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PURPOSE. To study sequential changes in retinal ganglion cell
(RGC) morphology in mice after optic nerve crush and after
induction of experimental glaucoma.

METHODS. Nerve crush or experimental glaucoma was induced
in mice that selectively express yellow fluorescent protein
(YFP) in RGCs. Mice were euthanized 1, 4, and 9 days after
crush and 1, 3, and 6 weeks after induction of glaucoma by
bead injection. All YFP-RGCs were identified in retinal whole
mounts. Then confocal images of randomly selected RGCs
were quantified for somal fluorescence brightness, soma size,
neurite outgrowth, and dendritic complexity (Sholl analysis).

RESULTS. By 9 days after crush, 98% of RGC axons died and YFP-
RGCs decreased by 64%. After 6 weeks of glaucoma, 31% of
axons died, but there was no loss of YFP-RGC bodies. All crush
retinas combined had significant decreases in neurite out-
growth parameters (P � 0.036, generalized estimating equa-
tion [GEE] model) and dendritic complexity was lower than
controls (P¼ 0.017, GEE model). There was no change in RGC
soma area after crush. In combined glaucoma data, the RGC
soma area was larger than control (P¼ 0.04, GEE model). At 3
weeks, glaucoma RGCs had significantly larger values for
dendritic structure and complexity than controls (P ¼ 0.044,
GEE model), but no statistical difference was found at 6 weeks.

CONCLUSIONS. After nerve crush, RGCs and axons died rapidly,
and dendritic structure decreased moderately in remaining
RGCs. Glaucoma caused an increase in RGC dendrite structure
and soma size at 3 weeks. (Invest Ophthalmol Vis Sci. 2012;
53:3847–3857) DOI:10.1167/iovs.12-9712

Glaucoma represents a group of neurodegenerative diseases
whose pathological hallmark is retinal ganglion cell (RGC)

death. In human and experimental models of glaucoma RGCs
undergo apoptosis, a programmed cell death.1–4 There are
likely to be initial signals of injury, probably from the site or
sites of damage, one of which is the optic nerve head.5

Although there are clearly destructive events in RGC anatomy
that precede death, it is not clear what the time course or
specific features of such changes might be. Functional losses in
presumed RGC behavior have been reported in human eyes6

and in primate7,8 and mouse9,10 models of glaucoma using
pattern-evoked electroretinography (ERG) and intracellular
recordings from individual cells. If these functional deficits
are accompanied by early structural alterations in RGC
anatomy, earlier or more objective identification of glaucoma
injury may be facilitated.

Since the nineteenth century, when Golgi introduced silver
staining to permit a view of the dendritic structure of single
neurons, different approaches to visualize detailed dendritic
neuronal morphology have been developed. These include
intracellular single-cell dye injections11 and biolistic delivery of
lipophilic dye-coated particles12 among others. Feng and
colleagues13 generated mouse strains that express fluorescent
proteins only in a subset of cells and allow detail and precise
visualization of cell soma, axon, and dendritic tree branches.
One such strain with RGC-specific yellow fluorescent protein
(YFP) labeling has been used to image the same RGC over time
in vivo.14,15 We reported a semiautomated method to evaluate
RGC morphology in these selective YFP-expressing mice,16

describing the total number of YFP-expressing RGCs and their
distribution within the retina. In this study, we applied this
method to evaluate quantitatively the RGC morphology in mice
that selectively express YFP after optic nerve crush or the
induction of experimental glaucoma.

MATERIALS AND METHODS

Animals

Mice that express YFP in a small subset of RGCs were used [B6.Cg-

Tg(Thy1-YFPH)2Jrs/J strain; Jackson Laboratory, Bar Harbor, ME]. All

animals were treated in accordance with the ARVO Statement for the

Use of Animals in Ophthalmic and Vision Research and the EC

Directive 86/609/EEC for animal experiments, using protocols

approved and monitored by the Johns Hopkins University School of

Medicine Animal Care and Use Committee. A total of 22 female and

14 male mice, all between 4 and 10 months old, were used in this

study.

