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p73 Is Required for Survival and Maintenance of CNS Neurons
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Here, we show that the p53 family member, p73, is necessary
for survival and long-term maintenance of CNS neurons, in-
cluding postnatal cortical neurons. In p73—/— animals, cortical
neuron number is normal at birth but decreases significantly by
postnatal day 14 (P14)-P16 because of enhanced apoptosis.
This decrease continues into adulthood, when p73—/— animals
have approximately one-half as many cortical cells as their
wild-type littermates. Cortical neurons express the ANp73a
protein, and overexpression of ANp73 isoforms rescues cortical
neurons from diverse apoptotic stimuli. Thus, ANp73 isoforms
are survival proteins in cortical neurons, and their deletion
causes a gradual loss of cortical neurons in the weeks and
months after birth. This decrease in CNS neuron number in

p73—/— animals is not limited to the cortex; facial motor neuron
number is decreased, and postnatal development of the olfac-
tory bulb is greatly perturbed. These findings, together with our
previous work showing that ANp73 is essential for survival of
peripheral sympathetic neurons (Pozniak et al., 2000), indicate
that p73 isoforms are essential survival proteins in CNS as well
as PNS neurons, and that they likely play a role not only during
developmental cell death but also in the long-term maintenance
of at least some adult neurons.

Key words: p73; p53; cortical neurons; facial motor neurons;
olfactory bulb; neuronal survival; neuronal development; neuronal
apoptosis; neuronal degeneration; camptothecin; PI3-kinase

Neurodegenerative disorders are characterized by an enhanced
rate of neuronal apoptosis in the CNS, resulting in devastating
loss of function. Although the intracellular mechanisms that
regulate peripheral neuron survival have been intensively stud-
ied, less is known of the signaling mechanisms that determine the
life versus death of CNS neurons. One protein known to play an
important role in regulating neuronal survival in both the PNS
and CNS is the p53 tumor suppressor protein (for review, see
Miller et al., 2000; Morrison and Kinoshita, 2000). Overexpres-
sion of p53 is sufficient to cause the death of a variety of neurons
(Slack et al., 1996; Xiang et al., 1996; Jordan et al., 1997; Miller et
al., 2000; Morrison and Kinoshita, 2000), and studies of p53—/—
animals have shown that it is essential for developmental death of
sympathetic neurons (Aloyz et al., 1998) and injury-induced
death of cortical and hippocampal neurons (Morrison et al., 1996;
for review, see Miller et al., 2000; Morrison and Kinoshita, 2000).
p53 fulfills this pivotal function by integrating diverse extracel-
lular stimuli and subsequently regulating the neuronal apoptosis
decision upstream of the Bcl2 family, Apafl, and caspases.

We have demonstrated recently that the apoptotic function of
pS3 in neurons is modulated by a second family member, p73
(Pozniak et al., 2000). Full-length isoforms of p73 (TAp73) are
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structurally similar to p53 and, like p53, act as transcription
factors that can induce cellular apoptosis (Jost et al., 1997,
Kaghad et al., 1997; Stiewe and Putzer, 2001). However, the
predominant isoforms of p73 in vivo are truncated proteins that
lack the N-terminal transactivation domain (ANp73) (Pozniak et
al., 2000; Yang et al., 2000). These truncated ANp73 variants
function as naturally occurring dominant-inhibitory proteins and
can inhibit the transcriptional activity of both p53 and TAp73
(Yang et al., 2000; Fillippovich et al., 2001; Grob et al., 2001). In
this regard, we demonstrated previously (Pozniak et al., 2000)
that overexpression of ANp73 isoforms inhibited sympathetic
neuron apoptosis caused by NGF withdrawal or p53 overexpres-
sion, and that developmental death of sympathetic neurons was
enhanced in p73—/— animals. Because the only detectable iso-
form of p73 in sympathetic neurons was ANp7383, a molecule
whose levels are upregulated by NGF (Pozniak et al., 2000), then
these findings indicated that ANp73 functions in the developing
PNS as an essential anti-apoptotic molecule, potentially by antag-
onizing the proapoptotic functions of p53.

These findings led us to hypothesize that p73 might also function
as an essential prosurvival molecule in CNS neurons. To test this
hypothesis, we have examined a number of neuronal populations,
including cortical neurons and facial motor neurons in p73—/—
animals. We report here that p73 is essential for development and
long-term maintenance of normal neuron numbers in at least some
CNS structures, including the cortex, olfactory bulb, and facial
motor nucleus. Thus, ANp73 isoforms function as essential prosur-
vival molecules in both the CNS and PNS and are important not
just during the period of developmental death but also for the
maintenance of at least some populations of adult neurons.

MATERIALS AND METHODS

Histological and immunocytochemical analysis. Maintenance and geno-
typing of p73—/— animals were performed as described previously
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(Pozniak et al., 2000). For histological analysis, animals were perfused
with 4% paraformaldehyde, and brains were cryoprotected, sectioned,
and Nissl stained as described previously (Majdan et al., 1997). Immu-
nostaining and terminal deoxynucleotidyl transferase-mediated biotinyl-
ated UTP nick end labeling (TUNEL) were performed essentially as
described previously (Majdan et al., 2001). Neuronal-specific nuclear
protein (NeuN) immunocytochemistry (1:200; Chemicon, Temecula,
CA) was performed using the Mouse-on-Mouse blocking kit (Vector
Laboratories, Burlingame, CA) and a streptavidin-CY3-conjugated sec-
ondary antibody (1:2000; Jackson ImmunoResearch, West Grove, PA).

