007. [PMID: 22262898].

29.	 Williams RW, Strom RC, Goldwitz D. Natural variation in 
neuron number in mice is linked to a major quantitative 
trait locus on Chr 11.  J Neurosci  1998; 18:138-46. [PMID: 
9412494].

30.	 Whitney IE, Raven MA, Ciobanu DC, Williams RW, Reese 
BE. Multiple genes on chromosome 7 regulate dopaminergic 
amacrine cell number in the mouse retina.  Invest Ophthalmol 
Vis Sci  2009; 50:1996-2003. [PMID: 19168892].

31.	 Li Y, Schlamp CL, Nickells RW. Experimental induction of 
retinal ganglion cell death in adult mice.  Invest Ophthalmol 
Vis Sci  1999; 40:1004-8. [PMID: 10102300].

32.	 Pang JJ, Wu SM. Morphology and immunoreactivity of retro-
gradely double-labeled ganglion cells in the mouse retina.  
Invest Ophthalmol Vis Sci  2011; 52:4886-96. [PMID: 
21482641].

http://www.molvis.org/molvis/v19/1387
http://www.ncbi.nlm.nih.gov/pubmed/23431164
http://www.ncbi.nlm.nih.gov/pubmed/20504333
http://www.ncbi.nlm.nih.gov/pubmed/20504333
http://www.ncbi.nlm.nih.gov/pubmed/11509915
http://www.ncbi.nlm.nih.gov/pubmed/11509915
http://www.ncbi.nlm.nih.gov/pubmed/1922943
http://www.ncbi.nlm.nih.gov/pubmed/2001923
http://www.ncbi.nlm.nih.gov/pubmed/20194762
http://www.ncbi.nlm.nih.gov/pubmed/19643015
http://www.ncbi.nlm.nih.gov/pubmed/23166779
http://www.ncbi.nlm.nih.gov/pubmed/6162818
http://www.ncbi.nlm.nih.gov/pubmed/17338819
http://www.ncbi.nlm.nih.gov/pubmed/15082774
http://www.ncbi.nlm.nih.gov/pubmed/18337403
http://www.ncbi.nlm.nih.gov/pubmed/23211826
http://www.ncbi.nlm.nih.gov/pubmed/23211826
http://www.ncbi.nlm.nih.gov/pubmed/18728756
http://www.ncbi.nlm.nih.gov/pubmed/7623109
http://www.ncbi.nlm.nih.gov/pubmed/7691107
http://www.ncbi.nlm.nih.gov/pubmed/19264888
http://www.ncbi.nlm.nih.gov/pubmed/22396016
http://www.ncbi.nlm.nih.gov/pubmed/8929428
http://www.ncbi.nlm.nih.gov/pubmed/8929428
http://www.ncbi.nlm.nih.gov/pubmed/18184797
http://www.ncbi.nlm.nih.gov/pubmed/7615343
http://www.ncbi.nlm.nih.gov/pubmed/7615343
http://www.ncbi.nlm.nih.gov/pubmed/22262898
http://www.ncbi.nlm.nih.gov/pubmed/9412494
http://www.ncbi.nlm.nih.gov/pubmed/9412494
http://www.ncbi.nlm.nih.gov/pubmed/19168892
http://www.ncbi.nlm.nih.gov/pubmed/10102300
http://www.ncbi.nlm.nih.gov/pubmed/21482641
http://www.ncbi.nlm.nih.gov/pubmed/21482641


Molecular Vision 2013; 19:1387-1396 <http://www.molvis.org/molvis/v19/1387> © 2013 Molecular Vision 

1396

Articles are provided courtesy of Emory University and the Zhongshan Ophthalmic Center, Sun Yat-sen University, P.R. China. 
The print version of this article was created on 27 June 2013. This reflects all typographical corrections and errata to the article 
through that date. Details of any changes may be found in the online version of the article.

http://www.molvis.org/molvis/v19/1387

	Reference r32
	Reference r31
	Reference r30
	Reference r29
	Reference r28
	Reference r27
	Reference r26
	Reference r25
	Reference r24
	Reference r23
	Reference r22
	Reference r21
	Reference r20
	Reference r19
	Reference r18
	Reference r17
	Reference r16
	Reference r15
	Reference r14
	Reference r13
	Reference r12
	Reference r11
	Reference r10
	Reference r9
	Reference r8
	Reference r7
	Reference r6
	Reference r5
	Reference r4
	Reference r3
	Reference r2
	Reference r1
	Table t1
	Table t2

