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The tumor suppressor gene ~53 recently has been associated 
with the induction of cell death in response to some forms of 
cellular damage. A possible role for p53-related modulation of 
neuronal viability has been suggested by the finding that ~53 
expression is increased in damaged neurons in models of 
ischemia and epilepsy. We evaluated the possibility that ~53 
expression (in knockout mice) is required for induction of cell 
damage in a model of seizure activity normally associated with 
well defined patterns of cell loss. Subcutaneous injection of 
kainic acid, a potent excitotoxin, induced comparable seizures 
in both wild-type mice (+/+) and mice deficient in ~53 (-/-). 
Using a silver impregnation technique to examine neurodegen- 
eration in animals killed 7 d after kainate injection, we found 
that a majority of +/+ mice exhibited extensive cell loss in the 
hippocampus, involving subregions CAl, CA3, the hilus, and 
the subiculum. Apoptotic cell death, as identified with an in situ 

nick end labeling technique to detect DNA fragmentation, was 
confirmed in CAl- but not CA3-degenerating neurons. In 
marked contrast, a majority of ~53 -/- mice displayed no 
signs of cell damage; in the remaining ~53 -/- mice, damage 
was mild to moderate and was confined almost entirely to cells 
in CA3b of the dorsal hippocampus. In +/+ mice, but not in 
-/- mice, damaged neurons also were observed in the amyg- 
dala, piriform cortex, cerebral cortex, caudate-putamen, and 
thalamus after kainate treatment. The pattern and extent of 
damage in mice heterozygous for ~53 (+/-) were identical to 
those seen in +/+ mice, suggesting that a single copy of ~53 
is sufficient to confer neuronal vulnerability. These results dem- 
onstrate that ~53 influences viability in multiple neuronal sub- 
types and brain regions after excitotoxic insult. 
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The ~53 tumor suppressor gene encodes a nuclear phosphopro- 
tein that functions as a key regulator of cellular proliferation. p53 
also is recognized as belonging to a pathway responsible for DNA 
damage repair, which is critical for maintaining genomic stability. 
Loss or inactivation of the p.53 tumor suppressor gene occurs in 
almost half of all human tumors (Greenblatt et al., 1994) and is 
considered a fundamental, predisposing event in the pathogenesis 
of many cancers. Patients carrying germline mutations in p53 are 
at higher risk for developing ,a variety of tumors (Malkin et al., 
1990; Srivastava et al., 1990), and mice deficient in p53 display 
precocious tumor development (Donehower et al., 1992; Harvey 
et al., 1993; Jacks et al., 1994; Purdie et al., 1994). 

p53 may also influence tumor development by regulating the 
extent of cell death or apoptosis. Expression of wild-type ~53 has 
been shown to induce spontaneous cell death in some cultured 
cell lines (Yonish-Rouach et al., 1991; Shaw et al., 1992) while 
rendering other cells more sensitive to induction of apoptosis 
(Lowe et al., 1993; Bristow et al., 1994; Fisher, 1994). These 
observations have been extended to tumors grown in vivo. In 
transgenic mice, ~53 recently has been shown to suppress tumor 
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growth by promoting apoptosis of abnormally proliferating tumor 
cells (Symonds et al., 1994). 

The demonstration that ~53 promotes apoptosis in abnormally 
proliferating cells may have important implications for the CNS, 
where cell death is observed normally during development, in 
response to injury, and in neurodegenerative disorders such as 
Alzheimer’s and Huntington’s diseases (Appel, 1981; Raff et al., 
1993). Indeed, ~53 induction recently has been associated with 
neuronal damage in the CNS (Sakhi et al., 1994). In these studies, 
systemic injection of kainic acid (KA), a potent excitotoxin that 
produces seizures associated with a defined pattern of neuronal 
cell loss, induced ~53 expression in neurons exhibiting morpho- 
logical evidence of damage; pretreatment with a protein synthesis 
inhibitor prevented both KA-induced ~53 expression and neuro- 
nal damage. These results suggest the exciting possibility that ~53 
induction may promote irreversible injury in postmitotic cells of 
the CNS via a pathway of programmed cell death. 

The development of mice deficient in both ~53 alleles (Done- 
hower et al., 1992) has provided a model for assessing the role of 
~53 in nervous system injury. In the present study, we evaluated 
the role of ~53 in regulating neuronal viability using a well defined 
model of neuronal toxicity. The model involves the application of 
KA, a potent excitotoxin, that utilizes the AMPA/kainate class of 
glutamate receptor (London and Coyle, 1979). Administration of 
kainate to rodents induces a period of generalized seizure activity 
(occurring over the course of several hours) that is followed by 
well defined patterns of neuronal degeneration in the hippocam- 
pus and other brain regions (Nadler et al., 1978; Repressa et al., 
1987). We found that the absence of ~53 (-/-- mice) caused 
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almost complete protection from kainate-induced injury. These 
results suggest that p53 induction may play a direct role in pro- 
moting neuronal degeneration in response to some forms of brain 
injury and disease. 