For quantitation of cortical thickness, sections were measured from the
corpus callosum to the pial surface using image analysis. For quantitation
of relative mean cell or neuron numbers, equivalent fields from three
cortical levels (see Fig. 2¢) were chosen, and the number of Nissl- or
NeuN-stained cells was quantified in a cortex strip spanning 574 um for
postnatal day 1 (P1)-P3 and P14-P16 brains and 287 wm for adult brains.
Cell density was calculated using the area and cell-count measurements.
For quantitation of TUNEL, equivalent coronal sections at the caudal
level were selected, and all of the TUN EL-positive cells within the cortex
were counted. All digital image acquisition and analysis was performed
with Northern Eclipse software (Empix) using a Sony (Tokyo, Japan)
XC-75CE CCD video camera.

Distribution of neurons in the brainstem and cerebellum was plotted
using a system for image analysis consisting of a light microscope (BX40;
Olympus Optical, Tokyo, Japan), equipped with an X-Y movement-
sensitive stage (BioPoint XYZ; LEP, Hawthorne, N'Y), a z-axis indicator
(MT12 microcator; Heidenhain, Traunreut, Germany), and a video cam-
era (DC200; Dage-MTI, Michigan City, IN) coupled to a computer
containing Stereo Investigator software (Microbrightfield, Colchester,
VT). This software allows the region of interest to be outlined at low
magnification and cells to be plotted within these outlines after evalua-
tion at high magnification (100X magnification; numerical aperture, 1.3)
(Luk and Sadikot, 2001).

An unbiased stereological technique, the optical fractionator (West et
al., 1996; Luk and Sadikot, 2001), was used to estimate neuron number
and volume in the facial nucleus. The facial nucleus was seen over a
rostrocaudal distance of 360 um at P1 and 405 wm at P14 [equivalent to
plates 16-21; atlas of Jacobowitz and Abbott (1998) for P1 and bregma
—5.68 to —6.48 mm; atlas of Franklin and Paxinos (1997) for P14]. Every
fourth 40- or 45-um-thick section from P1 and P14 mice, respectively, was
examined throughout the facial nucleus. Systematic random sampling of
the facial nucleus was performed by randomly translating a grid with
100 X 100 wm squares onto the section of interest using the Stereo
Investigator software. An optical dissector with a brick size of 30 X 30 X
5 pm with exclusion lines (1-3) was applied at each sampling site at the
intersection of the grid lines. All randomly distributed computer-
generated sampling sites were examined using the 100X objective. Large
cells with a distinct nucleus that fell within the counting brick and not
intersecting the exclusion lines were enumerated. Estimates of the total
number of facial neurons were generated in each animal using the Stereo
Investigator software.

The number of neurons in the lateral (dentate) deep cerebellar nucleus
(DCN) was determined in a single section corresponding to bregma
—5.80 mm in the adult mouse atlas of Franklin and Paxinos (1997).
Profile counts were used, and glia were excluded based on cell size (<7
wm diameter). Statistics were performed using a two-tailed unpaired
Student’s ¢ test.

Analysis of cortical neuron cultures. Primary cortical neuron cultures
were obtained from embryonic day 16 (E16) to E17 mice as described
previously (Wartiovaara et al., 2002). At 6 d in vitro (DIV), cultures were
harvested for biochemical analysis or infected with 100 multiplicities of
infection of replication-deficient adenoviruses expressing Escherichia coli
B-galactosidase (Toma et al., 2000) or green fluorescent protein (GFP)-
tagged ANp73a or ANp738 (Pozniak et al., 2000). At 2 d after infection,
one-half of the media were replaced by fresh media containing 10 uM
camptothecin or 75 uM LY294002, and the neurons were incubated at
37°C for 24 hr. TUNEL was performed as described previously (Toma et
al., 2000). For visualization of infected cells, the ANp73 adenoviruses
express GFP from a second cistron (Pozniak et al., 2000), whereas
B-galactosidase-infected neurons were immunostained as described pre-
viously (Wartiovaara et al., 2002). Immunocytochemistry for activated
caspase-3 was performed as for B-galactosidase, using an antibody spe-
cific for the cleaved protein (1:1000; Cell Signaling Technology, Beverly,
MA) and a CY3-conjugated anti-rabbit secondary antibody (1:400; Jack-
son ImmunoResearch). For quantitation, four to six random images of
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each treatment (per experiment) were captured and processed, using
Northern Eclipse software (Empix).

Western blot analysis. Two-dimensional separation and Western blot
analysis of endogenous p73 protein were performed as described previ-
ously (Pozniak et al., 2000), using the ER-15 (1:50; Neomarkers, Fre-
mont, CA) p73 antibody and a secondary goat anti-mouse HRP antibody
(1:5000; Amersham Biosciences, Arlington Heights, IL). Expression of
exogenous full-length p73, ANp73«, and ANp738 was achieved using
recombinant adenoviruses encoding these proteins to infect human em-
bryonic kidney 293 cells, as described previously (Pozniak et al., 2000).