Optic Nerve Crush

Mice were anesthetized with an intraperitoneal (IP) injection of

ketamine, xylazine, and acepromazine (50, 10, and 2 mg/kg,
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respectively), and 0.5% proparacaine hydrochloride ophthalmic drops

were applied to the eye. Ophthalmic ointment was applied to both

eyes to ensure corneas did not dry out during the procedure. An

incision was made in the superior conjunctiva to allow gentle outward

retraction of the globe using fine forceps. The muscle cone was

entered and the optic nerve was exposed and crushed with self-closing

forceps for 3 seconds. Animals were euthanized after 1 day (n ¼ 5), 4

days (n ¼ 5), and 9 days (n ¼ 4).

Experimental Glaucoma

Experimental glaucoma was induced by polystyrene bead injection in

the anterior chamber using a protocol that was recently updated.17

Briefly, a glass cannula with a 50–lm-diameter tip was connected by

polyethylene tubing to a precision fluid measuring syringe (Hamilton

Company, Reno, NV). We drew into the cannula 1 lL of viscoelastic

solution (10 mg/mL sodium hyaluronate; Healon; Advanced Medical

Optics Inc., Santa Ana, CA), followed by 2 lL of 1-lm-diameter beads

(Polybead Microspheres; Polysciences, Inc., Warrington, PA), and

finally 2 lL of 6-lm-diameter beads (the 4 þ 1 protocol). The mice

were euthanized 1 week (n¼ 7), 3 weeks (n¼ 8), and 6 weeks (n¼ 7)

after the bead injection.

Intraocular Pressure Measurement

Intraocular pressure (IOP) measurements were taken using a

commercial tonometer (TonoLab; TioLat, Inc., Helsinki, Finland). In

the optic nerve crush group, IOPs were taken of both eyes. The

animals were under IP ketamine, xylazine, and acepromazine sedation

as described earlier. Measurements were taken just prior to surgery and

immediately before euthanasia. In the experimental glaucoma group,

IOP measurements were made in both eyes under this IP anesthesia or

with 2.5% isoflurane in oxygen inhalation anesthesia using a

commercial rodent circuit controller anesthesia system (RC2–Rodent

Circuit Controller; VetEquip, Inc., Pleasanton, CA).17 IOP was

measured before bead injection, on the first and third days after

injection and weekly thereafter until euthanasia.

Tissue Preparation

Animals were anesthetized as before (IP) and perfused transcardially

for 1 minute with saline followed by 9 minutes with 4%

paraformaldehyde in 0.1 M phosphate buffer solution (PB), pH 7.2.

The superior pole of each eye was marked for orientation, the eyes

were enucleated, and their retinas were detached from the sclera.

Retinas were postfixed as whole mounts for 24 hours in the same

fixative solution. Next, retinas were washed with 0.1 M PB, pH 7.2,

flat mounted on a glass slide in glycerol with the RGC layer up, and

coverslipped.

YFP-Positive RGC Quantification and Distribution

The number and distribution of RGCs expressing YFP were measured

with a commercial software system (Stereo Investigator software;

MicroBrightField [MBF] Bioscience, Williston, VT) in an integrated

hardware-software apparatus (ECLIPSE E600 microscope; Nikon, Inc.,

Melville, NY), with a charge-coupled device color video camera (3-

Chip, HV-C20; Hitachi, Inc., Pleasanton, CA) and motorized stage

with a microcator attachment providing a 0.1-lm resolution in the z

axis. Approximately 90% of YFP-expressing cells had a visible axon,

confirming their identity. RGCs were subjectively characterized based

on their level of YFP expression as bright or dim. The validation of

this qualitative distinction of cell soma brightness was evaluated in

our initial study.16 All RGCs were segregated relative to their position

within each retinal quadrant (superior, inferior, nasal, and temporal),

or central versus peripheral regions (defined by a demarcation that

was halfway from the optic disc to the periphery of the whole

mount).

