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Brief Communications

Developing Postmitotic Mammalian Neurons In Vivo
Lacking Apaf-1 Undergo Programmed Cell Death by a
Caspase-Independent, Nonapoptotic Pathway Involving

Autophagy
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Previous studies have shown that caspases and Apaf-1 are required for the normal programmed cell death (PCD) in vivo of immature
postmitotic neurons and mitotically active neuronal precursor cells. In contrast, caspase activity is not necessary for the normal PCD of
more mature postmitotic neurons that are establishing synaptic connections. Although normally these cells use caspases for PCD, in the
absence of caspase activity these neurons undergo a distinct nonapoptotic type of degeneration. We examined the survival of these more
mature postmitotic neuronal populations in mice in which Apaf-1 has been genetically deleted and find that they exhibit quantitatively
normal PCD of developing postmitotic neurons. We next characterized the morphological mode of PCD in these mice and show that the
neurons degenerate by a caspase-independent, nonapoptotic pathway that involves autophagy. However, autophagy does not appear to
be involved in the normal PCD of postmitotic neurons in which caspases and Apaf-1 are present and functional because quantitatively
normal neuronal PCD occurred in the absence of a key gene required for autophagy (ATG?). Finally, we examined the possible role of
another caspase-independent type of neuronal PCD involving the apoptosis-inducing factor (AIF). Mice deficient in AIF also exhibit
quantitatively normal PCD of postmitotic neurons after caspase inhibition. Together, these data indicate that, when key components of
the type 1 apoptotic pathway (i.e., caspases and Apaf-1) are perturbed in vivo, developing postmitotic neurons nonetheless undergo
quantitatively normal PCD by a caspase-independent pathway involving autophagy and not requiring AIF.
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Introduction

During embryonic and postnatal development of many verte-
brate species, a large-scale loss of differentiating and neuronal
precursor cells occurs as a normal, required stage in nervous
system maturation (Oppenheim, 1991; Boya and de la Rosa,
2005; Buss et al., 2006). Although this normal programmed cell
death (PCD) can occur by distinct morphological pathways
(Clarke, 1990, 1998), the biochemical and molecular pathways
involved have been generally considered to require a relatively
conserved core of so-called “proapoptotic” genes comprised of
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Bcl-2 family members, the apoptosome (cytochrome ¢, Apaf-1,
caspase 9) and downstream caspases (e.g., caspase-3). The most
compelling evidence for the role of this core cell death pathway in
the nervous system is the demonstration of reduced PCD in mice
lacking caspase-3, caspase-9, cytochrome ¢, or Apaf-1 (Kuida et
al., 1996, 1998; Cecconi et al., 1998; Hakem et al., 1998; Yoshida et
al., 1998; Kuan et al., 2000; Hao et al., 2005). A common pheno-
type in all of these mutant mice is a massive overgrowth of cells in
the brain (exencephaly) that was attributed in part to reduced
PCD of both immature neurons and dividing neuronal precursor
cells. These studies clearly demonstrate that the extensive PCD of
immature postmitotic neurons and mitotically active progenitor
cells in the nervous system require cytochrome ¢, Apaf-1, and
caspases. However, a considerable amount of PCD in the devel-
oping nervous system also involves more mature differentiating
postmitotic neurons that are establishing synaptic connections,
and this aspect of neuronal PCD was not examined in the above-
mentioned studies. We previously reported that the extent of
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neuronal PCD during this later phase is unaffected by the genetic
deletion of either caspase-3 or caspase-9 (Oppenheim et al.,
2001a) and the PCD of postmitotic motor neurons (MN5s) in the
chick embryo has also been shown to be unaffected after the
pharmacological inhibition of caspases (Yaginuma et al., 2001).
In the present study, we examined PCD in several populations of
target-dependent neurons in Apaf-1 knock-out (KO) mice, and
contrary to a previous report (Honarpour et al., 2001a), we find
that PCD occurs to the same extent as in wild-type (WT) control
animals.

To determine whether the proapoptotic apoptosis-inducing
factor (AIF) is involved in the normal PCD of developing neu-
rons or in PCD after caspase inhibition, we also examined the
survival of neurons in Harlequin (Hq) mutant mice in which the
AIF is reduced by 80% in adult animals (Klein et al., 2002). AIF
has been shown to be involved in PCD during early embryogen-
esis (Joza et al., 2001; Cheung et al., 2006) and in injury-induced
cell death in the neonatal and adult brain (Blomgren et al., 2007;
Cao et al.,, 2007). Finally, because we show here that neuronal
PCD in the absence of Apaf-1 exhibits an autophagic morphol-
ogy, we also examined whether normal neuronal PCD during
development is perturbed by the loss of one of the key genes
involved in autophagy, ATG7 (Yu et al., 2004; Levine and Yuan,
2005; Komatsu et al., 2006).

