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 Ischemia affects all cell types of the retina [1,2]. Grow-
ing evidence suggests that the effects of ischemia on the inner
retina, which, includes the retinal ganglion cells (RGCs) and
the inner nuclear layer, is mediated by abnormally high levels
of the excitatory amino acid glutamate [3-6]. Glutamate is the
predominant neurotransmitter of the central nervous system.
It interacts with numerous receptor sub-types, which fall into
two major classes: those coupled to G-proteins (metabotropic)
and those connected directly to transmembrane channels
(ionotropic). The toxic effects of elevated levels of glutamate
are predominantly mediated by the overstimulation of

ionotropic receptors. Overstimulation of the class of these re-
ceptors that respond specifically to the glutamate analog N-
methyl-D-aspartate (NMDA) leads to an overload of intracel-
lular Ca2+. Such elevations in Ca2+ elicit various cytotoxic bio-
chemical reactions including the activation of nitric oxide syn-
thase and the generation of reactive *NO free radicals [7].
Two other classes of ionotropic receptors, which respond to
the agonists kainate and α-amino-3-hydroxy-5-methyl-4-
isoxazolepropianate (AMPA), respectively, can also mediate
Ca2+ overload when overstimulated, but they are somewhat
less permeable to this ion than the NMDA receptor. This pref-
erential permeability to calcium ions has established the
NMDA receptor as the primary mediator of glutamate neuro-
toxicity [7].

RGCs are highly sensitive to the toxic effects of elevated
glutamate, but the mechanism of how this response is medi-
ated is not clear. NMDA receptors are abundant on RGCs and
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Purpose: The tumor suppressor protein p53 plays a central role in regulating apoptosis in a variety of neuronal cell types.
Previous studies have indicated that retinal ganglion cell (RGC) death induced by ischemia follows a p53-dependent
pathway. Ischemia causes wide-spread damage to the retina, eliciting multiple different damaging pathways. We con-
ducted experiments to specifically investigate the role of p53 in RGC death activated by overstimulation of the N-methyl-
D-aspartate (NMDA) receptor, an ionotropic glutamate dependent calcium channel normally involved in glutamate
neurotransduction.
Methods: RGC death was induced in both wild-type (CB6F1 or 129/Sv) and p53-deficient (129/Sv background) mice by
a single intravitreal injection of either 40 or 160 nmol of NMDA into one eye leaving the other eye as an untreated control.
Cell loss was quantified by comparing the number of surviving cells in the retinas from experimental eyes relative to the
control eyes of the same animals. The accumulation of p53 mRNA in retinas was monitored by reverse-transcription PCR
(RT-PCR) of retinal total RNA isolated from mice injected with 40 nmol of NMDA. The functional requirement for p53
was monitored in p53-deficient mice after intravitreal injection of 160 nmol of NMDA. Immunohistochemistry for cleaved
poly(ADP-ribose) polymerase (PARP) was performed on p53-deficient mice after intravitreal injection of 160 nmol of
NMDA.
Results: In wild-type CB6F1 mice, p53 mRNA levels are elevated within 3 h after NMDA injection. This accumulation
correlates with the onset of changes in RGC nuclear morphology that precedes pyknosis, which occurs by 6 h. Mice (129/
Sv) deficient for one or both alleles of p53 show no developmental change in RGC number, compared to wild-type
animals (Mann-Whitney test, p=0.824), suggesting that p53 is not required for developmental programmed cell death of
RGCs. In adult mice, however, p53-dependent changes in the rate of RGC death after exposure to 160 nmol of NMDA
were observed. Four days after injection, p53+/+ and p53-/- mice exhibit statistically equivalent amounts of cell loss
(p>0.1), while p53+/- mice have significantly attenuated cell loss (p<0.002), relative to the other groups. RGCs from
NMDA-treated p53+/+ and p53-/- mice were analyzed further using immunohistochemistry to identify the cleavage prod-
ucts of poly(ADP-ribose) polymerase (PARP), a known substrate for caspases. Cleaved PARP was found in p53+/+ and
p53+/- eyes, but not in p53-/- mice.
Conclusions: Developmental RGC programmed cell death does not require p53. Selective overstimulation of the glutamate-
dependent NMDA-receptor in adult mice activates a p53-dependent pathway of death in RGCs. The requirement for p53
is not absolute, however, because mice lacking this gene are able to execute an alternative pathway of cell death. Exami-
nation of the cleavage of PARP, which is a substrate for caspases, suggests that the p53-dependent pathway utilizes these
proteases, but the p53-independent pathway does not.
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a sub-population of cells in the inner nuclear layer, presumed
to be amacrine cells [8] and both these cell types are sensitive
to the toxic effects of NMDA [9]. In addition, drugs that block
the NMDA receptor channel and limit Ca2+ influx, attenuate
the degeneration of the inner retina after short periods of is-
chemia caused by extreme transient elevations in intraocular
pressure [5]. Other studies, however, suggest that AMPA-
kainate receptors also play an important role in the death of
RGCs under a variety of damaging conditions [10-12]. What-
ever the mechanism, elevated glutamate levels may play an
important role in the pathology of several eye diseases includ-
ing ischemia, optic nerve damage and glaucoma [5,13,14].