Confocal Imaging, Neurite Outgrowth Parameters,
and Sholl Analysis

Four to six randomly selected RGCs from each of the eight areas of the

retina (e.g., peripheral/nasal, central/superior, etc.) were recorded as z-

stack images (Zeiss LSM510 Meta Confocal Microscope; Zeiss Micro-

Imaging, Thornwood, NY). In general, this was comprised of more

than half of all detectable RGCs in each retina. Images were taken to

include the entire dendritic field of each cell in a series along the z axis

(perpendicular to the optic axis). The following channel settings for

imaging were used: excitation at 514 nm¼ 17.9, pinhole¼ 1 Airy unit,

detector gain ¼ 764, amplifier offset ¼ 0.057, amplifier gain ¼ 1. A

measurement was made of the thickness of the dendritic fields in the z

axis by noting the distance (in lm) from the axon hillock at the cell

body to the last plane in which the dendrites were still visible. No cells

were used in which the dendritic fields of two RGCs overlapped. The

captured z stack images were converted into a 2-dimensional (2D)

single projection image. This 2D image was then exported as a 16-bit

TIFF format grayscale image using commercial software for further

analysis (Zeiss LSM510).

Confocal images contained only one cell of interest and each cell

was outlined, copied, and pasted into a new image with a black

background using commercial photo-editing software (Adobe Photo-

shop software, version 7.0; Adobe Systems, San Jose, CA). Next, the

image of each RGC was imported using an automated macro16 to

determine features of cell morphology and the mean intensity of YFP

expression in its soma using commercial image analysis software

(MetaMorph Offline, version 7.7.0.0; Molecular Devices, Sunnyvale,

CA). This included both a proprietary neurite outgrowth measurement

program (MetaMorph) and our specially designed Sholl analysis based

on a template of 10 concentric circles centered on the soma, from 50

to 500 lm, increasing in 50-lm steps.

Because of the diversity of YFP expression among RGCs, the

analysis settings were customized for the two subjective brightness

levels. For brighter cells, the minimum intensity of the neurite

outgrowth analysis was set to 3500 gray levels. The latter intensity

level was too high for dimmer cell details to be recognized by the

software. Therefore, the minimum intensity of neurite outgrowth for

dim cells was set to 2000 gray levels. In the majority of cases only the

primary dendritic processes of dim YFP cells were detectable either to

the observer or using commercial software (MetaMorph). The

quantitative data for both bright and dim cells were then combined

in the overall analysis.

The neurite outgrowth analysis provided the cell soma area; total

length of all dendrites (outgrowth); number of primary processes that

emanated from the cell soma; number of branches of all the

processes; and the mean, median, and maximum process lengths

(Fig. 1).

The Sholl analysis counts the number of dendritic processes that

intersect each of the 10 increasingly larger concentric rings centered

on the soma, which allows evaluation of cell dendritic branching (Fig.

1).18 For this approach, the investigator exported the data for each ring

into newly generated log images. Then, the automated Sholl macro

determined the sum of intersections between each ring and dendritic

processes.19 In the biostatistical analysis, a graph was made of the

number of processes at each incremental, 50-lm ring outside the cell

body. The area under the curve for these data was used as the

parameter of interest.

Statistical Analysis

We compared the mean values of outcomes that were normally

distributed with parametric statistical tests and used median values

with nonparametric testing or performed a square-root transformation

for parameters that were not normally distributed. Independent

samples t-test was used to compare the IOPs between experimental

glaucoma eyes and their contralateral controls at each time point.

One-way ANOVA with Bonferroni post hoc test for multiple
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comparisons was used to compare numbers of YFP-expressing RGCs

between different retinal quadrants from different treatment groups.

From the neurite outgrowth data, only cell body area and number of

processes were normally distributed, so initial evaluations of these

two parameters were performed by t-test to compare the mean

difference between control and treatment group. For the other

parameters, we used Wilcoxon rank-sum tests. RGCs from the eyes of

a single mouse were presumed to be correlated in structure more

than RGCs from two random eyes. To account for correlation of data

within an eye, we constructed generalized estimating equation (GEE)

models. Since it was possible that parameters would be affected by

the degree of overall RGC damage, we also constructed GEE models

with adjustment for the degree of axon loss in individual eyes. The

data were analyzed using a commercial analytical software program

(SPSS for Windows, v. 19.0; SPSS Inc., Chicago, IL or SAS software, v.