RESULTS

ANp73 is expressed by cortical neurons and rescues
them from diverse apoptotic stimuli upstream of
caspase-3 activation

To determine whether p73 might play a role in regulating survival
of CNS neurons, as it does those in the PNS, we focused on
cortical neurons. Initially, we characterized the expression of p73
isoform(s) in the developing cortex. Two-dimensional gel elec-
trophoresis and Western blotting of lysates of E19 cortical tissue
from p73+/+ and p73—/— animals (Fig. 1a) revealed that only
the truncated, ANp73« isoform was expressed at detectable levels
(Fig. 1a). Similar results were obtained when we analyzed highly
enriched cultures of E17 cortical neurons that were maintained
for 6 DIV (data not shown). On the basis of these findings, we
then asked whether ANp73a functioned as an anti-apoptotic
molecule in cortical neurons as it does in sympathetic neurons
(Pozniak et al., 2000). To perform these experiments, cultured
cortical neurons were infected with recombinant adenoviruses
expressing ANp73a or ANp73p; these viruses also express GFP as
a marker (Pozniak et al., 2000). As a control, neurons were
infected with an adenovirus expressing B-galactosidase. Two days
later, neurons were then exposed to one of two apoptotic stimuli:
the DNA-damaging agent camptothecin, which causes apoptosis
via a p53-dependent mechanism (Enokido et al., 1996), or the
phosphatidylinositol 3 (PI3)-kinase inhibitor L.Y294002, which
interrupts the essential PI3-kinase survival pathway (Hetman et
al., 1999). TUNEL 1 d later revealed that overexpression of either
ANp73 isoform was sufficient to protect cortical neurons from
apoptosis induced by either of these treatments (Fig. 1b,c); >40%
of B-galactosidase-expressing neurons were TUNEL positive af-
ter camptothecin or LY294002 treatment, whereas <5% of neu-
rons expressing ANp73a or ANp7383 were positive.

One way that ANp73 isoforms rescue cells from apoptosis is by
interference with the apoptotic actions of p53. To determine
whether ANp73 rescued cortical neurons from apoptosis up-
stream of caspase activation, as would be predicted if it func-
tioned at the level of p53 (Cregan et al., 1999), we performed
similar rescue experiments and then immunostained cortical neu-
rons for activated caspase-3 (Fig. 1b). These studies revealed that,
as seen with TUNEL, both camptothecin and LY294002 led to
caspase-3 activation in uninfected or B-galactosidase-infected
neurons, whereas overexpression of either ANp73 isoform was
sufficient to prevent this activation (Figs. 1b,d). Thus, ANp73« is
expressed by cortical neurons and is sufficient to inhibit their
apoptosis in response to p53 activation or interruption of the
PI3-kinase survival pathway at a level upstream of caspase-3
activation.

Enhanced apoptosis causes a decrease in cortical
neuron number during the first 2 postnatal weeks in
p73—/— animals

We have observed previously enhanced sympathetic neuron ap-
optosis in p73—/— mice during the period of naturally occurring
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Figure 1. ANp73«, the predominant p73
isoform in the developing cortex, rescues cor-
tical neurons from apoptosis induced by
DNA damage or inhibition of the PI3-kinase
survival pathway. a, Two-dimensional West-
ern blot analysis of lysates of E19 cortex from
p73+/+ versus p73—/— animals, probed with
an antibody to all p73 isoforms (left two
panels). The brackets indicate a spot found
only in the p73+/+ cortex and that migrates
at the same size and the same pl as ANp73a.
The right panel is a similar analysis of exoge-
nous full-length p73a (FLp73a), ANp73a,
and ANp73B. b, Photomicrographs of postmi-
totic cortical neurons infected with recombi-
nant adenoviruses expressing -galactosidase
(LacZ) or ANp73a, treated with 10 uM camp-
tothecin or 75 um LY294002 (LY) for 24 hr,
and then analyzed by TUNEL (left four pan-
els) or by immunostaining for the active,
cleaved form of caspase-3 (right four panels).
Arrowheads indicate B-galactosidase-positive
cells that colocalize either with TUNEL or
cleaved caspase-3 immunoreactivity, where-
as the arrows indicate ANp73a-positive cells
that are not positive for either TUNEL or
caspase-3. Scale bars, 100 um. ¢, Quantita-
tion of TUNEL data similar to that shown in
b. Results are shown from three independent
experiments (Expt. 1, 2, or 3) and show the
percentage of infected cells that were TUNEL
positive. d, Quantitation of cleaved caspase-3
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sympathetic neuron death (Pozniak et al., 2000). To determine
whether a similar phenomenon occurs in the CNS of p73—/—
animals, we examined the forebrains of p73—/— versus p73+/+
littermates at two periods: P1-P3 and P14-P16. Nissl staining of
coronal sections revealed that the forebrains of P1-P3 p73—/—
animals were grossly normal in structure, although the hippocam-
pus was disorganized (Fig. 2a), as reported previously (Yang et
al., 2000). Higher magnification analysis indicated that the orga-
nization of the cortical mantle was relatively normal in p73—/—
animals (Fig. 2b,d) but that by P14-P16, the lateral ventricles
were enlarged, and the cortical mantle was thinner (Fig. 2a,c),
with no apparent increase in cortical cell density (Fig. 2c.d).
Moreover, the brain weights of P14-P16 p73—/— animals were
reduced by ~20% relative to wild-type and heterozygous animals

LY Camptothecin

[mean values for p73+/+ brains, 0.36 gm (n = 2); p73+/— brains,
0.35 gm (n = 7); p73—/— brains, 0.29 gm (n = 3)].