After hyperstimulation of one or more of the glutamate
receptors, the mechanism of neuronal death induced by
excitotoxins is complex. Several studies indicate that both
apoptotic and necrotic pathways of cell death can be activated
[15-20] depending on the severity of exposure to an excita-
tory amino acid [18] and which of the ionotropic receptors is
activated [21]. Necrotic episodes of cell death are drastic, of-
ten associated with cellular swelling and rupture leading to
inflammation. Apoptosis is a less dramatic pathway of cell
death to the whole organism. The dying cell executes its own
intrinsic genetic program that regulates the breakdown and
subsequent removal of cellular debris before it can adversely
affect surrounding tissues. There are several key proteins in-
volved in this process, including the tumor suppressor p53,
which is involved in the early steps of the pathway [22,23].
The p53 protein acts as a direct transcriptional activator of the
Bax gene [24], which in turn, modulates many of the down-
stream factors commonly associated with apoptosis [25,26],
including the activation of cysteine-proteases called caspases
that systematically digest the contents of the cell [27-29].

The possible functional role of p53 in glutamate-induced
neuronal apoptosis has recently drawn attention [20]. Inacti-
vation of the p53 gene, or reduced p53 expression, protects
cells from the excitotoxin kainate and focal ischemic damage
[30,31]. In the retina, apoptosis induced by retinal ischemia in
rats is associated with increased expression of p53 mRNA [5]
and mice with reduced expression of p53 show resistance to
ischemia-induced RGC death confirming a functional role for
this protein [32]. However, because the effects of ischemia
may be several fold, including the activation of several differ-
ent glutamate receptors, it is not clear what event signals the
activation of p53-dependent RGC death. In order to clarify
this, we used NMDA to specifically activate RGC death by
overstimulation of this receptor. The results reported here in-
dicate that NMDA-stimulated RGC death occurs through a
p53-dependent pathway in cells carrying functional alleles of
this gene. The p53-dependent pathway results in the activa-
tion of at least some members of the caspase protease cas-
cade. NMDA also stimulates cell death in p53-deficient RGCs,
however, but these cells appear to utilize an undefined caspase-
independent cell death pathway.

METHODS
Experimental animals:  The mice used in this study were
handled in accordance with the Association for Research in

Vision and Ophthalmology resolution for the use of animals
in research. Mice containing targeted loss-of-function alleles
of p53 were generated by homologous recombination as de-
scribed [33]. The mutant alleles were carried in animals with
a 129/Sv genetic background. Heterozygotes were bred to
generate offspring that contain two functional alleles of p53
(p53+/+), one functional allele (p53+/-), and no functional al-
leles (p53-/-). The genotypes of mating pairs and all offspring
were confirmed by PCR analysis of DNA isolated from tail
biopsies. Reverse transcriptase-PCR (RT-PCR) experiments
were conducted on CB6F1 mice.

Axon counting of optic nerves:  Optic nerves of sacri-
ficed p53-deficient mice were fixed overnight at 4 °C in 2.5%
(wt/vol) glutaraldehyde in 100 mM phosphate buffered saline
(pH 7.4, PBS), embedded in JB-4 plastic (glycol methacry-
late; Polyscience, Warrington, PA), and sectioned at 2 µm thick-
ness. Cross sections were stained using a silver nitrate im-
pregnation technique, which selectively stains the axons [34].
Stained sections were digitized using an Olympus BH-2 pho-
tomicroscope (Mellville, NY) attached to a Sony 3-chip CCD
video camera (Sony, New York, NY) with direct electronic
feed into a Gateway 2000 personal computer (North Sioux
City, SD). The area of each optic nerve was measured and the
number of axons in 10 regions of each nerve was counted
using Optimas imaging software (Media Cyberretics LP,
Bothell, WA). The total number of axons counted per nerve
ranged from 2.7% to 5% of the entire nerve. These values
were then used to extrapolate the total number of axons in
each nerve. This was repeated for three sections of each nerve
and then the totals were averaged for each mouse. Four mice
of each genotype were counted.