9.2; SAS Inc., Cary, NC).

RESULTS

Intraocular Pressure

The IOP under anesthesia and before induction of experimen-
tal glaucoma was 9.9 6 0.5 (mean 6 SEM). Injection of beads
with viscoelastic solution significantly increased IOPs at all
time points except for the 1-week time point in the 1-week
group; 3-week time point in the 3-week group; and 2-, 5-, and 6-
week time points in the 6-week group (Fig. 2; independent
samples t-test, all values of P � 0.05).

Axon Loss

The decrease in axons in the retrobulbar optic nerve was
substantially greater and more rapid in the crush model than that
in glaucoma eyes (Fig. 3, Table 1). All groups except the 1-week
glaucoma nerves had statistically significant RGC axon loss.

FIGURE 1. The neurite outgrowth and Sholl analysis from 16-bit TIFF image. (A) A 2-dimensional 16-bit TIFF image was generated from the z-stack of
images that were captured using confocal miscroscopy. (B) The automated macro contains both a proprietary neurite outgrowth measurement and
Sholl analysis. Scale bar: 50 lm.

FIGURE 2. The IOP from the 1-, 3-, and 6-week glaucoma groups and the pooled controls from all groups (mean 6 SEM).
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FIGURE 3. High-magnification photomicrographs showing optic nerve sections from the control eye (A) and optic nerve crush eyes that were
graded as having mild (B), moderate (C), and severe (D) optic nerve damage. Scale bar: 20 lm. Moderate optic nerve damage in experimental
glaucoma (E) and optic nerve crush (F). Scale bar: 20 lm.
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Distribution and Number of YFP-Expressing RGCs

Distribution of YFP-expressing RGCs in the retina was the
highest in the temporal quadrant and the lowest in the nasal
quadrant as described previously.16 Optic nerve crush signif-
icantly decreased the number of YFP cells in the superior,
nasal, and inferior quadrants (ANOVA, all values of P � 0.05),
but a nonsignificant decrease from 32 6 8 (mean 6 SD) YFP
cells from the 1-day crush eyes to 20 6 6 YFP-expressing RGCs
from the 9-day crush eyes was found in the temporal quadrant.
No statistically significant changes were found in the experi-
mental glaucoma eyes. We randomly selected for analysis 589
RGCs in optic nerve crush groups: 360 from contralateral,
control eyes and 229 RGCs from the optic nerve crush eyes.
Likewise, we analyzed 736 RGCs in the glaucoma groups, 382
control RGCs, and 354 RGCs from glaucoma eyes. The total
number of YFP-positive RGCs per control eye varied from 54.8
to 94.4 in the six experimental groups (Fig. 4). From 1 to 4 to 9

TABLE 1. Axon Loss in Crush and Glaucoma Optic Nerves

n

(Mice)

Axon Loss

P Value*Mean 6 SD Median

Optic nerve crush

1 day 5 44 6 30% 52% 0.03

4 days 4 87 6 13% 94% 0.0008

9 days 3 98 6 1.0% 98% <0.0001

Experimental glaucoma

1 week 5 21 6 24% 10% 0.12

3 weeks 8 17 6 11% 17% 0.004

6 weeks 7 31 6 24% 23% 0.01

* t-test compared each time point group to its matched control
group in axon number; optic nerves were not successfully prepared in
four treated eyes.