Materials and Methods

Animals. We used two separate lines of Apaf-1-null mice. One was de-
rived from founder chimeric males generated from 129/SV-derived ES
cells and mated with outbred NMRI females, and heterozygote progenies
were mated to maintain the allele (Cecconi et al., 1998). The other line
was derived from heterozygous mutant ES cells used to generate chime-
ras. Chimeric mice were backcrossed to a CD1 strain to generate het-
erozygotes for the Apaf-1 mutation (Yoshida et al., 1998). All homozy-
gote Apaf-1-null mice used here exhibited exencephaly and all genotypes
were confirmed by PCR. The forebrain overgrowth ( fog) mice were ob-
tained from The Jackson Laboratory (Bar Harbor, ME) and heterozygote
( fog/+) breeder pairs were used to generate homozygote ( fog/fog) mu-
tant embryos. The adult fog mutants were derived from fog+/—, Apat-
1+/— crosses (Honarpour et al., 2001a,b). Animals were classified as
homozygotes if they exhibited exencephaly/head deformations charac-
teristic of fog/fog mutants (Harris et al., 1997; Honarpour et al., 2001a,b).
Because the Apaf-1 gene is located in the minimal region to which the fog
mutation has been mapped, this as well as other evidence indicates that
the fog mutant is attributable to a hypomorphic Apaf-1 defect (Honar-
pour et al., 2001a,b). Finally, the ATG7 tissue used here came from mice
maintained in the laboratory of Dr. Y. Uchiyama (Osaka University,
Osaka, Japan); the Hq tissue was provided by Dr. Klas Blomgren (Géte-
borg University, Goteborg, Sweden); the Apaf-1 tissue was provided by
Dr. Doug Ethell (University of California, Riverside, CA) and Dr. Kevin
Roth (University of Alabama, Birmingham, AL); and the adult fog tissue
was from Dr. Doug Ethell. The procedures for generating the tissues used
in this study were approved by the Animal Care and Use Committees at
the institution involved and compiled with the National Institutes of
Health Guidelines for the Care and Use of Laboratory Animals.

Histology and neuron quantification. Embryos were anesthetized by
hypothermia and spinal cords and brains were immersion fixed in
Bouin’s solution for several days and processed for paraffin embedding.
Adult mice were anesthetized by an overdose of ketamine/xylazine fol-
lowed by perfusion with Bouin’s solution. Tissue [brain, spinal cord,
superior cervical sympathetic ganglia (SCGs)] were dissected and pro-
cessed for paraffin sectioning. Serial transverse sections (6—8 um) were
obtained from embryonic, postnatal, and adult mice, and stained with
either hematoxylin—eosin (H&E) or thionin, and neurons were counted
blind in every 5th (brain) or 10th (spinal cord, SCG) section using a
method previously validated against a stereological optical disector
method (Clarke and Oppenheim, 1995) (R. W. Oppenheim, unpub-
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lished data). As previously described in chick embryos after treatment
with caspase inhibitors (Yaginuma et al., 2001), and in mouse embryos
with genetic deletion of caspase-3 or caspase-9 (Oppenheim et al., 2001a;
present study), the morphology of degenerating neurons in these em-
bryos differs from the typical type 1 apoptotic cell death observed in
control/WT embryos (see Results). For this reason, the analysis of degen-
erating cells in the Apaf-1 mutants also includes these atypical presump-
tive dying neurons. Estimates of total neuron numbers in each popula-
tion were obtained by multiplying final values by 5 or 10. Spinal MN
(lumbar) and dorsal root ganglion (DRG) numbers in the fourth or fifth
lumbar [DRG (L4, L5)] on embryonic day 12.5 (E12.5) were obtained
using antibodies against HB9 (MNs) or islet 1-2 (DRG) (see below,
Immunocytochemistry and TUNEL). All cell counts were done blinded
by a single observer.

The quantification of terminal deoxynucleotidyl transferase-mediated
biotinylated UTP nick end labeling-positive (TUNEL™) and active
caspase-3 " spinal MNs and DRG cells was done from every 30th, 16 um
section through the lumbar spinal cord and through the L4-L5 DRG on
E14. Spinal cord interneurons (INs) were counted in one-half (hemisec-
tion) of the lumbar spinal cord excluding the ventral and dorsal horns as
previously described (Grieshammer et al., 1998).