NMDA injection:  Intravitreal NMDA injection was per-
formed as described previously [9]. Two µl of either a 20 mM
or 80 mM solution of NMDA in balanced saline solution (BSS)
was injected into the vitreous of the right eye of each mouse,
which delivered a dose of either 40 or 160 nmol of NMDA,
respectively. The left eyes were not injected and served as
untreated controls. In other control experiments, right eyes
were injected with BSS alone, which did not cause cell death,
as previously reported [9].

Quantification of cell loss in the ganglion cell layer
(GCL):  Cell loss in the GCL was determined as described
before [9]. Thick longitudinal sections (2 µm) through the
entire retina were stained with the DNA-specific fluorescent
dye, 4,6-Diamidino-2-phenylindole (DAPI; Roche Molecular
Biochemicals, Indianapolis, IN) to identify nuclei. Sections
were viewed using a Zeiss Axiophot fluorescent microscope
(Thornwood, NY). The total number of cells in the GCL was
counted in sections of 400 µm of peripheral and central retina
in the superior half of each eye (both experimental and con-
trol of each mouse) and normalized to the number of photore-
ceptor nuclei in the same section. At least 4 sections were
counted for each eye evaluated. The percentage of cells re-
maining in the GCL from the NMDA-injected eye was calcu-
lated by comparing it to the control eye from the same mouse.

Reverse Transcriptase PCR (RT-PCR) analysis of p53
mRNA abundance:  RT-PCR was used to estimate p53 mRNA
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abundance in retinas of NMDA injected eyes. CB6F1 mice
were injected with 40 nmol of NMDA and sacrificed 1, 3, 6,
18, 24, and 48 h after injection. To determine the earliest stage
of effect on the ganglion cell layer, we initially fixed the reti-
nas, prepared flat-mounts, and stained them with cresyl violet
to highlight both the Nissl-substance found in RGCs and the
nuclear morphology of all the cells in this layer. Stained reti-
nas then were examined under bright field microscopy to de-
termine the window of time after NMDA injection when the
RGCs begin to show the first stages of nuclear condensation
characteristic of cell death. After this window was determined,
different mice were injected and the retinas harvested before,
during, and after this critical window. Four retinas (experi-
mental or control) were pooled for each time point and snap
frozen. Total RNA was isolated using the Tri-Reagent proto-
col (Molecular Research Center, Inc., Cincinnati, OH), which
is based on the method of Chomczynski [35]. First strand
cDNA was made using oligo-dT as a primer and Moloney
murine leukemia virus reverse transcriptase as described pre-
viously [36], except that the amount of cDNA synthesized in
each sample was quantified by incorporating a trace amount
of α-32P-dCTP into the reaction. Incorporated radioactivity was
measured by precipitating an aliquot of cDNA with 50 µg of
cold yeast RNA in 25% ice cold trichloroacetic acid (TCA).
TCA precipitated polynucleotides were trapped by filtering
them onto a GF/C glass fiber filter, washing twice with 25%
TCA and once with ice-cold 95% ethanol. Filters were air-
dried and counted in a Beckman (Fullerton, CA) Model LS
5801 scintillation counter.

For PCR, an equal amount of cDNA (approximately 2
ng) prepared from control and experimental retinas was used
as template to amplify fragments of p53 or actin cDNAs. The
primers used for amplification of p53 were: forward 5'-
CTCAAAAAACTTACCAGGGC and reverse 5'-
CACCACGCTGTGGCGAAAAGTCTG, and for amplifica-
tion of actin were: forward 5'-CTCTCCCTCACGCCATCCTG
and reverse 5'-CCGCCTAGAAGCACTTGCGG. Both
cDNAs were amplified using PCR conditions of 3 cycles at
94  °C (45 s), 40  °C (2 min), 72  °C (2 min) followed by 35
cycles at 94  °C (45 s), 55  °C (1 min), 72  °C (2 min). PCR
reactions were analyzed on 1% agarose gels. To increase speci-
ficity of p53 analysis, gels were alkaline blotted to
MagnaCharge nylon membrane (Fisher Scientific, Hanover
Park, IL) and probed with a fragment of mouse p53 cDNA
labeled with digoxygenin (Roche Molecular Biochemicals).
Bands for p53 on the nylon membrane were detected by re-
acting the membrane with anti-digoxigenin antibodies conju-
gated to alkaline phosphatase, developing it with CDP-Star
(Roche Molecular Biochemicals) and exposing it to X-OMAT
AR X-ray film (Kodak, Rochester, NY). Images of both the
ethidium bromide-stained agarose gels (for actin) and the X-
ray film exposures (for p53) were digitized on a Hewlit Packard
ScanJet IIcx flatbed scanner (Palo Alto, CA) and used for quan-
tification by NIH Image (v1.57). Band densities for p53 in
samples were first normalized to the actin bands in each sample
and then compared between the control and experimental eyes
for each time point.