MATERIALS AND METHODS 
p53-defi&nt mice. Mice deficient in the p53 tumor suppressor gene were 
generated from a 12YiSv X C57BL/6 background as described previously 
(Donehower et al., 1992). To ensure the genotype of the offspring, 
matings generally were performed between two wild-type (~53 +/+) mice 
(for p53 +/+ offspring), one p53 +/+ and one p53 -/- mouse [for 
heterozygous (~53 +/-) offspring], or two p53 -/- mice (for p53 -/- 
offspring). The genotypes of the mating pairs were confirmed as described 
previously using PCR and DNA extracted from mouse tails (Timme and 
Thompson, 1994). In the few cases in which -/- mice were obtained 
from matings involving one +/- mouse and one -/- mouse, the off- 
spring were genotyped three separate times to ensure the correct 
assignment. 

Behavioral assessment of seizure threshold. KA (K-0250, monohydrate, 
Sigma, St. Louis, MO) was administered subcutaneously to S- to IO-week- 
old mice at 35 mgikg body weight (a dose we established in preliminary 
studies as appropriate for producing significant lesions in wild-type ani- 
mals, with mortality of ~25%). Doses in excess of 35 mgikg body weight 
proved to be lethal. Seizure onset occurred within 30 min and persisted 
for 2-3 hr. Animals were observed during the seizure period to determine 
the duration and severity of seizure activity. In all of the assessments, the 
experimenter was blind to the genotype of the animal. 

Behavioral observations during the first 2 hr after kainatc injection 
revealed a progression of increasingly severe seizure-related behaviors. 
These behaviors were scored on a scale from 0 to 7 with 0 representing 
normal behavior and 7 representing death. The combined mortality rate 
for animals of all genotypes was 25% (15161). Within a few minutes after 
kainate injection, typical activity such as walking, exploring, sniffing, and 
grooming ceased and the mice became motionless. This immobility (stage 
1) frequently was followed by a period of forelimb and/or tail extension, 
giving the appearance of a rigid posture (stage 2). Automatisms such as 
repetitive scratching, circling, or head bobbing (stage 3) were followed in 
most animals by seizure behaviors comprised of forelimb clonus and 
rearing and falling (stage 4). This pattern sometimes was repeated over 
and over (stage 5). A small percentage (13%) of surviving mice experi- 
enced more severe, tonic-clonic, seizures (stage 6). 

Seizure rating was obtained as follows. The highest stage of seizure- 
related activity was noted for each 5 min period for 2 hr after injection. 
Each seizure behavior score (O-6) was multiplied by the number of 5 min 
periods in which the animal received that score. These numbers were 
added together for a raw score, and the final seizure ratings were derived 
from these raw scores. Raw scores less than 50 were assigned a rating of 
1, those between 50 and 79 received a rating of 2, and those SO and above 
received a rating of 3. Animals exhibiting no seizure activity received a 
rating of 0. 

Morphological description of neuronal damage. Animals were analyzed 
histologically at I, 2, 4, 7, 10, and 12 d after kainate treatment, although 
data are presented only for the day 7 time point. Mice were anesthetized 
deeply (pentobarbital, 45 mgikg, i.p.) and perfused transcardially (4% 
p-formaldehyde), and the brains were removed and processed for Nissl 
staining and silver impregnation for cell degeneration. For histological 
procedures, 30.pm-thick frozen sections were cut through the hippocam- 
pus; representative sections from dorsal and ventral regions of hippocam- 
pus were obtained from each animal, with comparable levels of section 
analyzed for all three genotypes. 

To estimate the degree of kainate-induced damage, sections were 
stained with cresyl violet and via the Fink-Heimer silver impregnation 
technique for degenerating neurons, fibers, and terminals. Sections from 
each kainate-treated mouse and controls (vehicle injections) were as- 
signed a score from 0 (no damage) to 5 related to the quality and extent 
of neuronal damage. Sections with occasional single-cell degeneration, 
and with light or diffuse terminal degeneration in CA1 or CA3, were 
given a score of 1. Sections showing a small area with degenerated 
pyramidal cells and fibers/terminals in CA1 or CA3 were assigned a score 
of 2 (mild damage). Sections with a greater area of degeneration of 
neurons and fibers/terminals, but still confined to one region (CA1 or 
CA3), were given a score of 3 (moderate damage). Sections containing 
neuronal cell loss and extended degeneration of neurons and fibers/ 
terminals in two hippocampal regions (CA1 and CA3), frequently includ- 

Table 1. Relationship between p53 genotype and seizure severity after 
kainate administration 

~53 Genotype 

n 16 16 14 

Seizure rating 2.00 2 0.16 2.38 k 0.16 1.79 k 0.24 

The behavioral response to kainatc administration was assessed as described in 
Materials and Methods. The results depict the average seizure rating -t SEM for 
each genotype. The behavioral response was not significantly different among the 
three genotypes at 11 > 0.1 (Pearson ,$ test of probability). 

ing both dorsal and ventral hippocampus, were scored 4 (severe damage). 
Sections that exhibited substantial neuronal cell loss, dcgcneration of 
neurons and fibers/terminals in two or more hippocampal regions, and 
additional degeneration in other brain regions (e.g., neocortex, caudate- 
putamen, amygdala) were given a score of 5 (extreme damage). For 
statistical analyses, observations were grouped into three categories, 
according to animals that showed little or no damage (scores 0 and l), 
mild to moderate damage (scores 2 and 3), and severe damage (scores 4 
and 5). Degree of damage was assessed independently by two investiga- 
tors who were blind to the genetic identity of the animal. 