FIGURE 4. The total number of YFP-expressing RGCs and the number of bright and dim YFP cells as counted from the whole-mounted retinas
from the eyes of optic nerve crush (A) and glaucoma (B) groups. Data are presented as mean 6 SD. The statistically significant differences were
found in the total number of YFP RGCs between the 4 (*independent samples t-test, P ¼ 0.024) and 9 (†P ¼ 0.001) day control and optic nerve
crush eyes, and in the bright YFP cell numbers between the 4 (‡Fisher’s exact test, P¼ 0.03) and 9 (§P¼ 0.002) day control and optic nerve crush
eyes.
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days after nerve crush, the total number of YFP-expressing
RGCs in the experimental eyes decreased monotonically as a
percentage of controls, from 72.6% to 58.7% to 35.8%,
respectively. The 4- and 9-day decreases in YFP-expressing
RGCs were significant (Fig. 4A; independent samples t-tests, P

¼0.024 and P¼0.001, respectively), whereas the decrease at 1
day was not (P ¼ 0.077). The proportion of bright cells
compared with dim cells decreased in crush eyes compared
with controls at all three time points, and the declines in bright
cells at 4 and 9 days were significant (Fisher’s exact test, P ¼
0.03 and P ¼ 0.002, respectively).

In glaucoma eyes, there was no significant change from
control in the total number of bright plus dim YFP cells at 1, 3,
or 6 weeks. Nor was the ratio of bright to dim cells significantly
different between glaucoma and control eyes at any of the
three time points (Fig. 4B; Fisher’s exact test, all values of P >
0.05).

In addition to dividing cells into two groups by brighter and
dimmer cell body fluorescence, RGC data were analyzed with
individual cell soma intensity as a continuous parameter,
compared quantitatively and graphically between experimental
and control groups (Figs. 5, 6). In the commercial measure-

FIGURE 5. RGC soma intensity in crush and control eyes.

FIGURE 6. Cell soma intensity in 6-week glaucoma and control groups.
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ment software (MetaMorph), the peak level for the brightness
is 65,535 gray levels. As seen graphically in the crush data, at 4
and 9 days, when the number of RGCs had significantly
decreased, the curve describing the distribution of maximum
brightness level per RGC shifted to the left, especially when
compared with its time-matched control eyes. The falloff in the
proportion of RGCs with the brightest level declined at all
three time points, particularly at 9 days. This confirms the shift
to fewer RGCs subjectively classified as bright seen above for
crush data.

When we compared the somal intensity by time after crush
against controls statistically, the 9-day crush value was
significantly different from fellow eye data, but this difference
was not significant at 1 and 4 days (Table 2).

In experimental glaucoma eyes, the soma intensity of RGCs
from experimental glaucoma eyes did not differ significantly
from contralateral control eyes at 1 and 3 weeks, but was
significantly decreased at 6 weeks, although the difference was
only 5% (Table 3, P ¼ 0.04, Mann–Whitney U test). The
distribution of brightness for the 6-week glaucoma and control
eyes is shown in Figure 6.

Quantitative RGC Morphology Measurements

In the crush groups, RGCs in injured retinas had decreased
values for all time points combined in total outgrowth,
maximum process length, mean process length, median
process length, and number of dendritic branches (all values
of P � 0.036, GEE model; see Table 4 and Figs. 7, 8). At
individual time points, the crush eyes had significantly
decreased values compared with controls in number of
processes at 9 days and median process length at 1 day (Figs.
7, 8). The Sholl analysis in crush eyes showed lower dendritic
tree complexity values in RGCs from experimental eyes for all
time points combined as compared with control eyes (P ¼
0.017, GEE model). Cell body area did not change significantly
at any time point. The percentage change in selected
parameters at the three time points showed somewhat greater
declines at 9 days compared with earlier times in some values,
but no monotonic trends (Table 5). When neurite outgrowth
data from different retinal quadrants were compared, the cell
somal area in the superior and nasal quadrants as well as the
total outgrowth, number of primary processes, mean process
length, and maximum process length in the nasal quadrant
were significantly lower as compared with the same parame-
ters from the temporal quadrant (Mann–Whitney U test, P �

0.05 for all). However, this effect was seen only in the 1-day
optic nerve crush group.

We also examined whether the degree of axon loss in each
eye was associated with any changes in the parameters of RGC
morphology. GEE models were constructed that evaluated each
parameter in association with percentage loss of axons. There
was no significant association between axon loss and any
neurite outgrowth parameter for crush or glaucoma eyes.

