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In the dentate gyrus (DG) of the adult mouse hippocampus, a substantial number of new cells are generated daily, but only a subset of
these survive and differentiate into mature neurons, whereas the majority undergo programmed cell death (PCD). However, neither the
intracellular machinery required for adult stem cell-derived neuronal death nor the biological implications of the significant loss of these
newly generated cells have been examined. Several markers for apoptosis failed to reveal cell death in Bax-deficient mice, and this,
together with a progressive increase in neuron number in the DG of the Bax knock-out, indicates that Bax is critical for the PCD of
adult-generated hippocampal neurons. Whereas the proliferation of neural progenitor cells was not altered in the Bax-knock-out, there
was an accumulation of doublecortin, calretinin �, and neuronal-specific nuclear protein � postmitotic neurons, suggesting that Bax-
mediated PCD of adult-generated neurons takes place during an early phase of differentiation. The absence of PCD in the adult also
influenced the migration and maturation of adult-generated DG neurons. These results suggest that PCD in the adult brain plays a
significant role in the regulation of multiple aspects of adult neurogenesis.
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Introduction
During embryonic development, one-half or more of all newly
generated neurons undergo programmed cell death (PCD) after
making provisional contacts with targets and afferents (Oppen-
heim, 1991). Neurogenesis and subsequent PCD persists in cer-
tain areas of the adult brain (Kaplan and Hinds, 1977; Kaplan et
al., 1985; Eriksson et al., 1998; Kornack and Rakic, 1999; Biebl et
al., 2000; Horner et al., 2000; Cameron and McKay, 2001; Winner
et al., 2002; Zhao et al., 2003). In the dentate gyrus (DG) of the
adult rat hippocampal formation, �10,000 cells are generated
daily, whereas 60 – 80% of the newly generated cells degenerate
within 1 month after their production (Cameron and McKay,
2001; Dayer et al., 2003). The precise control of the production
and elimination of adult-generated neurons is thought to be crit-
ical for the maintenance of a relatively constant number of neu-
rons in the adult nervous system and for the regulation of adult
brain function. Several environmental influences are known to be
involved in the regulation of PCD of adult-generated neurons.
For example, environmental stress has been reported to enhance
PCD (Gould et al., 1997), whereas exposure to an enriched envi-
ronment, the occurrence of specific types of learning, and affer-
ent synaptic activity can result in the increased survival of adult-

generated neurons (Kempermann et al., 1997; Young et al., 1999;
Petreanu and Alvarez-Buylla, 2002). However, currently neither
the precise biochemical pathways nor the physiological relevance
of PCD of adult-generated neurons is known.

It has been demonstrated recently that target-dependent PCD
of neurons during embryonic development is mediated by Bax, a
proapoptotic member of the Bcl-2 family (Deckwerth et al., 1996;
White et al., 1998; Sun and Oppenheim, 2003; Sun et al., 2003).
For example, Bax knock-out (KO) mice do not exhibit develop-
mental PCD of dorsal root ganglion sensory neurons, superior
cervical ganglion sympathetic neurons, or motoneurons (MNs)
(Deckwerth et al., 1996; White et al., 1998; Lentz et al., 1999; Sun
et al., 2003). Although it has been suggested that the survival of
adult-generated neurons may be regulated by the same mecha-
nisms acting during development (Kintner, 2002), little direct
evidence is available. The data presented here clearly indicate that
PCD in the adult hippocampus is virtually absent or greatly re-
duced in Bax-KO mice, and, therefore, similar to the PCD of
neurons during development, a Bax-dependent pathway is essen-
tial for the PCD of adult-generated neurons. To assess the signif-
icance of the PCD of adult-generated neurons, we further exam-
ined the proliferation of neural progenitor cells and the
migration and differentiation of adult-generated DG neurons in
the absence of PCD.

Materials and Methods
Animals. Heterozygous Bax-deficient mice were maintained on a
C57BL/6 background. Sibling animals were collected and individually
genotyped by PCR as described previously (Knudson et al., 1995). For
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bromodeoxyuridine (BrdU) labeling, 3-month-old adult mice were in-
jected intraperitoneally with a BrdU solution (50 �g/gm body weight)
once daily for 5 consecutive days. In an attempt to completely label
adult-generated neurons, a higher concentration of BrdU (200 �g/gm
body weight) was used in some experiments (Cameron and McKay,
2001). To label a cohort of developmentally generated DG neurons,
BrdU (50 �g/gm body weight) was administered once on postnatal day 3.