Immunocytochemistry and TUNEL. After anesthesia by hypothermia
and decapitation, embryos were immersion fixed in 4% paraformalde-
hyde in 0.1 M PBS, pH 7.4, overnight at 4°C. After cryoprotection in 30%
sucrose overnight, lumbar spinal cords with DRG were then frozen in a
solution of 30% sucrose and Tissue-Tek embedding medium (Miles,
Elkhart, IN). Transverse cryostat sections (16 um) through the lumbar
region were collected and stored at —20°C until additional processing.
Subsequently, sections were blocked in 10% normal goat serum and
0.1% Triton X-100 in PBS for 30 min, followed by incubation with pri-
mary antibodies against anti-activated caspase-3 or caspase-7 (1:100; Cell
Signaling Technology, Beverly, MA) or mouse anti-islet-1 (1:100; Devel-
opmental Studies Hybridoma Bank, Iowa City, IA). For double immu-
nofluorescent staining for caspases and TUNEL in postnatal day 15 (P15)
ATG7 mice, cryosections were incubated with anti-cleaved caspase-3
(1:100), or caspase-7 (1:100) at 4°C overnight, followed by goat anti-
rabbit IgG coupled with Alexa Fluor 488 (Invitrogen, Carlsbad, CA) for
1 h at room temperature. After immunostaining, TUNEL staining was
performed using an in situ cell death detection kit, TMR red (Roche
Diagnostics, Mannheim, Germany) according to the manufacturer’s rec-
ommended protocol. Granule cells in the dentate gyrus (DG) of the
hippocampus were then viewed under a confocal laser-scanning micro-
scope (FV1000; Olympus, Tokyo, Japan). On E13.5, MNs were also
counted using a rabbit antibody to the MN-specific HB9 transcription
factor (1:10,000) kindly provided by Dr. S. Pfaff (The Salk Institute, San
Diego, CA) (Thaler et al., 1999) as described previously (Winseck and
Oppenheim, 2006). For identification of fragmented DNA in paraffin-
embedded 6—8 um tissue sections on E14, the TUNEL technique was
used according to the manufacturer’s instructions (Apotag Peroxidase In
Situ Apoptosis Detection kit; Chemicon, Temecula, CA). For the detec-
tion of activated caspase-3 in paraffin-embedded sections, the sections
were incubated with the same caspase-3 antibody described above, fol-
lowed by peroxidase-conjugated ABC complex (vector), and the positive
reaction was visualized with DAB.

Electron microscopy. Because of the difficulty in perfusing E13-E14
embryonic mice, immersion fixation was used. Pregnant females were
anesthetized and packed in ice. Embryos were removed as quickly as
possible, placed on ice, decapitated, and eviscerated, and immersed in 2%
glutaraldehyde, 2% paraformaldehyde in 0.13 M sodium cacodylate
buffer, pH 7.3, at 4°C for 1-3 d. Tissue was then further dissected by
embedding in 4% low temperature agarose and cut at 300 um on a
vibratome. After viewing with transillumination, sections containing the
lumbar motor column were osmicated and embedded in Araldite 502
using a Lynx tissue processor. One micrometer sections were cut using
the LKB Ultratome V and counterstained with toluidine blue. If fixation
was sufficiently good, subsequent adjacent 700 A thin sections were col-
lected onto Formvar-coated slot grids and stained in methanolic uranyl
acetate and lead citrate for viewing with a Zeiss (Oberkochen, Germany)
EM 10C.
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Caspase inhibition. A broad-spectrum caspase inhibitor quinoline-
Val-Asp(OMe)-CH,-PH (Q-VD-OPH) (Enzyme Systems Products, Liv-
ermore, CA) was dissolved in 100% DMSO and diluted with saline. Hq
mice and their WT controls were injected daily intraperitoneally at a dose
of 5 mg/kg (10 ul/g body weight) for 3 d starting at P2. Controls received
an equal volume of saline containing 10% DMSO (vehicle). On P4.5-P5,
pups were deeply anesthetized with 50 mg/ml phenobarbital and perfu-
sion fixed with either Bouin’s solution for histology or 5% paraformal-
dehyde in 0.1 M PBS for TUNEL (see above). In addition, a subset of
animals from this experiment were used for a caspase-3 activity assay
using one cortical hemisphere as described previously (Wang et al.,
2001). Homogenate samples (25 ul) were mixed with 75 ul of extraction
buffer and the cleavage of AC-DEVD-AMC (acetyl-DEVD-7-amido-4-
methylcoumarin) (Peptide Institute, Osaka, Japan) was used to measure
caspase-3-like activity. Detection of AMC was performed with an excita-
tion wavelength of 380 nm and an emission wavelength of 460 nm and
expressed as picomoles of AMC released per milligram of protein per
minute. The other cortical hemisphere was immersion fixed in 5% para-
formaldehyde and processed for the TUNEL reaction as described above;
the number of TUNEL ™ cells in the granule and subgranule cell layers of
the DG was counted in three sections per animal containing both blades
of the rostral DG.