DISCUSSION

We found that RGCs after optic nerve crush had significant
decreases in morphologic measurements after injury. These
decreases included a decline in the overall fluorescence of the
population of remaining RGCs, as well as decreases in total
outgrowth, length of dendritic processes, and number of
branches compared with contralateral controls. As might be
expected, the changes were greater in magnitude at 9 days
than initially. By 9 days, nearly all axons in the optic nerve were
either gone or degenerate. Conversely, 9-day crush retinas
retained 36% of the control number of YFP RGC bodies.
Clearly, these represented RGCs with severe axonal injury that,
although showing declines in fluorescence from control, still
retained much of their basic dendritic structure. The dissoci-
ation in time between earlier axon loss and later RGC body
death has been frequently documented in mammalian retina.20

Dendritic shrinkage after optic nerve crush has been docu-
mented histologically in cats.21 Leung et al.22 studied the same
YFP-expressing mouse strain after nerve crush with in vivo
imaging of the same RGCs over time. They documented
dendritic constriction in 68% of 125 RGCs studied in 12 mice.
We were not able to compare directly the data from their study
with ours, because the outcomes for various dendritic
parameters were not presented. We can note that both in vivo
and in vitro studies of the same model give generally similar
findings.

In experimental glaucoma eyes, RGCs had a dendritic and
somal structure that was not significantly decreased from
controls. In fact, in some select features, the RGCs at 3 weeks
after induction of elevated IOP had greater dendritic complex-
ity than that of control eyes. The fact that this trend was not
present at 6 weeks could be interpreted in two ways. First, it
could be that our large data set of RGCs led to a finding of
increase due to random variation in YFP expression that
nonetheless achieved statistical significance. Second, there
may be a phase after injury from elevated IOP in which RGCs
are stimulated to expand their dendritic range, possibly only
temporarily. If there is an initial phase of glaucomatous
pathology that induces morphologic plasticity,23 it will require
further study to determine if this involves an increased number
of synaptic contacts and compensatory functional activity.
Presumably, the expansion of dendritic range, if confirmed,
might be an attempt by some RGCs to occupy the abandoned
receptive field coverage of RGCs that have died by 3 weeks.

The general lack of change in RGC dendritic structure and
the insignificant change in number of YFP-positive RGCs after
6 weeks of experimental glaucoma is in contrast to the loss of
nearly a third of the axons in the optic nerve of these eyes.

TABLE 3. RGC Soma Intensity in Glaucoma and Control

Median Intensity

P Value*Control Glaucoma

1 week 24,296 20,728 0.4

3 weeks 40,442 43,328 0.5

6 weeks 50,946 48,422 0.04

* Mann-Whitney U test.

TABLE 2. RGC Soma Intensity in Crush and Control Groups

1 Day Control 1 Day Crush 4 Day Control 4 Day Crush 9 Day Control 9 Day Crush

N 101 77 140 107 108 45

Median 43,721 43,977 50,172 46,593 61,203 25,344

P value* NS NS 0.0003

* Mann-Whitney U test.
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FIGURE 7. RGC body area (in lm2) and neurite outgrowth parameters for crush and glaucoma eyes. GEE model for optic nerve crush groups: *P <
0.001, †P ¼ 0.007; GEE model for experimental glaucoma groups: *P¼ 0.042, †P¼ 0.026, ‡P ¼ 0.017, §P¼ 0.015.

TABLE 4. Overall Comparison of Dendritic Structure Analysis between Crush and Control Eyes

Parameter

Control Crush

P Value*Mean 6 SD Median Mean 6 SD Median

Total outgrowth 1658 6 1458 1417 1164 6 1282 635 0.014

Processes 5.2 6 2.1 5.0 4.7 6 2.0 5.0 0.053

Max process length 858 6 830 636 638 6 782 310 0.032

Mean process length 281 6 241 244 206 6 225 122 0.021

Median process length 161 6 185 81 117 6 184 52 0.036

Branches 86.7 6 80.9 69.0 63.1 6 77.4 24.0 0.024

Cell body area 591 6 223 578 551 6 232 527 0.121

Sholl: area under the curve 43.6 6 40.8 36.5 29.9 6 34.9 12.5 0.017

Statistically significant P values are in bold.
* Generalized estimating equation model.
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Clearly, a substantial minority of RGCs were injured sufficiently
that terminal axon loss (and ultimately somal loss) had been
induced. Yet, we found no significant decrease in dendritic
structure, as was seen in the retinas of optic nerve crush eyes.
There are several possible explanations for this finding. First, it
could be that there is a longer delay than 6 weeks in RGC
change in the retina after glaucoma injury. However, in the one