Histology. To identify cells dying by apoptosis, DNA fragmentation
was visualized by the terminal deoxynucleotidyl transferase-mediated
biotinylated UTP nick end labeling (TUNEL) method, as described pre-
viously (Oppenheim et al., 2001). For immunohistochemical analysis,
animals were perfused with 4% paraformaldehyde, and the brains were
postfixed in the same fixative for 24 hr. Brains were then cryoprotected in
30% sucrose and sectioned (40 �m), and subsequent immunostaining
was performed by the free-floating method. For BrdU staining, sections
were incubated with 0.1N HCl for 1 hr at 37°C, washed with PBS, and
blocked with 5% goat serum and 0.1% Triton X-100 in PBS for 30 min.
The following primary antibodies were applied overnight: anti-BrdU,
1:10,000; anti-activated caspase-3, 1:200 (Cell Signaling Technology,
Beverly, MA); anti-Bax, 1:500 (PharMingen, San Diego, CA); anti-
doublecortin (DCX), 1:1000; anti-polysialylated neural cell adhesion
molecule (PSA-NCAM), 1:500 (Chemicon, Temecula, CA); anti-
calretinin (CR), 1:1000 (Swant, Bellinzona, Switzerland); anti-neuronal-
specific nuclear protein (NeuN), 1:10,000 (Calbiochem, La Jolla, CA);
anti-GFAP, 1:25,000 (Sigma, St. Louis, MO); anti-calbindin (CB),
1:10,000 (Sigma); anti-phospho-histone H3, 1:1000 (Upstate Biotech-
nology, Lake Placid, NY); and anti-proliferating cell nuclear antigen
(PCNA), 1:200 (DakoCytomation, Carpinteria, CA). After several
washes with PBS, appropriate secondary antibodies were applied for 30
min. Subsequently sections were washed, mounted, and observed with a
fluorescence or confocal microscope.

Cell counts. For quantification of DG neuron numbers, animals were
immersion fixed in Bouin’s solution, processed, embedded in paraffin,
sectioned (8 –10 �m) serially, and stained with thionin. The volume of
the DG was assessed by areal quantification in every fifth section through
the DG. To assess neuronal density, at least three different regions (50 �
50 �m) were chosen from each section, and sections from at least three
different levels of the DG were examined. DG cells containing a clear
nucleolus, nucleus, and cytoplasm were included in the counts as de-
scribed previously (Clarke and Oppenheim, 1995), and the mean values
of the number of cells within the counting area were calculated. The total
number of DG neurons was obtained by multiplication of the DG vol-
ume by neuronal density.

For BrdU counts, both dark-labeled and light-labeled cells (see Fig.
3C) located in the granule cell layer (GCL) were separately counted in
every sixth section (40 �m). Because there were substantial differences in
the intensity of BrdU-IR, we categorized cells as either dark or light
labeled. Dark-labeled cells were those with dense BrdU-IR evenly distrib-
uted in the entire nucleus, and light-labeled cells were those that exhib-
ited a less dense and punctate pattern of IR within the nucleus. BrdU �

cells located �50 �m from the border of the GCL were excluded from the
counts. The number of PCNA, DCX, or CR-immunoreactive cells was
obtained by the summation of all immunoreactive cells in every sixth
section (40 �m) containing the dentate gyrus, and the counted numbers
were corrected by the use of Abercrombie’s correction factor, which is
defined as M/(M � L), where M is the thickness of the section, and L is the
mean value of the height of the cells counted (Abercrombie, 1946;
Guillery and Herrup, 1997). M and L were measured from three different
randomly selected DG regions per each animal using a Zeiss
(Oberkochen, Germany) LSM confocal microscope with Z-scan.