In situ labeling of DNA fragmentation. To assess apoptotic cell death 
more accurately, WC used the terminal transferase-mediated biotinylated- 
UTP nick end-labeling (TUNEL) technique (Gavrieli et al., 1992). This 
procedure has been widely used as an indicator of apoptotic cell death by 
other investigators (Symonds et al., 1994; Kasof et al., 1995; Nitatori et 
al., 1995; Portera-Cailliau et al., 1995). In brief, brains were fixed by 
cardiac perfusion of 4%p-formaldehyde in 0.1 M phosphate buffer at 1,2, 
3, 4, 7, and 10 d after kainate injection. The brains immediately were 
dissected out and post-fixed in the same fixative. The total fixation time, 
starting with perfusion, was 2-3 hr. The brains were washed in PBS for 2 
hr. After overnight incubation in 70% ethanol, the tissues were dehy- 
drated in a graded series of ethanol, cleared in xylenes or Hemo-De 
(Fisher Scientific, Pittsburgh, PA), and embedded in paraffin. Sections 
were cut at 6 km, mounted on SuperFrostiPlus glass slides (Fisher), and 
baked overnight at 37°C. 

After deparaffinization and rehydration, sections were digested with 
proteinase K (10 kg/ml in distilled water) for 25 min at room temperature 
(RT). Endogenous peroxidase activity was quenched in 2% H,O, in 
distilled water for 5 min. Tissue sections were incubated first with termi- 
nal deoxynucleotidyl transferase (TdT) buffer [200 mM potassium caco- 
dylate, 25 mM Tris-Cl, 0.25 mg/ml bovine serum albumin (BSA), 1 IIIM 
CoCl,, pH 6.61 for 10 min at RT and then with TdT (0.1 U/ml, Boehringer 
Mannheim, Indianapolis, IN) and biotin-16-deoxyuridinc triphosphate 
(biotin-dUTP; 2 nM, Bochringer Mannhcim) in TdT buffer at 37°C for 75 
min in a humidified chamber. As a negative control, sections were 
incubated in TdT buffer containing biotin-dUTP but lacking TdT enzyme, 
which did not produce any staining. The TdT reaction was stopped in a 
buffer of 300 mM NaCl and 30 mM Na-citrate for 15 min at RT. Tissue 
sections were then blocked with 1% BSA in PBS for 10 min at RT and 

Table 2. Relationship between seizure rating and morphological 
damage for each p53 genotype 

Degree of neuronal damage (neuronal damage 
score) 

Seizure rating 

p53 Genotype 

+i+ +I- -/- 

0 0.0 (n = 0) 0.0 (n = 0) 0.0 (n = 2) 

1 1.7 (n = 3) 5.0 (n = 1) 0.0 (n = 1) 

2 2.7 (n = 10) 2.7 (n = 8) 1.1 (n = 9) 

3 3.7 (n = 3) 3.0 (n = 7) 0.5 (n = 2) 

Seizure rating and neuronal damage score were assessed as described in Materials 
and Methods. Neuronal damage was assessed by cresyl violet staining and silver 
impregnation I week after kainate administration. The results depict the average 
neuronal damage score (scale of O-5) observed for the indicated levels of seizure 
severity. Given in parcnthcscs is the number of animals, for a given genotype, 
exhibiting that particular seizure rating. 
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Table 3. Relationship between ~53 genotype and neuronal damage in 
kainate-treated mice 

Degree of neuronal damage (number of animals) 

~53 Genotype None/little Mild/moderate Severe 

+ /+ (n = 16) 4 (25%) 8 (50%) 4 (25%) 

+ /- (rz = 16) 3 (19%) 6 (37%) 7 (44%) 

- /- (n = 14)* 10 (71%) 4 (29%) 0 (0%) 

Neuronal damage was assessed as described in Materials and Methods at 1 week 
after kainate administration. The results depict the number of mice of each genotype 
that express the indicated degree of neuronal damage. The relative percentage of 
mice of each genotype displaying a particular degree of damage is shown in paren- 
theses. *Differs from other genotypes at p < 0.01 (Pearson ,$ test of probability). 

incubated with streptavidin-biotin-peroxidase (SABC Universal, 1:125 
dilution, Zymed, San Francisco, CA) in 1% BSA-PBS for 1 hr. After two 
washes in PBS and one wash in 50 mM Tris-Cl, pH 7.6, sections were 
processed for a standard diaminobenzidine (DAB) chromogen reaction 
(0.05% DAB and 0.0045% H,O, in 50 mM Tris-Cl, pH 7.6, for 6-8 min 
at RT) and mounted in Permount. 