To confirm RT-PCR results, two independent experiments
were also analyzed by real time PCR. Samples were prepared
from total RNA as described above and PCR reactions were
identical except that fluorescein and SYBR green was also
included in each reaction and the second cycling program was
extended from 35 cycles to 45 cycles to ensure that all reac-
tions had reached the plateau stage of the amplification. The
PCR reactions were run in a BioRad iCycler (BioRad, Rich-
mond, CA). All samples were first adjusted to yield identical
threshold crossing (Tc) levels for actin cDNA fragments. The
synthesis of primer-dimers was controlled for by running re-
actions with either no template or nonspecific template (hu-
man first strand cDNA). Primer-dimer formation did occur in
these samples, but exhibited a Tc level an order of magnitude
below the Tc of target molecules.

Immunohistochemistry for cleaved Poly(ADP-ribose)
Polymerase (PARP):  Wild-type or p53-deficient mice were
injected with 160 nmol of NMDA and sacrificed after two
days, when cell loss ranged from 40-50% of the cells in the
GCL of mice with the 129/Sv genetic background. The eyes
were fixed as whole globes in 4% paraformaldehyde in phos-
phate buffer for 1 h at 22  °C followed by overnight in 0.4%
paraformaldehyde at 4  °C. The anterior chamber and lens
was then dissected away and the remaining eye cup was em-
bedded in paraffin and sectioned at 5 µm. Sections were af-
fixed to glass Plus slides (Fisher Scientific) and then
microwaved for 8 min at 50% power for antigen retrieval.
Deparaffinized sections were washed in PBS, blocked over-
night in 4% bovine serum albumin in PBS at 4  °C, and then
incubated in PBS containing a 1:200 dilution of a polyclonal
antiserum to the p85 fragment of cleaved PARP (Promega,
Madison, WI) overnight at 4  °C. After incubation in the pri-
mary antibody, the slides were washed and incubated further
with a goat anti-rabbit IgG conjugated to horse-radish peroxi-
dase. Reacting antibodies were detected with an ABC kit (Vec-
tor Elite System, Burlingame, CA) and diaminobenzidine.
Stained retinal sections were imaged using a Zeiss Axiophot
Microscope with Nomarski optics. Non-specific antibody re-
actions were controlled by staining sections from control and
experimental eyes of mice from all three p53 genotypes and
by staining positively-reacting sections without primary or
secondary antibodies.

Identification and Evaluation of Apoptotic Cells:  Dying
cells were identified using standard histological and his-
tochemical methods. Cells undergoing DNA fragmentation
were stained in paraffin-embedded sections of retinas using
the TUNEL protocol [9,37]. Histological evaluation of nuclei
in dying cells was made from either DAPI-stained or tolui-
dine blue-stained sections of retinas embedded in JB-4 Plus
or cresyl violet-stained retinal whole-mounts.

Statistical Evaluation:  Data are represented as mean plus
or minus standard deviation. A Mann Whitney test was used
to evaluate cell count data from mice with different comple-
ments of the wild-type p53 gene, while a Wilcoxon paired-
sample test was used to evaluate the increase in p53 PCR prod-
uct between injected and control eyes.
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RESULTS
Programmed cell death of RGCs during development is p53-
independent:  Mice typically lose 50% of the number of RGCs
during developmental remodeling of the retina in the first two
weeks of postnatal life. To measure the effects of p53 during
developmental programmed cell death, optic nerve sections
from adult (>1 month old) mice carrying 0, 1, or 2 functional
p53 alleles were stained by the Bielschowsky method of sil-
ver impregnation to distinguish axons. Axon numbers were
counted on sections from 4 mice of each group. No statistical
difference was observed (Mann-Whitney test, p=0.824; Table
1). TUNEL-staining of retinas of mice between 4 and 14 days
of age showed elevated levels of dying cells in the GCL be-
tween 7 and 10 days in all 3 genotypes examined (data not
shown).

p53 mRNA accumulation coincides with NMDA-induced
cell death:  CB6F1 mice were injected intravitreally with 40
nmol of NMDA. Cresyl violet-staining of retinal whole-mounts
from these mice showed that changes in nuclear morphology
were detected in some cells as early as 1 h, with the majority
of cells exhibiting early stages of chromatin condensation by
3 h post-injection (Figure 1). By 6 h, the majority of cells in
this layer had fully condensed nuclei and by 18 h most of these
had become fragmented or were lost as the debris of the dead
cells was cleared. Analysis of p53 mRNA levels was chosen
during the time window of 1-6 h to coincide with this period
of nuclear changes.