In situ hybridization. The brains from 2-month-old mice were dis-
sected, snap frozen, and sectioned horizontally (14 �m). Sections were
then postfixed in 4% paraformaldehyde, acetylated, and prehybridized
for 2 hr at room temperature. S 35-labeled probes for mouse Bax were in
vitro transcribed from the Bax cDNA fragment containing nucleotides
226 –579 (GenBank accession number L22472) in pBS-SK(�) vector.
The sections were hybridized with the labeled probes (1.2 � 10 6 cpm/
slide) at 52°C overnight, followed by four washes in 4� SSC solution at
room temperature. The slides were then incubated with RNase buffer

[RNase A (10 mg/ml in distilled water), 0.5 M NaCl, 10 mM Tris-HCl, and
1 mM EDTA, pH 8.0] at 37°C for 30 min. After RNase treatment, slides
were washed with 2� SSC–10 mM DTT (twice for 5 min), 1� SSC–10 mM

DTT for 10 min, 0.5� SSC–10 mM DTT for 10 min, and 0.1� SSC–10
mM DTT for 30 min at 62°C. Finally, the sections were dehydrated, air
dried, and exposed to x-ray film (BioMAX-MR; Eastman Kodak, Roch-
ester, NY) for 5 d.

Results
Absence of PCD in the adult neurogenic regions of
Bax-KO mice
We first examined whether PCD in the adult DG of the hip-
pocampal formation is influenced by Bax deletion (Fig. 1). In the
DG of 1-month-old wild-type (WT) mice, chromosomal con-
densation and TUNEL� cells (indices of PCD) were readily ob-
served near the subgranular zone (SGZ), in which adult neural
stem–progenitor cell proliferation takes place. In contrast, con-
densed nuclei or TUNEL� cells were never found in Bax-KO
mice. At 3 months, WT mice exhibited some TUNEL� cells (but
the number of labeled cells appeared to be reduced compared
with 1-month-old WT mice), whereas no TUNEL� cells were
observed in the DG of Bax-KO mice. Similarly, we found cleaved
caspase-3-immunoreactive cells only in the DG of WT but not
Bax-KO mice (Fig. 1, compare H, I). Consistent with these ob-
servations, we found that substantial amounts of Bax mRNA and
protein were detected in the adult WT DG (Fig. 2D); a subset of
DG cells appeared to express higher levels of Bax. These Bax�

cells possessed dendrite-like neuritic processes, which were mor-

Figure 1. The absence of apoptosis in adult DG of Bax-KO mice. Apoptotic cells were ana-
lyzed in situ by condensed nuclei (A, C, D, F ) brightly stained by Hoechst (arrowheads), DNA
fragmentation (B, E, TUNEL, green, arrow), or activated caspase-3 (casp-3) immunostaining (H,
I, red, arrow) from adult (1- or 3-month-old) WT versus Bax-KO mice. Scale bar, 50 �m. Three
animals in each group and at least five sections from each individual were examined for quan-
tification ( G).
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phologically similar to immature early postmitotic neurons. Ac-
cordingly, the population undergoing PCD in the adult DG are
most likely postmitotic, early differentiating neurons. Collec-
tively, these results indicate that PCD of the SGZ cells in the adult
DG is absent or greatly reduced in Bax-KO mice.

Production of new cells in the adult DG
is not modified after the prevention of
adult PCD by Bax deletion
Next, we examined whether the preven-
tion of adult PCD influences the produc-
tion of new cells. To address this, we per-
formed daily injections of BrdU (50
�g/gm body weight) into 3-month-old
mice for 5 consecutive days and compared
the number of BrdU� cells 1 d after the last
BrdU injection (Fig. 3A,B). Approxi-
mately 6000 cells were BrdU� in the SGZ
of 3-month-old WT mice 1 d after the last
BrdU injection, and a similar number of
BrdU� cells was observed in Bax-KO lit-
termates, suggesting that the initial pro-
duction of new cells is not influenced by
Bax deletion. Some animals received a sin-
gle BrdU injection of 200 �g/gm body
weight. This dose of BrdU is reported to
more completely label DNA synthesizing
cells in situ (Cameron and McKay, 2001),
although high concentrations of BrdU
have been reported to be toxic (Sekerkova
et al., 2004). Using this protocol, we again
obtained no apparent difference in the
number of BrdU� cells between WT and
Bax-KO mice (3150 cells in WT mice, and
2870 cells in Bax-KO mice; n � 1 in each
group). After 1 month survival after the
BrdU injections (low dose), we noted that
some cells exhibited dark and evenly
stained immunoreactivity, whereas others
exhibited light and only partially stained
nuclear immunoreactivity (Fig. 3C). Light
BrdU labeling is likely attributable to the
loss of BrdU during a few rounds of cell
division after BrdU incorporation (Taka-
hashi et al., 1999). We excluded the lightly
labeled cells compared between 1 d and 1
month survival. In 3-month-old WT mice,
only 26% of BrdU� cells remained at 1
month versus 1 d survival (Fig. 3B). How-
ever, we found 6.5-fold more BrdU� cells
in Bax-KO mice compared with WT litter-
mates in the 1 month survival group,
which is similar to the number of BrdU�

cells in the Bax-KO 1 d after the final BrdU
injection. Although there are several fac-
tors that may affect the number of BrdU�

cells in this situation (such as continued
proliferation of BrdU� cells or loss of
BrdU integration during DNA repair), the
increased persistence of BrdU� cells in the
Bax-KO compared with WT mice is con-
sistent with our argument that the PCD of
newly generated neurons is absent in
Bax-KO mice.

Because the number of light BrdU-labeled cells may be in-
creased if more BrdU� cells proliferate after initial BrdU incor-
poration, we examined the ratio of dark- versus light-stained cells
as an indication of the rate of proliferation (Fig. 3C). Approxi-
mately 56% of BrdU-labeled cells exhibited light BrdU-IR in both

Figure 2. Bax-IR in the DG of 2-month-old WT mice ( A). Note that weak but significant Bax-IR was observed in a subset of cells
localized in the SGZ (C, arrows). H indicates the hilar region of the hippocampal formation. Bax-KO DG did not show significant
Bax-IR ( B). DG from three independent animals were observed, and a representative image is shown. D, In situ hybridization of Bax
mRNA in the adult (2-month-old) WT mouse. Enlarged image of the DG shows a subset of cells that express higher amounts of Bax
mRNA. Scale bars: A, 500 �m; B, C, 50 �m.

Figure 3. Normal production of new neurons in the absence of adult PCD. A, After five consecutive daily injections of BrdU (50
�g � gm �1 � d �1) to 3-month old WT and Bax-KO mice, BrdU � cells were immunostained after 1 d (A, top row) or 30 d survival
(A, bottom row). Dotted lines mark the borders of the GCL. Scale bar, 50 �m. B, Quantification of BrdU � cells in 1 and 30 d survival
group after BrdU injection in 3-month-old Bax-KO mice. n � 3; *p � 0.05 in t test comparison of WT versus Bax-KO mice.
C, Percentage of dark-labeled or light-labeled BrdU � cells in the 30 d survival group from WT and Bax-KO mice. Examples
of dark-stained (top) and light-stained (bottom) cells are on the left. D, Immunohistochemistry of PCNA, which is a marker
for proliferating cells. Insets show a cluster of PCNA � cells in the SGZ. The number of PCNA � cells was similar in the
two groups. Sum of PCNA � cell numbers from every sixth section of individual animals were quantified; n � 4. Scale bar,
500 �m.
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WT and Bax-KO mice. This suggests that the kinetics of cell
proliferation is not influenced by the absence of adult PCD.
Direct immunostaining of proliferating cells using a PCNA anti-
body (Fig. 3D) or a phosphorylated-histone H3 antibody (data
not shown) also demonstrated similar numbers of labeled cells in
the two groups. From these data, we conclude that the deletion of
Bax does not modify the proliferation of adult neural stem cells
in the DG.

The normal production of new cells in the absence of adult
PCD in Bax-KO mice should result in an age-related increment in
the number of neurons in the DG. To address this issue, we have
estimated the total number of DG neurons present in 4- to 12-
month-old mice (Fig. 4). At 2 months, when the accumulation of
adult-generated neurons should be marginal, there was no signif-
icant difference in the cell number of DG cells in WT and Bax-KO
mice. On the other hand, at 4 months, the total number of cells in
the DG of Bax-KO mice was significantly greater than that of WT
littermates. Furthermore, at 12 months, there was an even more
marked increase in the cell numbers (�3 � 10 5 cells, a 62%
increase) compared with 4-month-old Bax-KO mice. These data
provide additional evidence consistent with the normal produc-

tion of new neurons after the prevention of adult PCD by Bax
deletion.