RESULTS 
Behavioral response to KA in mice of varying 
~53 genotype 
Kainate injection produced seizures of comparable intensity and 
duration in animals irrespective of their ~53 status (Table 1). A 

FH 

(+/+I 

majority of animals exhibited strong to severe seizures during the 
first 2-3 hr after injection (Table 2). The patterns of these behav- 
ioral responses to kainate were similar to those reported previ- 
ously for rats and mice (Franck et al., 1988; Tasker et al., 1991). 
The relative percentage of animals exhibiting severe seizures 
(seizure ratings 2 and 3) in response to kainate was 81, 94, and 
79% for p53 +/+ mice, mice heterozygous for p53 (+/-), and 
-/- mice, respectively (Table 2). The absence of a significant 
genotype-associated difference in seizure severity suggests that the 
neurophysiological mechanisms underlying seizure generation are 
not dependent on p53 expression. 

The absence of p53 reduces neuronal cell death after 
kainate injection 
The role of ~53 in initiating neuronal degeneration was assessed 
by determining the extent of kainate-mediated injury in ~53 
knockout mice (-/-) and the corresponding +/+ mice. Kainate 
administration induced a significant degree of neuronal damage in 
all pyramidal cell subfields of the hippocampus (except in CA2) in 
+/+ mice (Tables 3, 4). Figures lC, 2C, and 3C,G illustrate the 
extensive cell and terminal degeneration of pyramidal neurons in 
CA3, CAl, and the subiculum seen with Fink-Heimer silver 
impregnation at 7 d after kainate administration. Neuronal dam- 
age in the CA3 subfield was observed as early as 8 hr after kainate 
administration. Fink-Heimer silver impregnation processing re- 
vealed significant CA3 subfield damage at days l-4 with maximal 

(-I-) 

Figure 1. Photomicrographs of kainate- 
induced cell damage in the hippocampus of 
~53 +/+ (A, C, E) and -/- (B, D, F) mice. 
A, Nissl (cresyl violet)-stained section 
through dorsal hippocampus, showing typi- 
cal pattern of cell degeneration and gliosis 
(arrowheads) in CAI, CA3b, and CA3c of 
+/+ mice 7 d after subcutaneous kainate 
administration. B, In comparable sections 
through hippocampus of -/- mice, the 
damage (if present) was confined to CA3b 
(arrowhead). C, Fink-Heimer impregnation 
shows argyrophilic pyramidal cell bodies (ar- 
row), and degenerating fibers and terminals 
(arrowheads) in the CA1 and CA3 subfields 
(a-c) of the wild-type mouse. Terminal de- 
generation was seen primarily in the den- 
dritic regions of the stratum oriens (O), stra- 
tum radiatum (R), and stratum moleculare 
(M). D, In p53-deficient mice, degeneration 
(when present) was restricted to CA3b. E, F, 
TUNEL labeling (as seen in dark-field), in- 
dicative of DNA fragmentation in apoptotic 
cells (arrowheads), is observed in stratum 
pyramidale (P) of the CA1 region of ~53 
+/+ mice (E) and is absent in ~53 -/- mice 
Q 4 d after kainate administration. Abbre- 
viations: CAl, CA3a,b,c hippocampal sub- 
fields; H, dentate hilus; CV, cresyl violet 
stain; FH, Fink-Heimer impregnation; T, 
TUNEL labeling. Scale bars, 300 ym. 
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Figure 2. Photomicrographs of kainate- 
induced cell damage in the CA1 subfield of 
p53 +I+ (A, C, E, G) and -I- (B, D, F, H) 
mice. A, B, Low-power view of the CA1 
subfield stained with cresyl violet 1 week 
after kainate administration. Note the pres- 
ence of pyknotic cells and gliosis in the p53 
+/+ mice (A), but the normal appearance 
of CA1 in -/- mice (B). C, D, Argyrophilic 
pyramidal cell bodies (arrows) and degen- 
erating fibers and terminals (urnx&euds) 
are seen in Fink-Heimer-impregnated ma- 
terial in the p53 +/+ mice (C), but are 
absent in sections from the p53 -/- mice 
(0). E, F, Higher-power micrographs show- 
ing neurons with shrunken cell bodies and 
pyknotic nuclei (arrows) in p53 +/+ mice 
(E), but the absence of such apoptotic fig- 
ures in p53 -/- mice (F). Pyramidal cells 
(PC) in the CA1 region of kainate-treated 
-/- mice retain a large, pale, oval-shaped 
nucleus without any signs of chromatin 
condensation. G, H, Significant numbers of 
TUNEL-labeled cells (n~ows) are dis- 
persed throughout the CA1 subfield of p53 
+/+ mice (G); no TUNEL-labeled cells 
were observed in p53 -I- mice (H) 4 d 
after kainate administration. Abbrevia- 
tions: M, stratum moleculare; 0, stratum 
oriens; P, stratum pyramidale; R, stratum 
radiatum; CV, cresyl violet stain; FH, Fink- 
Heimer impregnation; T, TUNEL labeling. 
Scale bars: A-D, 100 pm; E, F, 20 pm; G, 
H, 25 pm. 