RT-PCR analysis of p53 mRNA was conducted on retinal
RNA samples harvested at 1, 3, and 6 h after NMDA injec-
tion. The amount of PCR amplified cDNA for p53 was nor-
malized to a control cDNA in each sample (actin) and used to
estimate the relative abundance of p53 mRNA present. Nearly
all control retina samples had low levels of p53 cDNA. No
increase in cDNA quantity was detected in experimental reti-
nas 1 h after NMDA treatment, but a small decrease was ob-
served in two samples (60.5 ± 16.3% of control retina levels,
two experiments (n) of four pooled retinas per sample, mean
± standard deviation). Retinas harvested 3 h after injection
showed a signficant increase in the p53 PCR product relative
to control retinas (169.2 ± 47%, n=5, p=0.05, Wilcoxon paired-
sample test). Retinas harvested 6 h after injection showed in-
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Figure 1. Effect of NMDA on nuclear morphology in the ganglion
cell layer.  Changes in nuclear morphology are rapidly observed in
cells of the ganglion cell layer after intravitreal injection of NMDA.
Shown are Nissl-stained wholemounts of mouse retinas harvested at
1, 3, 6, and 18 h after intravitreal injection of 40 nmol of NMDA. At
1 h, several cells in the ganglion cell layer show early signs of changes
in nuclear morphology, suggestive of early stages of chromatin con-
densation. By 3 h, nearly all the presumed RGCs have this appear-
ance or have become pyknotic. All these cells are pyknotic by 6 h.
After 18 h, few cells remain. For the most part, these remaining cells
and their nuclei have become fragmented and appear to be in the
final stages of death. Size bar represents 35 µm.

Table 1. Axon counts from murine optic nerves

            Mouse     Axon Counts
          Genotype   (Total ± SD)
          --------   ------------
           p53+/+    55381 ± 3920
           p53+/-    54359 ± 8859
           p53-/-    57433 ± 3767

Axon counts from optic nerves of mice with different backgrounds
for p53. Each count represents the average (with standard deviation)
of four nerves from eyes of each background and is an accurate indi-
cator of the number of ganglion cells in the eyes of these mice. Cell
number is not affected by the loss of functional alleles of p53 indi-
cating that this gene does not regulate developmental programmed
cell death of the RGCs in the developing retina.
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consistent changes in p53 cDNA levels, ranging from a 40%
increase to a 54% decrease in p53 cDNA relative to control
eyes (Figure 2).

Real time PCR confirmed data collected by RT-PCR
analysis. Two experiments were performed and analyzed by
real time PCR (Table 2). In each case, p53 cDNA levels were
elevated in retinal samples collected 3 h after NMDA injec-
tion, although the increases were generally larger than detected
by RT-PCR. Real time analysis also indicated that p53 cDNA
levels appeared to transiently decrease 1 h after NMDA injec-
tion and exhibit variable levels at 6 h after injection.

NMDA-induced RGC death occurs by p53-dependent and
independent pathways:  The contribution of p53 to NMDA-
induced cell death was evaluated by analyzing the cell loss in
the GCL in mice carrying mutant alleles of p53 after intravitreal
injection of 160 nmol of NMDA. Representative micrographs
of DAPI-stained sections of central retinas from a mouse of
each genotype are shown in Figure 3. Cell loss was quantified
in mice sacrificed 4 days after injection, at a time when nearly
complete ganglion cell loss is expected in wild-type animals
[9]. Mice from each genotype showed evidence of cell loss
(Figure 4). There was no significant difference in cell loss
between the p53+/+ and p53-/- mice (Mann-Whitney test,
p>0.1). Mice heterozygous for the mutant p53 allele, how-
ever, showed significantly reduced cell loss (p<0.02), relative
to the other two groups.
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Figure 2. Upregulation of p53 expression coincides with early cell
death.  The upregulation of p53 expression coincides with the period
of early cell death. Top Panel: p53 message levels were measured
by RT-PCR analysis followed by Southern blot analysis using a mu-
rine p53 probe. Shown is an autoradiograph of a representative blot.
Lower Panel: Actin message levels in the same samples were mea-
sured by RT-PCR and the products detected by staining with ethidium
bromide. Shown is a negative image of a representative ethidium
bromide-stained gel. The level of p53 was quantified as described in
the Methods. Elevated levels of the p53 cDNA fragment are consis-
tently observed in the retinas 3 h after NMDA injections.