Results

Animals

As previously described, all Apaf-1-null embryos (confirmed by
PCR) exhibited forebrain exencephaly regardless of genetic back-
ground (Cecconi et al., 1998; Yoshida et al., 1998). The forebrain
overgrowth ( fog) mutant embryos also exhibited forebrain exen-
cephaly that was grossly similar to that observed in Apaf-1-null
mice as well as mild-to-moderate lumbar spina bifida (Harris et
al., 1997; Honarpour et al., 2001a,b). A few homozygous fog/fog
mutants survived to adulthood and also exhibited forebrain ex-
encephaly, but unlike the embryos, the exencephalic forebrain
was covered by hairy skin and appears as forehead bumps (Harris
etal., 1997). The three adult fog mutants examined here exhibited
this phenotype. With the exception of neural tube defects (exen-
cephaly, spina bifida) and an apparent delay in interdigital PCD
described previously (Yoshida et al., 1998), Apaf-1 and fog mu-
tant animals appeared otherwise grossly normal.

Quantitative assessment of neuron numbers

Regardless of the methods used to label and count neurons (Nissl,
HBY, or islet-1), the number of spinal MNs and DRG neurons on
E13-E14 did not differ between WT and Apaf-1 or fog mutant
embryos (supplemental Table 1, available at www.jneurosci.org
as supplemental material). Because the normal PCD of these
populations of neurons is either just beginning (spinal MNs) or
not completed (DRG) on E13, we also counted neurons in these
and other populations at E18.5 and again found no differences
between WT and Apaf-1 mutants ( fog mutants were not exam-
ined) (Fig. 1A, B, Table 1). Because the normal PCD of some
populations of neurons continues postnatally, we also counted
neurons in adult fog mutant animals. There were no differences in
neuron numbers between adult control and fog mutant animals
in any of the neuronal populations examined (supplemental Ta-
ble 2, available at www.jneurosci.org as supplemental material).
These included spinal and cranial MNs, spinal interneurons,
DRG sensory neurons, and sympathetic neurons in the SCG.
Together, these data indicate that many populations of postmi-
totic, “target-dependent” neurons undergo a quantitatively nor-
mal amount of PCD in the absence of Apaf-1.

The phenotype of dying neurons in the absence of Apaf-1
Although the most common mode of PCD of developing post-
mitotic neurons is apoptotic-like (type 1) (Clarke, 1990), previ-
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Figure 1. A, B, Images of Nissl-stained sections from the midlumbar spinal cord on E18.5 of
WT control (4) and Apaf-1 KO (B) embryos. The dotted line is the medial border of the ventral
horn. C~H, Images of the ventral horn (the dotted line is the medial border) in the midlumbar
spinal cord on E14. C, D, Expression of activated caspase-3 in MNs in the ventral hornand sensory
neurons in the DRG of WT control (€) and Apaf-1 KO embryos (D). E, F, Nissl-stained images of
the lumbar spinal cord showing pyknotic/apoptotic MNs (arrows) in WT control (E) versus
Apaf-1KO0 (F). G, H, Toluidine blue-stained, 1 um plastic-embedded sections of WT (@) and
Apaf-1KO (H). In G, the double arrow shows a MN undergoing late-stage type 1 P(D, and the
single arrow shows a MN atan early stage of type 1P(D. In H, the single arrows indicate unusual
L-like profiles in the cytoplasm that are never seen in WT MNs. The double arrows in H show a
MN that appears to be at a later stage of PCD but with the nucleus still intact, and the asterisk in
Gindicates a pyknotic MN nucleus.

Table 1. Neuron numbers at E18.5

Cells Control Apaf-1
MNs
Brachial 3117 =787 (n = 8) 3009 = 665 (n = 6)
Thoracic 3265 662 (n = 8) 3131 =553 (n = 6)
Lumbar 2438 =512(n=7) 2390 £ 575 (n = 6)
Hypoglossal 1520 =91 (n=7) 1476 =112 (n = 6)
Facial 3416 =803 (n =7) 3288 =913 (n = 6)
Spinal (L1-L5) INs 27,542 2025 (n = 4) 26,116 = 1716 (n = 4)
DRGs (L4) 8335+ 1015(n = 5) 8641 == 954 (n = 4)

Values are expressed as mean == SD.