FH 

cv 

T 

damage seen at 5-7 d after kainate administration. By day 10, 
degenerating cell bodies were barely detectable (none were de- 
tected by day 12) in the CA3 subfield with Fink-Heimer staining. 
Neuronal damage in the CA1 subfield was not observed until 3 d 
after kainate administration but also reached maximal levels at 1 
week after kainate administration. Damage was observed in both 
dorsal and ventral regions of the hippocampus but appeared to be 
somewhat more severe in dorsal hippocampus (Table 4). Damage 
to the dentate hilus was observed occasionally, whereas the CA2 
subfield appeared to be resistant to the excitotoxic effects of 
kainate, as reported previously (Nadler et al., 1978). Among the 
degenerating cell populations, cresyl violet staining showed neu- 
rons exhibiting chromatin condensation, consistent with the pro- 

cess of apoptotic cell death. Cells displaying this morphology, 
however, were restricted to the CA1 subfield of wild-type mice 
(Fig. 2E). 

In p.53 +/+ mice, kainate treatment also induced neuronal 
degeneration and cell loss in multiple extrahippocampal brain 
regions (Table 4, Fig. 4). Kainate-sensitive neurons were identi- 
fied in the amygdala, ca,udate-putamen, thalamus, and cortex 
based on the silver impregnation method (Fig. U-D). However, 
the hippocampus appeared to be the brain region most vulnerable 
to the effects of kainate, because neuronal degeneration was 
confined to the hippocampus when lower doses of kainate (25 
mg/kg) were administered (data not shown). 

The pattern and extent of neuronal damage did not differ 
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FH 

FH 

significantly between +/+ and +/- mice (Tables 2-4). This result 
implies the absence of a gene dosage effect and demonstrates that 
the presence of a single p53 gene is sufficient to confer neuronal 
vulnerability in response to kainate. 

p53 -/- mice were resistant to kainate-induced cell death 
(Tables 2-4). Nearly two-thirds (9114) of the p.53 -/- mice 
displayed no evidence of neuronal damage or degeneration in 
response to kainate administration (Table 4); in the remaining 
p53 -/- mice, damage was mild or moderate, but never severe. 
At 1 week after kainate treatment, the average neuronal damage 
rating for p53 -/- mice (0.78 t 0.26) was almost 3.5-fold lower 
than the damage rating for p53 +/+ (2.56 + 0.43) or +/- (2.81 ? 
0.40) mice. Even 12 d after kainate administration, most p53 -/- 

Figure 3. Photomicrographs of kainate- 
induced cell damage in the CA3 subfield of 
p53 +I+ (A, C, E, G) and -/- (B, D, F, H) 
mice. A, B, Cresyl violet stain of the CA3 
subfields (u-c) 1 week after kainate admin- 
istration, showing degenerated pyramidal 
cells (arrows) in CA3a-c of p53 +/+ mice 
(A) and CASLJ of p53 -/- mice (B). C, D, 
Many argyrophilic pyramidal cell bodies 
(arrows) and degenerating fibers/terminals 
(arrowheads) are seen in Fink-Heimer- 
impregnated sections through subfields 
CA3a and CA3b of p53 +/+ mice (C); in 
contrast, only mild damage is observed in 
the CA3b subfield (and in only one-third of 
the animals) in p53 -/- mice (0). E, F, In 
subfield CA3c, Nissl staining revealed sub- 
stantial pyramidal cell loss and gliosis in the 
CA3c subfield of p53 +/+ hippocampus 
(E); such damage of pyramidal cells is ab- 
sent in ~53 -/- mice (F). G, H, Silver 
impregnation confirmed massive kainate- 
induced damage to pyramidal cell bodies 
(arrows) and fibers/terminals (arrowheads) 
in the CA3c subfield in p53 +/+ mice (G); 
the silver impregnation method showed no 
such signs of degeneration in CA3c in ~53 
-/- mice (IX). Abbreviations: G, granule 
cell layer of the dentate gyrus; 0, stratum 
oriens; P, stratum pyramidale; R, stratum 
radiatum. Scale bars: A-D, 150 pm; E-H, 
100 pm. 