Figure 3. NMDA-induced cell loss is attenuated in p53+/- mice.
NMDA-induced cell loss is attenuated, but not blocked, in p53+/-
mice. Micrographs showing DAPI-stained sections of control and
NMDA-injected (160 nmol) retinas from p53+/+ (A, B), p53+/- (C,
D), and p53-/- (E, F) mice. The p53 alleles were maintained on an
inbred 129/Sv genetic background. The animals were sacrificed 4
days after treatment. The cell loss in the retinal ganglion cell layer
(GCL) is nearly identical in p53+/+ and p53-/- mice. However, the
cell loss appears to be reduced in p53+/- mice at this time point.
ONL, outer nuclear layer; INL, inner nuclear layer. Size bar repre-
sents 20 µm.

Table 2. Real time PCR measurements of retinal p53 mRNA
levels

        Sample   Experiment 1   Experiment 2
        ------   ------------   ------------
          1 h     ND            -29.7 fold
          3 h     16.56 fold     13.36 fold
          6 h     -1.06 fold     -1.82 fold
         18 h     ND             -4.22 fold

Real time PCR results demonstrating that p53 mRNA levels are el-
evated in retinas 3 h after NMDA injection into the eye. The values
indicating a difference in p53 cDNA levels were calculated by tak-
ing 2 to the exponential of the value of the threshold crossing differ-
ence between the experimental and control eyes at each time point.
The values are presented as fold differences. ND, not determined.
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Cleaved PARP is only detected in mice carrying functional
alleles of p53:  To determine if p53+/+ and p53-/- mice ex-
ecuted RGC death by alternative pathways, we examined if
RGCs died with different morphological characteristics and if
they expressed different apoptosis-related molecules. Dying
cells in eyes after NMDA injection were evaluated by TUNEL,
DAPI, and toluidine blue staining. No obvious difference in
the TUNEL pattern was detected between wild-type and p53
null mice (data not shown). A comparison of nuclear mor-
phology between the two genotypes was also unremarkable.

Dying cells exhibited densely-staining “pyknotic” nuclei in
the ganglion cell layer of both groups of mice (Figure 5).

Conversely, immunohistochemical staining for cleaved
PARP showed a clear distinction between wild-type and p53-
knockout mice. Strong staining for the p85 fragment was de-
tected in NMDA-injected eyes of wild-type mice (Figure 6A),
while more variable staining was detected in p53+/- mice (data
not shown). In these latter animals, the staining was not uni-
form and often restricted to clusters of cells. Unlike either the
p53+/+ or p53+/- animals, no PARP staining was detected in
p53-/- mice (Figure 6B). No staining was detected in control
eyes of any mouse examined (data not shown).

DISCUSSION
 Previous studies have shown that RGC death activated by
pressure-induced ischemia/reperfusion is at least partially de-
pendent on the function of the tumor suppressor protein p53
[5,32]. These findings are consistent with numerous reports
demonstrating p53-dependent cell death in neurons exposed
to ischemic conditions [38-41]. Ischemia is associated with
the accumulation of elevated levels of the excitatory amino
acid glutamate, which can mediate toxic effects to neurons
through excitation of at least 3 different receptor sub-types.
Our findings extend observations in retinal ganglion cells to
show that direct overstimulation of the NMDA receptor acti-
vates a p53-dependent pathway of cell death. Part of the evi-
dence supporting this conclusion is the RT-PCR (Figure 2)
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Figure 4. Quantification of NMDA-induced cell loss in p53 mutant
mice.  Quantitative cell loss in p53 wild-type and p53 mutant mice
suggests distinct pathways of cell death. Bar graph showing quanti-
tative analysis of cell counts in the ganglion cell layer of p53 mice 4
days after intravitreal injection of 160 nmol of NMDA. The data are
represented as a percentage of cells in the control retinas that remain
in the experimental eyes. The p53+/+ (an average of 74.8% cell loss,
n=6) and p53-/- (an average of 70% cell loss, n=8) mice exhibit sta-
tistically equivalent amounts of cell loss (Mann-Whitney test, p>0.1).
Previous studies using Thy-1 to identify retinal ganglion cells indi-
cated that approximately 70% of the cells in this layer were ganglion
cells (9, 26). Consequently, the amount of cell loss in these mice is
probably indicative of nearly 100% ganglion cell death at this time
point. Alternatively, p53+/- mice (an average of 46.3% cell loss, n=14)
show significantly reduced cell loss (*p<0.02), relative to the other
groups. The results suggest that a restricted p53-dependent pathway
is active in heterozygous mice, but homozygous null animals utilize
an alternative pathway.