To determine whether, as predicted by these findings, cortical
cell numbers were decreased in the P14-P16 p73—/— cortex, we
chose three different levels of the cortex relative to easily identi-
fiable landmarks (Fig. 2¢) to quantitate the total number of
Nissl-stained cells in a strip 573 wm wide extending from the
corpus callosum to the pia. This analysis demonstrated that, at
P1-P3, the number of cortical cells in p73—/— versus p73+/+
animals was similar at all three cortical levels (Fig. 2f; Table 1),
with a small, statistically significant increase in relative cell num-
ber at the caudal level. In contrast, by P14-P16, the mean relative
number of cortical cells was significantly reduced at both the
caudal and lateral levels in p73—/— animals in comparison with
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Figure 2. Absence of p73 leads to a loss of cortical neurons during the first
2 postnatal weeks. a, Photographs of coronal forebrain sections of P1-P3
and P14-P16 p73+/+ and p73—/— mice stained with cresyl violet. b, c,
Photomicrographs of p73+/+ or p73+/— versus p73—/— Nissl-stained
coronal sections of the cortex at P1 (b) and P14-P16 (c). The cortical layers
are denoted on the right of c. Scale bars: b, 200 um; ¢, 150 um. d, Higher
magnification photomicrographs of Nissl-stained coronal sections showing
that, at P1-P3, the gross structure of the cortex and cell density are similar
in p73+/+ versus p73—/— animals and that, at P14-P16, there is no
apparent increase in cell density. e, Relative cell number was determined by
quantitating the total number of Nissl-stained cells in 574 um (P1-P3 and
P14-P16) or 287 um (adult) strips at the rostral, caudal, and lateral levels
shown in these schematic diagrams. f, g, Graphs showing the mean relative
cell number at the rostral (R), caudal (C), and lateral (L) levels in coronal
sections of the p73+/+ (black bars) and p73+/— (hatched bars) versus
p73—/— (striped bars) cortex at P1-P3 (f) and P14-P16 (g). Asterisks are for
statistical comparisons with the p73+/+ numbers. 4, i, Graphs showing
cortical thickness (/) and relative cell density (mean cell number per mean
cell area) in cells per 1000 wm? (i) at the rostral, caudal, and lateral levels
in p73+/+ (black bars) versus p73—/— (striped bars) cortex. In all graphs
except i, results represent mean = SEM. *p < 0.05; **p < 0.005; ***p <
0.001. In i, no error bars are shown because the relative cell density was
calculated and not directly measured.
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wild-type littermates (Fig. 2g; Table 1). Interestingly, a statisti-
cally significant decrease in cell number was also observed in
p73+/— cortex at the caudal level (Fig. 2g). Quantitation of
cortical thickness revealed that it too was reduced at all three
levels in p73—/— animals (Fig. 2A; Table 1), whereas cortical
density was not altered (Fig. 2i). Thus, P14-P16 p73—/— brains
displayed decreased cortical thickness, and this decrease was
attributable to a loss of cells in the first 2 postnatal weeks.

To determine whether the Nissl-stained cortical cells lost be-
tween P1-P3 and P14-P16 were neurons, we performed a similar
quantitative analysis after immunostaining with the panneuronal
marker NeuN (Fig. 3a—c). As seen with Nissl staining, NeuN
immunostaining revealed that cortical thickness, density, and
neuron number were grossly similar in the cortex of p73—/— and
p73+/+ animals at P1-P3 (Fig. 3a). Quantitation of NeuN-
positive neurons at the rostral, caudal, and lateral levels sup-
ported this conclusion (Fig. 3d; Table 1). In contrast, NeuN
staining at P14-P16 confirmed that the cortical mantle was thin-
ner (Fig. 3b,c), and quantitation of these immunostained sections
for relative neuron number revealed a significant loss of neurons
at all three levels of the cortex in the absence of p73 (Fig. 3e;
Table 1).

To determine whether the observed neuronal loss was caused
by apoptosis, we performed TUNEL on coronal forebrain sec-
tions at P4-P6 (Fig. 3f), a time point immediately succeeding the
time (P1-P3) when cortical neuron number was normal. To quan-
titate the results, TUNEL-positive cells were counted throughout
the extent of the cortex at the caudal level. This quantitation
revealed that apoptosis was increased approximately threefold in
the cortex of p73—/— versus p73+/+ animals (mean *= SE:
p73+/+, 135 = 6; p73—/—, 347 = 49; p < 0.006; n = 3 for both
groups) (Fig. 3f). Thus, the absence of p73 leads to enhanced
apoptosis and loss of cortical neurons in the first 2 postnatal
weeks.

Cell number is further reduced in the mature

p73—/— cortex

We then attempted to determine whether this loss of cortical
neurons also occurred after P14-P16. Although most p73—/—
animals die by P21 (Yang et al., 2000), a small proportion survive
into adulthood. These adult p73—/— (aged 6-12 weeks) animals
were somewhat smaller than age-matched littermate controls and
displayed some gait abnormalities and weakness, although they
were able to feed normally. These animals did not display any
enlargement of the skull; their brains were smaller than those of
control littermates, and the cortical hemispheres were translu-
cent, consistent with significant tissue loss (see Figs. 4a, 6a).
Coronal sections at the level of the forebrain revealed a gross
enlargement of the lateral ventricles and a significant thinning of
the cortical mantle, particularly at the lateral levels (Fig. 4a.b).
This thinning of the cortex was not accompanied by an increase in
cell density (Fig. 4c¢). Of the seven animals analyzed, four dis-
played an extremely thin cortical mantle (Fig. 4a,b, middle panels),
whereas three displayed a somewhat less dramatic phenotype
(Fig. 4b, bottom right panel ). This variability might be attributable
to differences in compensation by the related family member p63
(Yang et al., 1998), which is also expressed in the cortex as a
ANp63 isoform (Govoni et al., 2001).