ous studies have shown that, after the genetic deletion or phar-
macological inhibition of caspases, postmitotic neurons undergo
PCD in vivo and in vitro by a caspase-independent, nonapoptotic
pathway (Xue et al., 1999; Oppenheim et al., 2001a; Yaginuma et
al., 2001; Cheung et al., 2005; Wright et al., 2007). One of the first
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Figure2. Aand B show the normal morphology of most MNs at E14 in both WT and Apaf-KO animals, respectively. The nuclei
(N) contain homogenously dispersed chromatin with nucleoli, mitochondria (m) appear compact with distinct cristae, RER is
abundant with many ribosomes, and stacked golgi (g) are common. € and D (enlarged field from () illustrate the striking
appearance of early-stage cell death commonly seen in Apaf-KO resembling autophagy, with the rounding up of cytoplasmic
constituents, particularly swollen mitochondria (¥), and swollen RER (arrowheads), into areas rich in Ls and containing APs
(arrows). Hypertrophied golgi (g) are also a common feature. The inset in D clearly shows the double membrane of APs. Note the
similarity tothe 1 mimages seenin Figure 1 H, single arrows. E, F, Progressive stages of apoptotic cell death (PCD) in WT animals.
Notice the pronounced shrinkage as well as clumping and condensation of the nuclear chromatin (N) as well as an AP in E. The
arrow points to the area enlarged in the inset showing the double membranes characteristic of APs. By the final stages, as seen in
F, only apoptotic bodies surrounded by a macrophage (M) remain; the enlarged area shows the single membranes surrounding
three apoptotic bodies indicated by the arrows. Note the similarity to the 1 wm image in Figure 16, double arrows. G, H, In the
later stage of autophagic-like cell death (G), the nucleus (N) remains fairly normal until quite late in the process (H) and even then
isstillintact. In G, a very large AP can be seen; the arrow points to an area along its boundary that is enlarged in the inset to show
the characteristic double membranes of APs. Also note the paucity of organelles in the cytoplasm. This cell appears similar to the
1 m image in Figure 1H, double arrows. At a late stage (H), the cell is surrounded by a macrophage (M) with portions of the
cytoplasm sequestered into profiles containing APs (the area indicated by the large arrow corresponds to the small arrow in
the inset showing double membranes of APs). Scale bars, 5 um (unless otherwise indicated).
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studies suggesting that this atypical PCD of
developing neurons involves autophagy
was the report of Xue et al. (1999). Accord-
ingly, we next asked whether the PCD of
neurons in vivo in Apaf-1 mutant mice un-
dergo an apoptotic-like degeneration. To
address this question we focused primarily
on MNs and DRG neurons at embryonic
stages (E13—-E14) when dying WT neurons
exhibit nuclear pyknosis, activated
caspase-3 expression, and TUNEL (i.e.,
apoptotic type 1 PCD).

As expected, many WT MNs and DRG
neurons exhibited caspase-3 activation
(Fig. 1C) and TUNEL (data not shown),
whereas at the age examined (E14) neither
of these neuronal populations in Apaf-1
mutant embryos (Fig. 1 D) exhibited these
markers of apoptotic-like degeneration. In
control embryos (n = 5), there were 2.2 +
0.9 and 2.6 = 1.1 caspase-3 " cells per sec-
tion in the ventral horn (MNs) and DRG,
respectively, versus no positive cells in
Apaf-1-null embryos. Similarly, in control
embryos (1 = 6), there were 1.8 = 0.5 and
3.6 = 1.1 TUNEL " cells per section in the
ventral horn and DRG, respectively, versus
no positive cells in Apaf-1-null embryos.
Because it has been reported that the PCD
of neurons in caspase and Apaf-1 mutants
may be delayed by 1-2 d (Yoshida et al,,
1998; Yaginuma et al., 2001; Cregan et al.,
2002; Cheung et al., 2005), we also looked
for both TUNEL labeling and caspase-3-
immunolabeled spinal MNs on E16.5 and
E18.5 in WT and Apaf-1 embryos. Al-
though WT embryos exhibited MNs la-
beled by both markers at these ages (but
much less than at E13-E14), no labeled
MNs were observed in mutant embryos
(data not shown). However, there were
MNs and DRG cells in E14 and E18 mu-
tant embryos that, in the light microscope,
exhibited degenerative-like changes virtu-
ally never seen in WT embryos. In the pop-
ulations of developing neurons we exam-
ined, it is quite easy to detect degenerating
neurons in H&E- or Nissl-stained sections
from control animals (Fig. 1E), whereas
similar cells are seldom if ever seen in sec-
tions from Apaf-1/fog mutants (Fig. 1F).
When neurons from mutant animals were
examined in 1 um plastic-embedded sec-
tions, however, it was possible to more
clearly discern cells that, based on subse-
quent ultrastructural observations, appear to
be degenerating by amorphological pathway
distinct from PCD in WT animals (Fig. 2,
compare G, H). As described below, when
these cells are examined in the electron mi-
croscope, they contain autophagosomes
(APs), lysosomes (Ls), and other alterations
characteristic of autophagy.
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Table 2. Neuron numbers at P5 (control/Hq) and P15 (WT/ATG7)
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Control Hg mutant ATG7
Cells Saline/DMSO QvD Saline/DMSO QvD WT ko
Lumbar (L1-L5) MNs 2351 =309 (n = 5) 2394 =303 (n = 5) 2258 =309 (n = 5) 2331+ 282(n =15) 2347 =315(n = 4) 2430 = 277(n =17)
Hypoglossal MNs 1317 £8 (=15 1277 =76 (n = 5) 1195 =118 (n =5) 1278 =109 (n = 5) 1297 =110 (n = 4) 1BBBE119(h=4)
Facial MNs 2449 * 261 (n = 5) 2513 = 164 (n = 5) 2561 = 201 (n = 5) 2629 = 215 (n = 5) 2621 =170 (n = 4) 2553 = 141 (n = 4)
Trigeminal MNs 685 =70 (n =5) 720 =90 (n = 5) 687 = 88 (n =5) 732=71(n=15) 665 = 59 (n = 4) 73576 (n=4)
SCGs 13,880 = 1166 (n =5) 148151181 (n=15) 13,336 = 1099 (n =15) 14,400 = 1171 (n =5) 13,191 £1003 (n = 4) 14,219 = 1207 (n = 4)