third of RGCs whose axons had degenerated at 6 weeks this
would suggest that no anatomic change was present or at least
was detectable by our methods. Second, it could be that
anatomic change happens in the dendrites of glaucoma-injured
RGCs, but the cell dies so quickly thereafter that few altered,
but still surviving (temporarily), RGCs were seen in our
specimens. Finally, it might be that YFP-expressing RGCs are
selectively insensitive to glaucoma injury. We have no evidence
that they represent some particular class of RGCs and, in fact,
they were present centrally and peripherally, as well as
showing anatomic features of a variety of RGC types that we
identified by cluster analysis.16 There is evidence in DBA/2J
glaucoma mice that RGC loss is not selective for particular RGC
types in murine models.24

The RGC somal area did not differ at any time point studied
in either crush or glaucoma retinas among RGCs that were
detectable. Since overall fluorescence declined in both models
in injured retinas, it is feasible that the cell soma in a few cells
became so dimly fluorescent that it was not detectable, and
these could have had a reduced cell body area. However, this
would occupy only a very small number of RGCs, particularly
in the glaucoma retinas where the number of detectable RGCs
did not decline from controls. Whether there is ‘‘shrinkage’’ of
RGC body size or dendritic structure prior to their death from
glaucoma has been studied by a variety of techniques, and in
both human postmortem tissue and animal models. With
regard to cell body size, there are a number of reports
suggesting that, although all RGCs are ultimately susceptible to
glaucoma, larger RGCs with larger axon diameter die
preferentially in human glaucoma25–27 and in experimental
glaucoma in monkey,28–33 cat,34 and quail.35 One investiga-
tor36,37 studied six experimental monkey eyes and proposed a
hypothesis that RGCs shrink prior to death, a finding
supported by studies of dye-injected RGCs in glaucomatous
monkeys.38 Certainly, the soma shrinks as it dies from
apoptosis, a fact known since Kerr et al.39 first described the
process. However, from initiation to cell disappearance, the
apoptotic process generally occurs rapidly, and the present
data are not compatible with a prolonged phase of death in
many RGCs in which RGC bodies shrink slowly.

Decreases in dendritic structure of RGCs were seen in crush
retinas, but not in glaucoma eyes. Weber et al.38 reported that
the dendritic fields of RGCs in glaucoma monkeys that were
intracellularly labeled with Lucifer yellow were smaller than
those in normal eyes, although substantial differences were
seen only in severely injured retinas. Backfilling of human
postmortem retinas with DiI suggested lower bifurcation
frequency in RGC dendrites in glaucoma compared with
control retinas.40 These investigators found no change in somal
size in glaucoma. In DBA/2J glaucoma mice, Jakobs et al.24

reported fewer dendritic branches and shrinkage of RGC soma.
Retrograde labeling of RGCs in experimental rat glaucoma, on
the other hand, found an increase in soma diameter and
dendritic field.41 It will be important to conduct more studies
of this question as technological improvements in methodol-
ogy occur. If there are significant decreases in the dendritic
field of RGCs prior to their death, this could be detected by
segmented retinal morphometry using optical coherence

FIGURE 8. YFP-expressing RGCs from control eyes and experimental
groups. YFP-containing RGCs were subjectively classified into bright
and dim cells (Control group panel). Crush and glaucoma panels show
only bright RGCs from different experimental groups. Scale bar: 20 lm.