Higher magnification analysis revealed that the dramatic thin-
ning of the cortex observed in p73—/— animals was apparently
not accompanied by an increase in cell density but was instead
attributable to the loss of Nissl-stained cells (Fig. 4c). NeuN
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Table 1. Quantification of relative cell, neuron number, and cortical thickness

Relative cell number

Relative neuron number

Age and genotype Rostral Caudal Lateral Rostral Caudal Lateral
P1-P3 +/+ 1072 + 103 1062 = 34 939 = 85 947 = 57 821 = 14 903 = 65
—/= 1098 + 68 959 =+ 35¢ 917 = 32¢ 827 + 12°¢ 885 + 44/
(+15%)
P14-P16 +/+ 1201 £ 164 1098 = 47 1121 £ 91 1218 £33 1218 £ 73 921 =7
+/— 1163 £ 41 934 + 458 941 = 107
(—=15%)
—/= 1050 + 44" 799 = 458 678 = 41° 989 + 45* 733 + 47 740 = 24™
(—13%) (—=27%) (—40%) (—19%) (—40%) (—20%)
Adult +/+ 771 = 18 793 = 68 619+ 6
—/= 437 £ 20" 448 *+ 23¢ 404 = 87
(—43%) (—44%) (—35%)
Cortical thickness
(pm)
P14-P16 +/+ 1098 = 60 864 = 17 867 = 57
—/= 837 = 307 661 * 23" 627 * 16°
(—24%) (—=25%) (—30%)

Values represent the mean = SEM. (%) represents cell loss (—) or increase (+) relative to p73+/+. p obtained using Student’s ¢ test.

ap = 0.42; bp < 0.05; °p = 0.42; n = 3 for each genotype.
4p +0.33;°p = 0.37;/p = 0.42; n = 3 for each genotype.

8 < 0.05; "p = 0.22; ip < 0.05;7p < 0.05; p73+/+,n = 3; p73+/—, n = 4 p73—/—, n = 5.

kp < 0.005; 'p < 0.005; "p < 0.005; p73+/+,n = 3; p73—/—,n = 4.
"p < 0.005.

°p < 0.005; p73+/+,n = 4; p73—/—,n = 6.

Pp < 0.005; n = 3 for each genotype.

9p < 0.05;’p < 0.001; *p < 0.05; p73+/+,n = 4; p73—/—,n = 6.

immunostaining supported the conclusion that many of the Nissl-
stained cells that were lost were neurons (Fig. 5a). Moreover, the
p73—/— neurons that remained at this age appeared to be smaller
in size as a population (Fig. 5a), although NeuN immunostaining
did not allow us to distinguish whether this was attributable to a
general decrease in cell size or to an enhanced loss of larger
projection neurons. To quantitate these findings, we determined
relative cell numbers in a 287-um-wide strip at the caudal and
lateral levels in six p73—/— animals, including animals that dem-
onstrated both the severe and more moderate phenotypes (Fig.
4b). This analysis showed that relative Nissl-stained cell numbers
were decreased 43 and 44% at the caudal and lateral levels,
respectively, in the p73—/— cortex (Fig. 5b; Table 1). For com-
parison, at P14-P16, relative cell numbers were 27 and 40% lower
in p73—/— animals at these same two levels (Table 1). A similar
quantitative analysis of NeuN-positive neurons at the lateral level
of the adult cortex revealed that the relative neuron number was
also decreased by ~35% in p73—/— animals (Fig. 5c; Table 1).
For comparison, at P14-P16, relative neuron numbers were 20%
lower at this level in p73—/— animals (Table 1). Thus, cells are
lost between P14-P16 and adulthood, indicating that p73 is
necessary for the long-term maintenance of cortical cells, includ-
ing neurons.

p73 is essential for postnatal development of
additional CNS structures, including the olfactory bulb
These studies, together with our previous studies on sympathetic
neurons, indicated that p73 is essential for the postnatal mainte-
nance of at least some CNS and PNS neurons. To determine
whether these findings reflected a more general requirement for
p73 during postnatal development, we systematically compared
the brains of p73—/— versus p73+/+ animals at ages ranging from

P1 to P42. Examination of the gross morphology of these brains
(Fig. 6a) led to a number of conclusions. First, the brains of
p73—/— versus p73+/+ brains were approximately similar imme-
diately after birth (Fig. 6a), as we had observed for the newborn
cortex. Second, by P14, the p73—/— brains were already notice-
ably smaller than the p73+/+ brains (Fig. 6a). Third, this de-
creased brain size was maintained after P14, with the largest
difference in brain size detectable at P42, the latest time point
examined (Fig. 6a).

This decrease in relative brain size was particularly obvious for
forebrain structures, including, as predicted, the cortex, as well as
the olfactory bulb. In particular, although the p73—/— olfactory
bulb was relatively normal at birth, by P14, it was significantly
decreased in size relative to the p73+/+ bulb (Fig. 6a). To
examine this in more detail, brains were sectioned coronally and
Nissl stained. This analysis (Fig. 6b) demonstrated that at birth,
the size and morphology of the p73—/— versus p73+/+ olfactory
bulbs were similar. In contrast, by P14, the p73—/— olfactory bulb
was smaller, and the glomerular layer was reduced in size (Fig.
6b). By P42, the glomerular layer was almost nonexistent in
p73—/— animals, and the entire olfactory bulb was much smaller
(Fig. 6a,b). In addition, cell density was apparently reduced, and
the layers were less defined than in p73+/+ animals (Fig. 6b).
Thus, the postnatal development and maintenance of the olfac-
tory bulb are severely perturbed in the absence of p73.