Ectopic migration of early postmitotic cells in Bax-KO mice
During the course of BrdU-labeling experiments, we noticed
that, compared with WT mice, more BrdU� cells appeared to be
located deep inside the GCL and hilus in Bax-KO mice (Fig. 3A).
Therefore, we examined whether the migration of adult-
generated neurons is affected by the absence of adult PCD (Fig.
5). We used DCX as a marker for neural stem cells and early
migrating neurons (Brown et al., 2003). DCX-immunoreactive
neurons were concentrated in proximity to the SGZ in both
groups, as reported previously (Brown et al., 2003). However, we
found that a subset of DCX� cells (�5% of all DCX� cells) was
ectopically located in the hilus in the Bax-KO mice (Fig.
5A,B,B�). Similarly, there were a few PSA-NCAM� cell clusters
in the hilus of Bax-KO mice (Fig. 5C,D). Because PSA-NCAM is
believed to label early migrating cells, these observations suggest
that the migration of newly generated cells is perturbed in
Bax-KO mice. In addition, there were significantly more DCX�

cells in the GCL of the 4-month-old Bax-KO compared with that
of WT littermates, indicating that the survival of the early migrat-
ing neurons may be influenced by Bax deletion (Fig. 5E), which is
consistent with the finding that, in WT animals, early postmitotic
neurons exhibited Bax-IR (Fig. 2). The ectopically located cells in
the Bax-KO appeared to differentiate into a neuronal phenotype
based on the expression of NeuN (data not shown) and CB (Fig.
6D, arrows).

Differentiation of DG neurons in Bax-KO mice
Next, we examined whether the Bax-KO DG contains more cells
exhibiting a marker (NeuN) for mature neurons (Fig. 6). The
total number of NeuN� cells in 4-month-old Bax-KO mice was
significantly greater than that in age-matched WT mice (Fig. 6F),
indicating that the Bax-KO-rescued, adult-generated DG cells
can express a neuronal phenotype. To assess the differentiation of
newly generated cells rescued from PCD in Bax-KO mice, we
examined BrdU� cells for the expression of specific neuronal or
glial markers 1 month after their generation (Fig. 6). In both WT
and Bax-KO mice, the majority of surviving BrdU� cells (�65%)
expressed the differentiated neuronal marker NeuN, 15% were
GFAP�, and the remaining cells were not labeled by either
marker (i.e., there was no significant alteration in the ratio of
NeuN�/GFAP�/NeuN-GFAP� cells among the BrdU� cells be-
tween WT and Bax-KO littermates). These results suggest that
the phenotypic (neuronal vs glial) fate of adult-generated cells is
strictly maintained even in the absence of adult PCD.

To further assess whether Bax-KO DG neurons differentiate
normally, we examined the expression of the mature phenotypic
marker CB in 4-month-old Bax-KO mice (Fig. 7). Surprisingly,
only a small subpopulation of DG neurons was CB� in 4-month-
old Bax-KO mice. Many cells located near to the SGZ and prox-
imal to the outer boundary of the molecular layer were CB�. The
reduced number of CB� cells is not attributable to poor immu-
nostaining, because CB-IR in the CA1 region and cerebellum did
not differ in the two groups (data not shown). Furthermore,
1-month-old Bax-KO mice exhibited a normal WT-like pattern
of CB immunostaining (Fig. 7, compare A, B, insets), suggesting
that the loss of CB-IR in Bax-KO takes place later in development.
To address whether it is the newly generated, Bax-KO-rescued
neurons that fail to express CB, we performed BrdU and CB
double labeling 1 month after animals received five consecutive
BrdU injections (Fig. 7C,D). Whereas �50% of BrdU� cells were

Figure 4. Age-dependent increase in the DG volume in Bax-KO mice ( A–D). A, Two-month-old
wild type; B, 2-month-old Bax-KO; C, 12-month-old wild type; D, 12-month-old Bax-KO. Scale bar,
500�m. Representative Nissl-stained sections at a similar anatomical level (dorsal hippocampus) are
presented. E, Number of DG neurons in WT and Bax-KO mice. The total number of DG neurons was
estimated by measuring volume and cell density of DG neurons (see Materials and Methods). n �
3– 4. Mean 	 SD; *p � 0.05 in t test comparison of WT versus Bax-KO mice. **p � 0.05 in t test
comparison of the 2 month versus the 12 month group in Bax-KO mice.
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CB� in WT mice, only 5% of BrdU� cells were CB� in the
Bax-KO littermates, suggesting that most adult-generated, Bax-
KO-rescued DG neurons fail to express the mature DG neuron
marker CB. However, because Bax-KO mice have increased
numbers of BrdU� cells (no cell death), the total number of
CB�/BrdU� cells in the two groups was comparable (Fig. 7F).
These data indicate that equivalent numbers of adult-generated
neurons can differentiate into mature neurons in the presence or
absence of Bax, whereas most of the excess DG neurons rescued
from PCD fail to differentiate into mature neurons.