Figure 5. Histologic evaluation of the ganglion cell layer in NMDA
treated p53 mutant mice.  Cell death in p53 wild-type and p53-null
mice is associated with the formation of pyknotic nuclei. Micrographs
of toluidine blue-stained retinal sections taken 2 days after injection
of 160 nmol of NMDA. A, B: Close-up of the ganglion cell layer of
wild-type mice showing both normal appearing and pyknotic nuclei
(arrows). C, D: Close-up of the ganglion cell layer of p53-null mice
showing similar pyknotic nuclei. Based on morphological criteria,
these results suggest that an apoptotic-like mechanism is active in
both groups of mice. Size bar represents 7 µm.
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and real time PCR (Table 2) data showing that after an initial
drop in p53 mRNA accumulation, these transcripts accumu-
late coinciding with the initial period of early cell death after
exposure to NMDA. The window of p53 mRNA accumula-
tion is brief, however, because by 6 h message levels had be-
gun to drop below control retinal values. The loss of p53 after
3 h may reflect the loss of RGCs after this time point, but the
initial loss of message is not as easily explained. It is possible
that nascent p53 transcripts are lost in the early period of gene
downregulation that occurs in these cells in response to dam-
aging stimuli [25]. Accumulation of p53 after this point may
be due to the active transcription of this gene.

One of the caveats of this analysis is that the real time
PCR measurements show a greater increase in p53 in the 3 h
samples and a greater decrease in p53 in the 1 h samples than
observed by RT-PCR. The discrepancy between methods of
measurement likely reflects both the difference when com-
paring a sensitive quantitative method with a semi-quantita-

tive method and the low abundance of p53 transcripts in the
retina. In the case of the latter, any small changes in p53 abun-
dance would likely be reflected as large differences in relative
comparisons like “percent changes” or “fold-changes”. It
should be noted, however, that even with the discrepancies,
both methods showed the same trend in p53 expression. In
addition, these results are consistent with findings from oth-
ers using immunocytochemistry on ischemic rat retinas [5].

The strongest evidence for a role for p53 comes from ex-
periments on mice carrying mutant alleles of this gene. Mice
carrying only one functional allele of p53 show significantly
reduced cell death after 4 days as compared to their p53 wild-
type counterparts. We interpret this finding to suggest that the
loss of one p53 allele leads to reduced production of p53 pro-
tein making these cells less efficient at activating the apoptotic
program. The fact that cells still die in p53+/- mice supports
this interpretation. Interestingly, mice completely deficient for
p53 exhibit no decrease in RGC death as compared to p53
wild-type animals, suggesting that RGCs can die by a p53-
independent mechanism in the absence of functional p53. Pre-
liminary studies indicate that the kinetics of cell loss is slower
in p53-deficient mice (data not shown), even though both p53-
wild-type and p53-deficient mice exhibit maximum cell loss
by 4 days.

The finding that only heterozygous mice have attenuated
cell loss is not unexpected. Two independent studies of cell
loss after ischemic damage to the brain [31] and retina [32]
observed the same phenomenon, suggesting that neurons can
die by both p53-dependent and p53-independent mechanisms
when damaged by ischemia. Our results, obtained using di-
rect exposure to the excitotoxin NMDA, are consistent with
the idea that ischemia stimulates excitotoxic cell death through
the activation of this glutamate receptor.