To determine whether p73 was also required for more caudal
CNS structures, we examined two additional populations of neu-
rons: brainstem facial motor neurons and cerebellar neurons of
the lateral DCN. To examine facial motor neurons, we took serial
sections throughout the extent of the facial nucleus in p73+/+
versus p73—/— animals at P1 and P14 and performed unbiased
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Figure 3. p73 is essential for maintenance of cortical neurons during the
first 2 postnatal weeks. a—c, Photomicrographs of immunostaining for the
neuron-specific protein NeuN on coronal sections of the p73+/+ versus
p73—/— cortex at P1-P3 (a) and P14-P16 (b). ¢, Higher magnification
photomicrograph taken at the caudal level at P14-P16. Scale bars: a, b,
200 pwm; ¢, 80 wm. d, e, Graphs showing the mean relative number of
NeuN-positive neurons at the rostral (R), caudal (C), and lateral (L)

TUNEL positive cells
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stereology using the optical fractionator method (West et al,,
1996; Nemchinsky et al., 2000; Luk and Sadikot, 2001). Nissl
staining of brainstem sections revealed that the structure of the
facial nucleus was similar in p73+/+ and p73—/— animals (Fig.
7a). However, stereological measurements revealed that the num-
ber of facial motor neurons was reduced by ~29% in the P1
p73—/— facial nucleus (p73+/+, 5676 = 111; p73—/—, 4021 =
106; p < 0.001) (Table 2), and that the total nucleus volume was
also somewhat reduced (Table 2). At P14, facial motor neuron
number was still decreased ~26% in the p73—/— facial nucleus
(p73+/+, 4960 = 266; p73—/—, 3662 * 109; p < 0.01) (Table 2).
Thus, the number of facial motor neurons is reduced 25-30% at
birth in p73—/— animals, and this reduction is maintained post-
natally. Because the period of naturally occurring facial neuron
death occurs primarily before birth in mice (Grieshammer et al.,
1998), then one possible explanation for this deficit is that devel-
opmental cell death is enhanced in facial motor neurons, as
observed previously in sympathetic neurons (Pozniak et al,
2000).

To determine whether a similar deficit occurred in other caudal
populations of p73—/— neurons, we examined the cerebellum. At
P14, the gross morphology of the cerebellum was approximately
similar in p73+/+ versus p73—/— animals (Fig. 7b) (data not
shown), with reference to both the granule cell layer and Purkinje
cells. Moreover, the relative location of the deep cerebellar nuclei
was also maintained in the absence of p73 (Fig. 7b) (data not
shown). To determine whether numbers of neurons were reduced
in any of these structures, we quantitated the number of neurons
at a defined level in the lateral DCN (Fig. 7b). This analysis
revealed that the relative neuron number at this level was reduced
by ~30% (p73+/+, 362 = 23; p73—/—, 243 = 26; p < 0.05),
suggesting that, as seen with the facial nucleus, the position and
morphology of the lateral cerebellar nucleus were appropriate,
but numbers of neurons were decreased.

DISCUSSION

The intracellular signals important for the long-term mainte-
nance of most CNS neurons are still only poorly understood.
Here, we have identified a protein, ANp73, that is sufficient to
promote survival of cortical neurons in response to diverse apo-
ptotic stimuli and deletion of which causes the gradual loss of
cortical neurons in the weeks and months after birth. We propose
that this finding is important not only for our understanding of
neuronal survival mechanisms but also for our understanding of
neurodegenerative disorders, which are characterized by the ac-
celerated but nonetheless gradual loss of neurons in the adult
human brain.

Although a number of other prosurvival proteins, such as bcl-x
(Motoyama et al., 1995), are essential for survival of newly born,

<«

levels in coronal sections of the p73+/+ (black bars) versus p73—/—
(striped bars) brain at P1-P3 (d) and P14-P16 (e). Results are mean *+
SEM. ***p < 0.005. f, Apoptosis is enhanced in p73—/— cortex during the
first postnatal week. Photomicrographs of coronal sections at the caudal
level of P4-P6 p73+/+ versus p73—/— brains analyzed by TUNEL (red,
top two panels) and counterstained with Hoechst (blue, bottom two panels)
are shown. The two right panels are photographs of the same field, as are
the two left panels. Inset, Graph of the total number of TUNEL-positive
cells found in the cortex at the caudal level of p73+/+ (black bar), p73+/—
(hatched bar), and p73—/— (striped bar) animals. Asterisks indicate signif-
icance relative to the p73—/— numbers (*p < 0.05; **p < 0.005). Scale
bar, 150 pwm.
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a

Figure 4.  Morphological analysis of the adult p73—/— brain. a, Top two
panels, Photographs of p73+/+ versus p73—/— brains. Brains were pho-
tographed on top of a light box to show the translucency of the p73—/—
cortex. a, Bottom two panels, Photographs of Nissl-stained coronal sec-
tions from representative p73+/— and p73—/— brains. The p73—/—
section derives from the brain shown in the top right panel. b, Photographs
of Nissl-stained coronal sections through the forebrain of four p73—/—
brains. For comparison, the fop panel is a coronal section at a similar level
from an adult p73+/+ brain. The middle three brains were classified as
severely affected (as was that shown in a), whereas the right bottom panel
was classified as moderately affected. ¢, Photomicrograph of the Nissl-
stained cortex from a p73+/+ versus p73—/— brain at the lateral level.
Scale bar, 150 um.