TABLE 5. Selected Parameters of Crush Eyes Compared with Control (Percentage Change)

Total Outgrowth (lm) Processes (n) Median Length (lm) Branches (n) Soma Area (lm2)

1 day �22% �10% �26% �23% �2%

4 days �30% �2% �26% �28% �6%

9 days �40% �20% �47% �41% �15%

� - decrease; � - increase.
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tomography as developed by Huang and colleagues.42 If such
shrinkage occurs, and if it is at a stage where RGCs are
reversibly injured, it could be a finding that greatly facilitates
studies of neuroprotective treatments in glaucoma.

Optic nerve crush represents a useful model of acute RGC
injury that produces rapid degeneration of axons and
significant changes in the RGC morphology that are easily
standardized. We note that the axon loss in our specimens was
somewhat greater than that seen in some previous reports, and
the differences may relate to degree or duration of crushing, or
to strain differences in response to experimental models, as we
have recently found in experimental glaucoma among mouse
strains.32 It is not surprising that nerve crush and experimental
glaucoma give different findings. Although both involve
injuries to the optic nerve at or near the nerve head, the
mechanisms are clearly different, as evidenced by the more
rapid and severe RGC effects seen here in crush compared
with the glaucoma model. In primate models of glaucoma and
optic nerve transection, there is upregulation of specific
extracellular matrix components at the site of optic nerve
transection, but not in the optic nerve head,43 and gene
expression changes in substantially different ways in the retina
after transaction compared with glaucoma in the rat.44 Thus,
although both optic nerve crush and glaucoma lead to RGC
death, the mechanisms of action probably differ in important
ways.

The methods by which RGC dendritic and somal changes
can be studied are diverse and some differences in findings
may derive from technical issues. A primary difference is study
of the same RGC in vivo, as performed by Leung et al.15 on
nerve crush YFP mice and our laboratory.14 The study of the
same RGC over time is a powerful tool that eliminates many
variables that exist in cross-sectional studies such as reported
here. There are substantial variations in the number and
brightness of YFP-expressing RGCs in this mouse strain. Even
with concurrent, fellow eye controls, this requires the study of
much larger numbers of neurons to derive useful estimates of
effects in the histologic approach. However, the use of
confocal microscopy on whole-mounted retina provides clear
advantages in detail and 3-dimensional reconstruction of
dendritic detail over living tissue photographic imaging. More
RGCs can be studied, including those in the retinal periphery
in the histologic approach. Furthermore, we have documented
in retinal explants tissues that repeated imaging of the same
cell with laser energy may decrease fluorescence irreversibly
(data not shown). This is a possible factor in considering in
vivo methods. Finally, the models of glaucoma in mice, both
induced and DBA/2J, with which we are familiar, lead to
significant enlargement, clouding, and vascularization of the
cornea. These effects make repeated in vivo imaging at best
difficult and may induce artifacts into the quantification of
dendritic structure.

We and others have back-filled RGCs with dyes to study cell
structure, but this leads to the inability in many cases to
distinguish the processes of one RGC from another. Weber et
al.8,21,38 have individually identified RGCs electrically, then
filled them with dye for postmortem study in cats and
monkeys. This elegant approach has yielded important
findings, but is limited by the number of neurons that can be
injected per eye and by possible selectivity in which RGCs are
more likely to be successfully penetrated.

Our approach has limitations that have to some extent
already been described. The variation in the YFP-expressing
mouse strain in number and brightness of fluorescent RGCs is
an issue that expands the needed sample size for determination
of significant results. Moreover, this approach lacks power to
discriminate morphologic changes between different subtypes
of RGCs. We16 and others22,45–47 showed that different

subtypes of RGCs do not have such substantial differences in
their morphology as RGCs from primates and humans. Thus, in
vivo imaging of the same cell over time would provide more
meaningful data. The degree of RGC death in our glaucoma
model has been increased with improvement in the method of
bead injection over our original report, but still leads to loss of
only 30% of RGCs in 6 weeks.17 Since mice have substantial
differences in number, distribution, and type of RGCs from
those of humans, as well as differences in optic nerve head
structure, findings of detailed change in dendritic structure
may not be fully applicable to the human disease.
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