mice did not exhibit evidence of neuronal or terminal degenera- 
tion; in contrast, damage was seen as early as 8 hr after kainate 
administration in the wild-type mice and was maximal 5-7 d after 
kainate administration. When damage was observed in -I- mice, 
the cells most consistently affected were in the CA3b subfield of 
the hippocampus, where a small region of pyknotic neurons was 
seen (Fig. 3&D). Damage to this CA3b subfield was restricted to 
the dorsal hippocampus. The other hippocampal subfields did not 
show damage (Figs. 20,3F,H), with the exception of two animals 
that showed several isolated degenerating cells in the CA1 sub- 
field (data not shown). No evidence of neuronal damage or cell 
loss was observed in any extrahippocampal region of -I- mice 
(Table 4, Fig. 4). The limited damage that was present in the 
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Table 4. Regional distribution of neuronal damage after kainate 
administration to mice of varying p53 genotype 

Neuronal damage (no. animals) 

Genotype 

Region +/+ (n = 16) +/- (n = 16) -/- (n = 14) 

Hippocampus Dorsal Ventral Dorsal Ventral Dorsal Ventral 

CA1 10 6 11 8 2” 0 

CA2 0 1 0 0 0 0 

CA3a 3 6 2 9 0 0 

CA3b 11 6 13 8 5 0 

CA3c 3 3 2 2 0 0 

Dentate gyrus/hilus 3 4 0 

Extrahippocampal 

Cortex 8 7 0 

Thalamus 6 4 0 

Caudate-putamen 8 6 0 

Amygdala 6 5 0 

The total number of animals exhibiting ncuronal damage of any degree, for each 
genotype, was: +/+, 13116; +/F, 14116; -/-, 5114. Neuronal damage was assessed by 
cresyl violet staining and silver impregnation I week after kainate administration. 
“These two animals displayed a few, isolated damaged cells in CA1 and belong to the 
group of five pS3 -/- animals that exhibited damage in CA3. 

hippocampus of ~53 -/- mice could not be attributed to a lower 
level of seizure activity; when animals were matched for compa- 
rable seizure behavior scores, ~53 -/- mice displayed signifi- 
cantly less neuronal damage than mice containing p53 alleles 
(Table 2). These results strongly imply that ~53 influences neu- 
ronal viability after the induction of seizure activity. 

~53 enhances neuronal apoptosis 

p53 has been shown to promote apoptotic cell death in a number 
of non-neuronal cell types. Therefore, we investigated the possi- 
bility that ~53 promoted irreversible neuronal injury after kainate 
administration by inducing neuronal apoptosis. The TUNEL la- 
beling procedure, which is diagnostic for the appearance of DNA 
fragmentation, was used to identify apoptotic neurons (Wood et 
al., 1993; Gold et al., 1994; Symonds et al., 1994; Kasof et al., 1995; 
Portera-Cailliau et al., 1995). Labeled cells were not observed in 
the hippocampus of nontreated +/+ mice or wild-type control 
mice (saline-injected; data not shown). However, significant num- 
bers of hippocampal pyramidal neurons were labeled intensely by 
the TUNEL method at 3 and 4 d after kainate treatment (Figs. 
lE, 2G). Labeled cells were not detected before or after this time. 
Interestingly, in the hippocampus, cells labeled by the TUNEL 
method were detected almost exclusively in the CA1 subfield 
despite the large number of degenerating neurons detected in the 
CA3 subfields by the cresyl violet stain and the silver impregnation 
method. Cresyl violet staining confirmed that neurons exhibiting 
morphological evidence of apoptosis-condensed nuclei and 
shrunken cell bodies-were restricted to the CA1 subfield of the 
hippocampus (Figs. 2E, 3A,E). A small number of labeled cells 
was observed in the CA3b subfield in a single animal. In contrast 
to the wild-type mice, CA1 pyramidal neurons in the hippocampus 
of ~53 -/- mice did not exhibit apoptotic labeling after kainate 
administration (Fig. lF, U-I). As a positive control for this “neg- 
ative” finding, a section of hippocampus from a kainate-treated 
~53 -/- mouse was incubated with DNase to generate DNA 
breaks in every cell; TUNEL labeling after DNase treatment 

produced staining in every cell (data not shown), confirming that 
the labeling procedure identified DNA breaks in -/- mouse 
sections. 

Extrahippocampal regions in wild-type mice also exhibited ev- 
idence of apoptosis after kainate injection. The kainate-sensitive 
neurons in the caudate-putamen, amygdala, and the thalamus of 
~53 +/+ mice showed TUNEL labeling (data not shown), con- 
sistent with the results of the silver impregnation method. In 
marked contrast, ~53 -/- mice did not display evidence of 
TUNEL labeling in any brain region examined after kainate 
administration. 