embryonic neurons (Ranger et al., 2001), little is known about the
proteins that mediate long-term neuronal survival. Two excep-
tions are the TrkB neurotrophin receptor and bcl-2; a targeted
deletion of TrkB in postnatal cortical and hippocampal neurons
led to eventual degeneration of a subpopulation of neurons (Xu et
al., 2001), whereas bcl-2 deletion caused progressive degeneration
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Figure 5. Cell and neuron number are further reduced in the adult
p73—/— cortex. a, Photomicrographs of NeuN-stained neurons in the
cortex at the lateral level of p73+/+ versus p73—/— animals. Micrographs
increase in magnification from left to right. Scale bars: a, 200 um; b, 80
wm; ¢, 20 wm. b, Quantitation of the number of Nissl-stained cells at the
caudal and lateral levels of p73+/+ (black bars) versus p73—/— (striped
bars) adult cortex. Note that the area quantitated was only 287 um wide,
as opposed to 584 um wide for the earlier ages. ¢, Quantitation of the
number of NeuN-stained neurons at the lateral level of the p73+/+ (black
bars) versus p73—/— (striped bars) cortex. In both graphs, results are
mean = SEM. **p < 0.005.

of postnatal peripheral and motor neurons (Michaelidis et al.,
1996). The data presented here showing that p73 is essential for
survival of young postnatal and adult, but not embryonic cortical
neurons, together with these previous studies, provide a compel-
ling argument that the intracellular mechanisms mediating the
survival of developing versus mature neurons may differ signifi-
cantly in at least some populations of neurons.

Although it is difficult to definitively demonstrate that a phe-
notype observed in vivo reflects a direct mechanism, our data
showing that cortical neurons express ANp73« and that ANp73«
and ANp738 are highly potent survival molecules for cortical
neurons strongly support the idea that the cortical neuron loss
seen in vivo is cell autonomous. Thus, although a previous study
suggested that the ventricular enlargement observed in the
p73—/— brain was caused by problems with fluid homeostasis
(Yang et al., 2000), four findings documented here indicate that it
is a secondary consequence of ongoing cellular loss: (1) enhanced
cortical apoptosis occurs at P4-P6, before gross ventricular en-
largement; (2) classical hydrocephalus leads to brain and skull
enlargement, whereas p73—/— brains are reduced in size and
weight at all time points examined from P14 to P42; (3) cell
density is constant or reduced in the p73—/— cortex, whereas true
hydrocephalus causes increased cortical cell density; and (4) facial
motor neurons, which are unlikely to be directly affected by
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Figure 6. Perturbations in postnatal CNS development and maintenance
in p73—/— animals are not limited to the cortex. a, Photographs of
representative brains perfused and dissected from p73—/— versus
p73+/+ animals at P1, P14, P28, and P42. The ruler is shown as a size
reference. OB, Olfactory bulb; Cx, cortex; Cb, cerebellum; BS, brainstem.
The inferior view shows the base of the brains, whereas the superior view
shows the top of the brains. b, Photomicrographs of Nissl-stained coronal
sections through the olfactory bulb of p73+/+ versus p73—/— mice at P1,
P14, P28, and P42. Red dotted lines indicate the glomerular layer. G,
Glomerular layer; EP/, external plexiform layer; Mi, mitral cell layer; /P,
internal plexiform layer; GrO, granule cell layer.

hydrocephalus, are reduced in number after the period of natu-
rally occurring cell death. Thus, in the absence of p73, ventricular
enlargement occurs as neurons degenerate and tissue mass de-
creases, a phenomenon also observed in the degenerating human
brain.

Studies reported here demonstrate that the enhanced postnatal
neuron loss in the p73—/— cortex is caused by increased apopto-
sis. However, although we show that postnatal development and
maintenance of the p73—/— olfactory bulb is greatly perturbed
and that facial motor neurons are reduced in number, our studies
do not establish the reason for these perturbations. With regard to
the olfactory bulb, a period of developmental cell death occurs
with a peak at P5 (Fiske and Brunjes, 2001), suggesting that the
deficit in olfactory bulb size that occurs between P1 and P14 may
reflect an enhancement of naturally occurring cell death. The
apparent ongoing decrease in size and cell density that then
occurs from P14 to P42 may be attributable to perturbed neuronal
maintenance, much as we have documented in the cortex. How-
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Figure 7. The morphology of the facial nuclei and cerebellum is similar
in p73+/+ versus p73—/— animals, but neuron number is reduced in the
absence of p73. a, Photomicrographs of Nissl-stained coronal sections
through the brainstem at the level of the facial nuclei in P14 p73+/+
versus p73—/— animals. The black box outlines the region of analysis, and
the black dotted lines outline the facial nucleus. The insets show the facial
nucleus at higher magnification, with the subdivisions of the nucleus
outlined with black dotted lines. b, Photomicrographs of the lateral (den-
tate) cerebellar nucleus in coronal, Nissl-stained sections of the cerebel-
lum. The position of the lateral DCN is outlined with black dotted lines.

Table 2. Quantification of facial motor neurons and lateral deep
cerebellar nucleus neurons
Nucleus volume (mm?)