Recently, it has been reported that a subset of neurons in the
DG transiently express CR before they express CB (Brandt et al.,
2003). Therefore, we examined whether the large number of CB�

cells in Bax-KO mice is attributable to the accumulation of CR�

cells (Fig. 6G,H). In WT mice, most CR� cells were located in
proximity to the SGZ. In contrast, many CR� cells were found in
the middle region of the GCL in Bax-KO mice (Fig. 6F, arrow-
head), and the number of CR� cells was markedly increased (Fig.
7I). By using double-immunofluorescence labeling for CB and
CR, however, we found that CR� cells were not located in the
outer region (in proximity to the molecular layer) of the GCL, in
which many of the CB� cells reside in 4-month-old Bax-KO
mice. These data indicate that the marked impairment of CB-IR
in the DG of the Bax-KO cannot be explained solely by the accu-
mulation of CB�/CR� adult-generated neurons. Therefore, we
examined whether DG neurons generated earlier during devel-
opment lose their CB-IR by 3 months in Bax-KO mice. Accord-
ingly, we injected BrdU (50 �g/gm) once on postnatal day 3 (P3)
and examined CB-IR in BrdU� neurons at 1 and 3 months. As
shown in Figure 8, �56% of BrdU� cells in WT and Bax-KO
mice were CB� after 1 month survival. On the other hand, 54%
of BrdU� neurons generated on P3 were CB� in WT mice,
whereas only 17% of BrdU� neurons were CB� in Bax-KO mice
after 3 month survival. Furthermore, many CB� neurons in
Bax-KO mice exhibited a significantly reduced level of CB-IR,

suggesting a marked downregulation of
CB expression in the DG of the Bax-KO.
Together, these observations indicate that
the differentiation of Bax-KO DG neurons
generated during development versus
those generated in the adult is impaired in
an age-dependent manner.

Discussion
Adult PCD is mediated by Bax
Several lines of evidence indicate that there
is an absence or marked reduction of adult
PCD in the Bax-KO mice: (1) TUNEL, ac-
tivation of caspase-3, and nuclear pyknosis
were never observed in the DG of adult
Bax-KO mice; (2) the number of BrdU�

cells after 1 d versus 1 month survival was
virtually the same in the DG of Bax-KO,
whereas there was a 70% reduction of
BrdU� cells during the same period in WT
mice; and (3) there was a 62% increase in
surviving DG neuron numbers between 4
and 12 months in Bax-KO mice, whereas
the total number of DG neurons was un-
changed in WT mice during the same pe-
riod. These results indicate that Bax plays
an indispensable role in the elimination of
adult-generated neurons. Bax deletion
also permanently rescues developing cells

from target-dependent neuronal death (Deckwerth et al., 1996;
White et al., 1998; Lentz et al., 1999; Sun et al., 2003). Target-
derived trophic support is critical for the survival of developing
neurons (Oppenheim, 1991; Grieshammer et al., 1998), and neu-
rotrophic factors also appear to regulate the production and sur-
vival of adult-generated neurons (Aberg et al., 2000; Lichtenwal-
ner et al., 2001; Pencea et al., 2001; Jin et al., 2002). Our
observations suggest that the PCD of adult-generated DG neu-
rons takes place postmitotically and during their early matura-
tion. Although the number of stem cells is not altered in the
Bax-KO, the number of early postmitotic (DCX� and CR�) cells
and differentiated neurons (NeuN�) is greatly increased in the
absence of PCD. In addition Bax-IR was observed in a subpopu-
lation of WT DG neurons with a morphology similar to early
migrating neurons. Therefore, adult-generated neurons most
likely undergo PCD during their early differentiation. These ap-
parent similarities in developmental and adult neuronal PCD
suggest that the mechanisms that regulate both phases of PCD
(e.g., competition for trophic support, proapoptotic and anti-
apoptotic pathways, etc.) may be the same.