Values are expressed as mean = SD.

Evidence for PCD by an autophagic pathway in

Apaf-1 mutants

Although the mode of PCD of developing neurons in Apaf-1/fog
mutants is distinct from WT animals when examined in the light
microscope (Fig. 1), the cellular basis of this difference could only
be clearly discerned at the ultrastructural level. In WT embryos,
type I apoptotic cell death (PCD) is observed in lumbar MNs (Fig.
2E,F). Motoneurons with normal ultrastructure are common in
both genotypes (Fig. 2A,B), with large cell bodies and round
nuclei containing diffuse, pale chromatin and frequent dark nu-
cleoli, as well as cytoplasm rich in organelles. In the early stages of
type 1 PCD (Fig. 2 E), the nuclear chromatin condenses and some
clumping is observed; the appearance of mitochondria is normal,
but there is a paucity of ribosomes on the rough endoplasmic
reticulum (RER), and an occasional autophagosome can be seen.
At later stages, apoptotic bodies are engulfed by phagocytes (Fig.
2F). Note the single-membrane-bound apoptotic bodies in the
inset of Figure 2 F compared with the double-membrane APs in
Figure 2, E, G, and H.

In contrast, in Apaf KO MNs (n = 4) type 1 PCD was not
observed. Rather, MNs in the Apaf-1 KO exhibit features charac-
teristic of type 2 autophagic PCD (Fig. 2C, D, G,H ). Close exam-
ination of 1 wm sections by light microscopy showed Apaf-1 KO
MNss with normal nuclei but atypical cytoplasm (Fig. 1 H, single
arrows) that may correspond to the increased presence of Ls and
APs seen at the EM level in Figure 2, C, D, G, and H. Although it
is sometimes difficult to distinguish lysosomes from lipid drop-
lets, the structures we observe appear to more closely exhibit the
characteristics of lysosomes (Peters et al., 1976): spherical or oval;
single-membrane bound; 0.3—0.5 wm, but often 1-2 wm in neu-
rons; and in developing neurons, the contents of lysosomes ap-
pear homogeneous. Even at a late stage (Fig. 2 H), these degener-
ating cells do not display apoptotic profiles as seen in type 1 PCD
(Fig. 2 F). In early stages of PCD in Apaf-1 KO MNs, the nucleus
appears normal (Fig. 2C), whereas cell organelles appear aggre-
gated into an area with many Ls and APs (Fig. 2C, enlarged in D).
Mitochondria are adversely affected, with loss of cristae and a
swollen, rounded appearance (asterisks); the RER becomes di-
lated (Fig. 2D, inset, arrowhead); and hypertrophy of Golgi (g) is
also common. As the degeneration proceeds (Fig. 2G), both the
cytoplasm and nucleus become more condensed although less
than in type 1 PCD. Large and small APs appear to have digested
many organelles. At late stages of degeneration, the nucleus is
condensed but remains intact, even after engulfment by phago-
cytes (Fig. 2 H). In the inset to Figure 2 H, APs are enlarged to
show that double membranes are common in portions of cyto-
plasm engulfed by a macrophage (M).

Neuronal survival in postnatal Hq and ATG7 mutant mice

The number of surviving spinal and cranial MNs and SCG neu-
rons in P5 Hq mutants and in P15 ATG-7 mutant mice did not
differ significantly from control WT mice (Table 2). Because nor-