DISCUSSION 

We have used transgenic mice deficient in one or both ~53 alleles 
to examine the effect of ~53 loss on neuronal viability after 
excitotoxic injury. A relationship between ~53 expression and 
irreversible neuronal injury has been suggested by the recent 
finding that kainate administration induced ~53 expression in 
neurons exhibiting morphological evidence of damage (Sakhi et 
al., 1994). Evidence obtained from the present study suggests the 
following: (1) ~53 promotes irreversible neuronal damage after 
excitotoxic injury; (2) ~53 may confer susceptibility to cell death 
by multiple pathways, for example, apoptosis versus necrosis; and 
(3) neuronal cell death also can be initiated by p53-independent 
pathways as evidenced by apoptotic cell death observed in a 
tumor-bearing -/- mouse (see below). Because the lack of ~53 
did not significantly alter the intensity or duration of seizures 
induced by kainate, we conclude that ~53 expression does not play 
a role in the generation of these seizures; our results suggest that 
~53 compromises neuronal viability after seizure induction. 
Whereas it is not yet clear whether ~53 induction represents a 
generalized response to a range of CNS insults, it is clear from the 
present study that ~53 can modulate neuronal viability in response 
to excitotoxic insult. 

The precise nature of the cell death pathway activated in 
response to ~53 induction has not yet been determined. There is 
presently a diversity of opinions regarding the type of cell death 
that is activated in response to CNS injury and disease. Whereas 
excitotoxic injury to the hippocampus, analogous to the model 
used in the present study, has been reported to involve only 
necrosis of pyramidal neurons (Ignatowicz et al., 1991) there is 
also recent evidence for induction of apoptosis (Kasof et al., 
1995). Apoptotic cell death also has been demonstrated in the 
striatum after direct injection of excitotoxin (Portera-Cailliau et 
al., 1995) and in CA1 pyramidal neurons after transient ischemia 
(Nitatori et al., 1995). An apoptotic mechanism of cell death also 
has been proposed for the demise of striatal spiny neurons in 
Huntington’s disease (Portera-Cailliau et al., 1995). 

The two major types of cell death have been distinguished 
based on specific morphological criteria. Apoptosis has been 
characterized, in part, by perinuclear chromatin condensation and 
endonuclease-mediated internucleosomal DNA fragmentation 
into a “ladder” pattern. Nuclear changes indicative of DNA 
fragmentation have been detected in situ, using the TUNEL 
method (Gavrieli et al., 1992). In the present study, TUNEL- 
positive neurons were observed only in kainate-treated mice con- 
taining ~53. TUNEL-positive cells in the hippocampus were re- 
stricted almost entirely to the CA1 subfield despite the significant 
degree of degeneration detected in CA3 pyramidal neurons using 
the silver impregnation method. These results suggest that ~53 
promotes cell death via multiple pathways-apoptotic cell death 
in CA1 neurons and necrotic cell death in CA3 neurons. The 
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Figure 4. Regional distribution of kainate-induced cell damage in p53 +/+ and -/- mice. Al, A2, Cresyl violet (0) staining and Fink-Heimer (FH) 
silver impregnation reveal the wide extent of extrahippocampal damage observed in ~53 +/+ mice. Significant degeneration is seen with the Fink-Heimer 
method (A2) in the parietal neocortex (IV), amygdala (A), caudate-putamen (CP), and thalamus (7). Extensive damage to the hippocampal formation 
is also present (HF-CA1 subregion). A3, A4, Cresyl violet staining and Fink-Heimer impregnation show little extrahippocampal damage in ~53 -/- mice. 
Note, however, the development of an aberrant granule cell formation in the dentate gyrus of the p53 -/- animal (A3, A4, arrowhead). Higher-power 
micrographs through selected brain regions show cresyl violet staining (columns I and 3) and Fink-Heimer impregnation (columns 2 and 4) in p53 +/+ 
(columns 1 and 2) and p53 -/- (columns 3 and 4) animals. Row B, Neocortex; row C, caudate-putamen; row D, amygdala. Only the p53 +/+ mice showed 
significant cell loss, pyknotic cells (U~KWS) and degenerating fibers/terminals (arrowheads). Normal pyramidal cells in p53 -/- mice are denoted by uwows 
in B3 and B4. Limited staining by the silver impregnation method is occasionally observed in normal fibers contained within white matter tracts (e.g., 
corpus callosum, fimbria, internal capsule) of nontreated animals (Heimer, 1970) as seen in ~53 -/- animals (column 4). Scale bars: Al-A4, 500 pm; 
BI-D4,50 pm. 
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absence of TUNEL-positive neurons in ~53 -/- mice after kain- 
ate administration indicates that the regionalized degeneration 
observed in CA3b, as revealed by the silver impregnation method, 
is likely caused by necrotic cell death. 

Interestingly, one p53 -I- mouse presented with a spontane- 
ous brain tumor that severely compressed both hippocampi. This 
animal exhibited significant numbers of TUNEL-positive neurons 
in the subiculum and CA1 subfield. Because this was the only ~53 
-/- mouse to exhibit TUNEL labeling, the induction of apoptotic 
cell death in this mouse could have been caused by compression- 
induced ischemia or by tumor-derived factors. This result demon- 
strates that, under the appropriate circumstances, it is possible to 
induce neuronal apoptosis in the absence of ~53, and it raises the 
intriguing possibility that different kinds of brain pathology may 
produce neuronal degeneration by initiating distinct, nonoverlap- 
ping cell death pathways. For example, the absence of p.53 does 
not confer protection on embryonic sensory and sympathetic 
neurons after the withdrawal of neurotrophins (Davies and 
Rosenthal, 1994). In addition, Bcl-2 has been found to protect 
neurons from glutamate-induced damage but not damage induced 
by the amyloid-P protein (Behl et al., 1993). Irrespective of the 
type of cell death that ultimately ensues (apoptosis vs necrosis), 
the initiation of irreversible neuronal injury appears to involve 
specific changes in gene expression. The results of the present 
study suggest that ~53 gene expression is related to at least one 
pathway regulating neuronal vulnerability after injury. 