Age and genotype Neuron number

Facial motor neurons

Pl +/+ 5676 + 111 0.079224 + 0.0026
—/— 4021 * 106° 0.064719 + 0.0021°
P14 [+ 4960 + 266 0.123 + 0.0058
~/— 3662 = 109° 0.115 + 0.0067
(—26%)

Lateral (dentate) deep cerebellar neurons (relative number at one level)

P14 4+ 362+23
—/— 243+ 26°
(-33%)

Values represent the mean *= SEM. (%) represents cell loss relative to p73+/+.
p values were obtained using Student’s ¢ test.

ap < 0.001; °p < 0.05; p < 0.01; “p < 0.05; °p < 0.05; n = 3 in all cases.

ever, at least three additional mechanisms could also account for
this phenotype. First, afferent activity is known to be essential for
olfactory neuron survival (Couper et al., 2000; Leo et al., 2000),
and ANp73 is expressed in the olfactory epithelium and vomer-
onasal organ, as well as in the olfactory bulb (Yang et al., 2000).
Thus, the gradual loss of the glomerular layer and the decreased
olfactory bulb size may be a secondary consequence of the
ongoing loss of olfactory sensory neurons in the epithelium, an
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idea supported by the finding that development of olfactory
sensory neurons in the vomeronasal organ (but not the main
olfactory epithelium) is perturbed in p73—/— animals (Yang et
al., 2000). Second, ongoing adult neurogenesis via the rostral
migratory stream contributes to maintenance of the olfactory
bulb (Alvarez-Buylla and Garcia-Verdugo, 2002), and it is possi-
ble that p73 is important for adult neurogenesis. Finally, it is
possible that ANp73 acts as a prosurvival protein not only for
neurons but also for glial cells, and glial cell loss might contribute
to tissue loss throughout the p73—/— nervous system. These
alternatives are not mutually exclusive.

With regard to the decreased neuron number in the facial
nucleus, we propose that this is attributable to enhanced naturally
occurring cell death, much as we have seen for sympathetic
neurons (Pozniak et al., 2000). In particular, developmental death
primarily occurs embryonically in the mouse facial nucleus (Gries-
hammer et al., 1998), although some neuronal loss is seen post-
natally, as confirmed here. Our finding that p73—/— facial motor
neuron number is decreased 25-30% at birth, and that the mag-
nitude of this decrease subsequently remains constant, is consis-
tent with a model in which p73 is essential for trophic factor-
induced survival of motor neurons during the period of target
dependence, a model based on our data with sympathetic neu-
rons. In this regard, Oppenheim et al. (2001) have reported that
mice lacking cardiotrophin-1 show a similar decrease in facial
motor neuron number at birth, a deficit that is caused by en-
hanced developmental motor neuron death in the absence of this
trophic factor.

How does ANp73 maintain neuronal survival, either develop-
mentally or in the mature nervous system? Because ANp73 can
directly inhibit p53-mediated apoptosis (Yang et al., 2000; Fillip-
povich et al., 2001; Grob et al., 2001), and because p53 is respon-
sible for injury-induced apoptosis of many populations of mature
CNS neurons (for review, see Miller et al., 2000; Morrison and
Kinoshita, 2000), we propose that the proapoptotic and anti-
apoptotic p53 family members together function as a key neuro-
nal apoptotic checkpoint upstream of the Bcl2/Bax family (Mi-
yashita and Reed, 1995; Cregan et al., 1999), Apafl (Fortin et al.,
2001; Moroni et al., 2001), and the caspases (Cregan et al., 1999).
In this model, neuronal life or death is determined by the relative
balance between full-length members of the p53 family that are
expressed in the nervous system, p53 and TAp63 (Govoni et al.,
2001), versus the truncated family members, ANp73 and ANp63.
Growth factors such as NGF would promote neuronal survival by
upregulating levels of ANp73 (Pozniak et al., 2000), whereas
insults such as trophic factor withdrawal or excitotoxicity would
promote apoptosis by increasing p53 and/or potentially TAp63
levels (Sakhi et al., 1994; Morrison et al., 1996; for review, see
Miller et al., 2000; Morrison and Kinoshita, 2000). In the absence
of ANp73, this balance might be partially maintained by ANp63,
but the threshold levels of p53/TAp63 required to “tip the bal-
ance” toward apoptosis would be decreased. Thus, minor insults
that would normally be insufficient to cause apoptosis would, in
the absence of p73, cause the gradual neuronal loss observed
here. Such a threshold model would predict that loss of even a
single allele of one of these genes would be sufficient to perturb
neuronal apoptosis, a finding that has indeed been observed in
p53+/— animals (Aloyz et al., 1998), and that is reported here, to
some degree, for the p73+/— cortex.

Experiments reported here provide evidence that ANp73 is a
potent prosurvival molecule for CNS neurons, and that its ab-
sence leads to an ongoing loss of postnatal cortical neurons and
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potentially other adult neurons. The finding that p73 deletion
affects the long-term maintenance but not embryonic survival of
cortical neurons argues that survival pathways differ at these two
developmental stages in at least this one population of neurons.
Moreover, our data with facial motor neurons provide additional
support for the concept that some populations of neurons require
p73 to survive the developmental cell death period, likely by
acting downstream of neurotrophic factors. Thus, these findings
identify an important prosurvival checkpoint with broad implica-
tions for the nervous system and provide a novel way of thinking
about how genetic alterations may cause the accelerated but
gradual loss of neurons that is characteristic of neurodegenerative
disorders.
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