mal developmental PCD of hypoglossal and facial MNs, SCG
neurons, and granule cells in the DG extends into the first post-
natal week, we also asked whether early postnatal treatment of Hq
mutants with the broad spectrum caspase inhibitor Q-VD-OPH
rescued postnatal PCD of these neuronal populations. Daily
Q-VD-OPH treatment from P2 to P4 did not affect the number
of neurons present on P5 in either WT or Hq mutant mice (Table
2). Based on a DEVD cleavage assay, the Q-VD-OPH inhibitor
reduced caspase activation to the same extent in WT control and
Hq mutant mice (WT, 15.3% reduction, p = 0.0159, n = 6, t test;
Hg, 21% reduction, p = 0.0372, n = 9, t test). The number
(mean =+ SD) of TUNEL * cells per section in the DG of both WT
and Hq mutant on P5 was also reduced after treatment with
Q-VD-OPH (WT vehicle, 2.56 * 1.07, n = 6, vs WT Q-VD-
OPH, 1.56 = 0.46,n = 6, p < 0.03, t test; Hq vehicle, 2.46 * 1.37,
n=9,vsHqQ-VD-OPH, 1.37 = 0.72,n =9, p < 0.02, ttest). The
number of caspase * or TUNEL ™ granule cells in the DG of P5
ATG7 mutant mice did not differ from WT controls (data not
shown). Together, these data indicate that neither AIF nor ATG7
are required for normal PCD of developing neurons and they also
suggest that caspase inhibition in AIF-deficient mice reduces type
1 PCD (apoptosis) but not PCD by an alternative caspase-
independent (autophagic?) pathway. At the end of the normal
period of PCD, the number of surviving neurons in AIF-deficient
and ATG7 KO mice is comparable with that of WT animals. We
also did not observe any evidence for the lack of engulfment of
dead or degenerating neurons in the ATG7 KO as has been re-
cently reported for retinal neurons in ATG5 mutant embryos
(Qu et al., 2007).

Discussion
Normal PCD in the absence of Apaf-1
Previous studies of the in vivo role of caspases in the normal PCD
of developing neurons have shown that, although caspase activa-
tion is involved in most cases of neuronal PCD, they are only
necessary for the PCD of immature neurons or neuronal precur-
sors at early stages when neurogenesis is still ongoing (Kuan et al.,
2000; Boya and de la Rosa, 2005). Genetic deletion or pharmaco-
logical inhibition of caspases prevents this early type of PCD in
the nervous system, whereas similar perturbations are ineffective
in preventing the normal PCD of postmitotic neurons at later
stages when synaptic connections are being established (Oppen-
heim etal., 2001a; Yaginuma et al., 2001; Bredesen et al., 2006). In
the absence of caspases, these more mature postmitotic neurons
undergo quantitatively normal amounts of PCD albeit by a dif-
ferent caspase-independent pathway that is distinct from type 1
apoptotic PCD (Oppenheim et al., 2001a; Yaginuma et al., 2001).
Apaf-1, which is part of the apoptosome required for activa-
tion of downstream caspases (e.g., caspase-3) in the type 1 apo-
ptotic cascade of neuronal PCD, is also required for the death of
immature neurons and neuronal precursor cells (Cecconi et al.,
1998, 2004; Yoshida et al., 1998; Honarpour et al., 2000; Cregan et
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al., 2002; Cozzolino et al., 2004). However, its role in the normal
PCD of more mature postmitotic neurons has not been system-
atically examined. We now demonstrate for the first time in vivo
that, after the genetic deletion of Apaf-1, several populations of
postmitotic neurons in the central and peripheral nervous system
undergo normal amounts of PCD and that the degeneration oc-
curs by a morphological pathway distinct from that observed in
the same neuronal populations in the presence of Apaf-1. These
results differ from the observations of Honarpour et al. (2001a)
who report increased neuron numbers (i.e., reduced PCD) in the
DRG and trigeminal ganglion of Apaf-1 KO mice on E16.5. Al-
though the reason for the different results is not clear, it may be
attributable to the small sample size (n = 1 per group) and the
apparent failure to do blinded cell counts.

The mode of PCD in the absence of Apaf-1

In the absence of caspases, postmitotic developing neurons ex-
hibit cellular degenerative changes that differ significantly from
the morphological changes observed in normal neurons.
Caspase-deficient neurons are TUNEL ~, fail to express activated
caspases, have reduced chromatin condensation, cytoplasmic
vacuolization, mitochondrial and RER dilatation, and apparent
increases in autophagosomes (Oppenheim et al., 2001a,b; Yagi-
numa et al., 2001). As described below, we observed similar
changes in degenerating neurons deficient in Apaf-1.