The mechanism by which ~53 promotes neuronal cell death is 
not understood. The p53 protein can function as a site-specific 
transactivator or repressor of transcription (Kern et al., 1991; Seto 
et al., 1992). Two genes susceptible to regulation by ~53 are Bcl-2 
and Bax, which exhibit repression and activation, respectively 
(Miyashita et al., 1994a,b, 1995). Bcl-2 blocks cell death after a 
variety of stimuli (Vaux et al., 1988; Allsopp et al., 1993; Behl et 
al., 1993; Hockenbery et al., 1993; Kane et al., 1993; Martinou et 
al., 1994; Strasser et al., 1994), whereas overexpression of Bax 
accelerates apoptotic cell death (Oltvai et al., 1993). The suscep- 
tibility of cells to an apoptotic stimulus is thought to be deter- 
mined, in part, by the ratio of Bcl-2 and Bax proteins. If  ~53 
induction causes Bcl-2 repression and Bax activation, then Bax 
would predominate, yielding a condition that accelerates cell 
death. However, the mechanism by which B&2 blocks cell death 
is also poorly understood. One pdtential consequence of a reduc- 
tion in Bcl-2 could be an elevation in the intracellular levels of 
free radicals, because Bcl-2 has been reported to suppress the 
generation of reactive oxygen species (Hockenbery et al., 1993; 
Kane et al., 1993). 

Although Bcl-2 is not expressed in adult hippocampal neurons 
(Merry et al., 1994), Bcl-x,, a Bcl-2-related gene that blocks cell 
death, recently has been identified in these cells (Boise et al., 
1993; Krajewski et al., 1994). Mice deficient in Bcl-x display 
extensive apoptotic cell death in immature neurons, underscoring 
the importance of Bcl-x, to neuronal survival (Motoyama et al., 
1995). The Bax protein also is localized to neurons (Miyashita et 
al., 1994a; Krajewski et al., 1994b), and preliminary results from 
our laboratory have demonstrated that Bax immunoreactivity is 
elevated in neurons of ~53 +/+ mice after kainate administration 
(Y. Kinoshita and R. Morrison, unpublished data). Therefore, 
components of a p53-related cell death pathway are present in 
hippocampal pyramidal neurons. 

The signal responsible for inducing ~53 in injured neurons is 
not known presently. When proliferating cells sustain DNA dam- 
age, the ~53 protein is accumulated, causing either cell cycle arrest 

or apoptosis. In the absence of growth arrest at the Gl/S interface, 
cells may lack the opportunity to repair damaged DNA before 
progressing into the DNA-synthetic phase of the cell cycle. Thus, 
the loss of wild-type ~53 function may render cells more suscep- 
tible to genetic instability, predisposing them to neoplastic trans- 
formation. Because neurons are postmitotic cells, the generation 
of extensive DNA damage may allow for only a single outcome, 
cell death. Mechanisms for sensing DNA damage and regulating 
DNA repair in neurons have not been elucidated. Recent evi- 
dence suggests that DNA strand breaks, but not other DNA 
lesions, are capable of inducing ~53 accumulation (Jayaraman and 
Prives, 1995; Lee et al., 1995). Any form of neuronal injury that 
produced an excess of free radicals could generate DNA strand 
breaks (Halliwell and Gutteridge, 1989), which then could provide 
a signal for activating ~53. 

The extent of DNA damage that is required for ~53 activation 
is not known, but it is conceivable that the critical degree of 
damage is sufficient to preclude maintenance of appropriate tran- 
scriptional activity. Such an insult could prove deleterious to more 
than just the injured cells, because a given neuron shares complex 
connections with multiple cell types. Indeed, it may prove more 
beneficial to remove the injured member of the pathway than to 
retain it in a functionally compromised form. Appreciation of this 
complex and relatively unique characteristic of neurons could 
become an issue as therapies for promoting neuronal survival 
after a stroke or ischemic injury are targeted to components of a 
cell death pathway that is activated by DNA damage. Because a 
vast majority of p53-deficient hippocampal neurons survive an 
injury (excitotoxic insult) that presumably damages DNA and 
activates ~53 in wild-type mice, it will be important to determine 
whether neuronal survival is maintained at the expense of func- 
tional integrity. I f  neuronal function is not compromised, then ~53 
and related members of this pathway may provide new targets for 
reversing the excitotoxin-mediated neuronal degeneration that is 
thought to be related to several neuropathological disorders. 
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