p53-dependent and p53-independent pathways of cell
death:  Cells can die by utilizing different molecular path-
ways [42] and it is clear that at least some of these pathways
are not dependent on p53 [32,43-48]. It remains to be estab-
lished, however, if p53-dependent and p53-independent path-
ways funnel into the same common latter events that are con-
sidered hallmarks of apoptosis. The examination of NMDA-
induced RGC death offers a chance to address this question.
Both pathways appear to execute an apoptotic-like program
based on changes in nuclear morphology. A major component
in many forms of cell death is the cascade of cysteine pro-
teases known as caspases [27,28]. We used the cleavage of
PARP as an estimate for caspase activity in mouse RGCs. PARP
is cleaved by several caspases although it is most often recog-
nized as a substrate for caspase 3 [49]. Exposure to NMDA
causes PARP cleavage in wild-type mice, consistent with other
studies in which both PARP cleavage and caspase activity is
activated in these cells by damage to the optic nerve [50-53]
or by retinal ischemia or excitotoxicity [6,54,55]. Although
examining the cleavage of PARP places obvious limitations
on our ability to conclusively judge caspase activity, the lack
of staining for cleaved PARP in p53-/- RGCs suggests that the
p53-independent pathway is also caspase-independent. This
observation is similar to those found in studies examining the
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Figure 6. PARP cleavage correlates with the presence of functional
alleles of p53.  Immunohistochemical staining for cleaved PARP in
(A) p53+/+ mice, and (B) p53-/- mice, 2 days after intravitreal injec-
tion of 160 nmol of NMDA. Positive staining of the nuclei and inner
plexiform layer is restricted to mice carrying functional p53, while
none of the p53-/- mice examined had any detectable staining. Posi-
tive staining for cleaved PARP was also present in p53+/- mice (data
not shown), although it was less intense and variable through out the
ganglion cell layer. Size bar represents 15 µm.
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role of another apoptotic regulatory gene. Cerebellar granule
cells are susceptible to excitotoxic stimuli, where they die by
a caspase-dependent mechanism that can be attenuated with
caspase inhibitors [26]. If these neurons lack a functional Bax
gene, which can be regulated by p53 in many cells [24] and
promotes apoptotic cell death [56-59], they are still suscep-
tible to the same excitotoxic stimuli [26], but they no longer
respond to caspase inhibitors, suggesting that they are now
utilizing a caspase-independent pathway of death. Not sur-
prisingly, RGCs lacking Bax are also susceptible to excitotoxic
exposure [59].

Caspases are no longer considered essential to execute
the cell death pathway and recent speculation suggests that
neurons in particular utilize caspase-independent pathways in
order to hold a tighter regulatory control over the cell death
process [42]. Additionally, several new studies indicate that
caspase activity, once blocked or eliminated, can be replaced
by other proteases in the cell such as members of the calpain
family [60]. Calpains are abundant in the retina [61] and it is
not unreasonable to speculate that RGCs damaged by
excitotoxic exposure could utilize these proteases if unable to
activate the caspase cascade. The mechanism of calpain acti-
vation during cell death is not clear, but these proteases are
activated by free calcium [62], which is the primary result of
hyperactivation of the NMDA receptor [7].

Our experiments indicate that NMDA can activate both
p53-dependent and p53-independent pathways of cell death.
A review of reports that document the dependence of RGC
death on p53, Bax, and caspases suggests that there are at least
three distinct molecular pathways active in these cells. The
first pathway is active in cells undergoing developmental pro-
grammed cell death or dying in response to optic nerve crush.
This pathway is both Bax- and caspase-dependent
[51,52,59,63,64], but not p53-dependent (this study and data
not shown), consistent with other reports that neuronal pro-
grammed cell death is unaffected in p53 null animals [43]. It
is notable that cell death in both these situations is thought to
originate from neurotrophin deprivation [65,66]. A second
pathway is activated by NMDA and is both p53- and caspase-
dependent [6,55], and may require Bax activation as well.
Lastly, a third pathway that is independent of p53, Bax, and
caspases is activated in RGCs by NMDA, but only when the
conventional p53/Bax pathway is compromised. Studies by
others [5,32] indicate that ischemia can activate both the sec-
ond and third pathways of cell death. Not enough evidence is
currently available to determine which pathway(s) is activated
by ocular hypertension.

Lastly, the genetic background of mice may influence how
much of a role p53 plays in activating neuronal cell death. In
one study, for example, the number of sympathetic neurons in
the superior cervical ganglia was significantly increased in
p53-/- mice [67], while in another, the lack of p53 was associ-
ated with severe ocular abnormalities [68]. Both of these stud-
ies were conducted on p53-null mice with a C57BL/6 back-
ground. Similar ocular abnormalities [68] and attenuated de-
velopmental neuronal cell death [43] have not been observed
in p53-null mice with a 129/Sv background. The reason for

this is unclear, but alleles present in C57BL/6 mice may play
a role in influencing the pathway of cell death taken by neu-
rons exposed to different damaging stimuli.
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