In addition, however, the Apaf-1-deficient neurons also ap-
pear to exhibit increased numbers of APs and Ls compared with
caspase-deficient neurons. Although APs are occasionally
present in normal neurons and even in neurons undergoing type
1 apoptotic PCD (Chu-Wang and Oppenheim, 1978; Clarke,
1990; Xue et al.,, 1999), the increased abundance of APs in
caspase- and Apaf-1-deficient neurons suggests that PCD in these
cases may be occurring by a type 2 autophagic pathway. Consis-
tent with this argument, we observe degenerating Apaf-1-
deficient neurons with abundant autophagosomes that have been
phagocytized by macrophages. This observation, together with
the normal amount of cell loss observed in both caspase- and
Apaf-1-deficient embryos, indicates that PCD is occurring, and
thus makes it less likely that autophagy in this situation is playing
arole independent of the execution phase of PCD (Lang-Rollin et
al., 2003; Akdemir et al., 2006; Yoshimori, 2007). However, we
cannot entirely exclude the possibility that autophagic activity in
this situation is acting as a cleanup-like mechanism in cells that
have been induced to undergo cell death by a nonautophagic,
caspase-independent pathway (Rubinsztein et al., 2005). One
way to test this would be to examine cell death in Apaf-1 mutants
that also lack key autophagy genes. Although there has been a
debate over whether autophagy is a nonapoptotic form of PCD or
a prosurvival mechanism (Lockshin and Zakeri, 2004; Eskelinen,
2005; Levine and Yuan, 2005), there is a growing consensus that,
depending on the circumstances, it can serve both roles (Uch-
iyama, 2001; Yue et al., 2002; Shimizu et al., 2004; Komatsu et al.,
2006; Nixon, 2006; Berry and Bachrecke, 2007; Calder6 et al.,
2007; Fimia et al., 2007).

In the classic review by Clarke (1990), type 2 autophagic PCD
isincluded as one of the three major types of developmental PCD.
However, the extent to which type 2 PCD occurs in the develop-
ing nervous system in the absence of injury or perturbation is not
clear (Yue et al., 2002; Ravikumar et al., 2004; Yu et al., 2004;
Tarabal et al., 2005; Nixon, 2006). In the case of the populations
of neurons examined here, type 2 PCD appears to play little if any
role in normal PCD in the presence of caspases and Apaf-1. Only
in their absence does the degeneration exhibit evidence of type 2
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autophagy as a possible alternative default-like pathway of PCD.
Consistent with this argument, we find that normal type 1 PCD
occurs in the nervous system of mice deficient in the key
autophagy-related gene 7 (ATG7) (Komatsu et al., 2006). Al-
though we cannot exclude the possibility that other autophagy-
related genes may mediate normal neuronal PCD, for the neuro-
nal populations examined here we consider this to be unlikely.

Another PCD pathway that we considered as possibly being
involved in normal neuronal cell death or in cell death in caspase-
or Apaf-1-deficient mice is one that uses the proapoptotic AIF.
AIF is a mitochondrial protein that induces caspase-independent
neuronal apoptosis after translocation to the nucleus (Cheung et
al., 2006). AIF has been reported to be essential for normal PCD
during early embryogenesis (Joza et al., 2001), for PCD of embry-
onic cortical neurons (Cheungetal., 2006), and is also involved in
cell death in the postnatal and adult brain after irradiation
(Fukuda et al., 2004) and hypoxia—ischemia (Wang et al., 2004;
Culmsee et al., 2005; Zhu et al., 2006; Blomgren et al., 2007; Cao
et al,, 2007). We examined PCD in several populations of devel-
oping neurons in Hq mutant mice that have an ~80% reduction
in the expression of AIF (Klein et al., 2002). Neuron numbers are
normal on P5 in both untreated Hq mice and in Hq mice after
treatment with the broad-spectrum caspase inhibitor Q-VD-
OPH. From these data, we conclude that AIF is not required for
normal neuronal PCD or for neuronal PCD after caspase inhibi-
tion. It could be argued, however, that the 20% residual AIF
expression in the Hq mutant may be sufficient to mediate normal
PCD. Although we cannot entirely exclude this possibility, we
consider it unlikely because cell death of neurons in other situa-
tions in the neonatal and adult brain is reduced significantly in
Hq mutant mice (Zhu et al., 2006). Although not examined here,
it seems likely that PCD in postnatal WT and Hq mutant neurons
after caspase inhibition may also involve autophagy (Oppenheim
et al,, 2001; Yaginuma et al., 2001).

In the last 10 years, it has been increasingly recognized that
there are diverse mechanisms that can mediate developmental as
well as injury-induced PCD (Sperandio et al., 2000; Boya and de
la Rosa, 2005; Chipuk and Green, 2005; Bredesen et al., 2006;
Blomgren et al., 2007; Brunet et al., 2007). In the present study,
we present evidence consistent with this contemporary view by
demonstrating that in the absence of a key player in type 1 apo-
ptotic PCD (Apaf-1), developing postmitotic neurons nonethe-
less undergo PCD but by a nonapoptotic caspase-independent
pathway that exhibits signs of autophagy. Additionally, because
we also demonstrate that the neuronal populations examined
here undergo normal caspase-dependent apoptotic PCD in the
absence of a key autophagy gene (ATG7), autophagy may serve
primarily as an alternative fail-safe mode of PCD that is only
activated when type 1 apoptotic PCD is prevented (Kroemer and
Martin, 2005; Pattingre et al., 2005; Maiuri et al., 2007).
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