It is puzzling why the number of BrdU� cells (6000 cells 1 d
after five consecutive daily injections) is so great when compared
with the actual age-dependent increase in the number of DG
neurons (�300,000 cells between 4 and 12 months) in Bax-KO
mice. Because a single injection of BrdU labels S-phase cells in 2
hr windows, we expected that �10,000 cells would be born daily.
If all of these newly generated cells survive, �300,000 cells would
accumulate in Bax-KO DG within 1 month. Although we arbi-
trarily divided BrdU� cells into two categories (dark vs light
labeling) for quantification, we actually observed an apparent
continuum of BrdU staining intensity within each group (data
not shown), indicating that there may be several rounds of cell
division after BrdU incorporation that would greatly amplify the
estimated number of newly generated cells (Rakic, 2002). If we

Figure 5. Immunohistochemical labeling of migrating neurons by DCX (A, B) and PSA-NCAM (C, D) demonstrates the ectopic
migration of adult-generated neurons in Bax-KO mice. Whereas DCX � cells were located near the SGZ in WT mice ( A), a subset of
DCX � neurons was observed in the hilus of the Bax-KO mice ( B). Scale bar, 100 �m. H indicates the hilar region of the hippocam-
pal formation. Increased magnification of the boxed area in B clearly demonstrates ectopically migrated cells (B�). Similarly, there
was ectopic localization of PSA-NCAM � cells in the hilus (arrow, D). E, Quantification of the DCX � cells in the DG. DCX � cells in
every sixth section of DG were counted from four different animals (ectopically localized DCX � cells outside of GCL were excluded).
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assume that the PCD of adult-generated neurons is completely
absent in Bax-KO mice and that the production of new neurons is
not influenced by Bax deletion, then �1300 new neurons would
be produced daily and added to the Bax-KO DG between 2 and 12
months for a total of �400,000 new cells. Although we cannot
completely exclude the possibility that adult-produced neurons
in Bax-KO mice die by a non-apoptotic, Bax-independent path-
way (Oppenheim et al., 2001), we consider this unlikely. We have
so far failed to observe cells in the DG of Bax-KO mice that exhibit
such a non-apoptotic morphology (R. W. Oppenheim, unpub-
lished observations).

Proliferation is not directly altered by the elimination of PCD
by Bax deletion
Because brain regions in which adult PCD occurs includes those
areas in which adult neurogenesis takes place, it has been postu-
lated that the proliferation of neural stem cells and PCD are caus-
ally related (Biebl et al., 2000; Winner et al., 2002). For instance,
experimental increases in the PCD of adult DG cells induced by

adrenalectomy and excitotoxic or mechanical lesions increases
neurogenesis (Cameron and Gould, 1994; Liu et al., 1998; Yo-
shimura et al., 2001), and experimentally induced apoptosis also
selectively increases the number of adult-generated neurons
(Magavi et al., 2000). Conversely, experimental inhibition of
adult neural stem cell proliferation by injection of a mitotic in-
hibitor increases the survival rate of the progeny (Ciaroni et al.,
2002). In contrast, our observations do not support such a rela-
tionship. In the absence of adult PCD in Bax-KO mice, stem cell
proliferation in the DG occurs at a rate comparable with WT
littermates, indicating that spontaneous PCD and the production
of new neurons are not directly linked in the normal adult brain
(Verney et al., 2000).

It is important to note that the cell death of developing neu-
roepithelial cells does not appear to be affected by Bax deletion
(White et al., 1998; D’Sa-Eipper et al., 2001). The developmental
death of proliferating neural progenitors in the vicinity of the
ventricular zone (cortex) and the external granule cell layers of
cerebellum is not significantly affected by Bax deletion (White et
al., 1998) (our unpublished observations). Recently, it has been
reported that, in Bax and Bak double mutants, there is increased
survival of adult neural progenitor cells as well as their neuronal
progeny in the subventricular zone (SVZ) (Lindsten et al., 2003).
When considered together with our present observations, these
data raise the possibility that the PCD of adult dividing stem cells
requires additional proapoptotic genes such as Bak, in addition to
Bax, whereas the PCD of postmitotic differentiating adult-
generated neurons only requires Bax.

The influence of PCD on the migration of
adult-generated neurons
One intriguing finding in this study is the apparent ectopic mi-
gration of adult-generated neurons to the hilus in 4-month-old
Bax-KO mice. These ectopically migrated neurons appear other-
wise normal, in that they express the mature DG neuronal marker
calbindin. Furthermore, from our own preliminary observations
of the rostral migratory stream (RMS), which is a route for the
migration of adult-generated neurons to the olfactory bulb, cells
in the RMS also exhibit aberrant migratory patterns in the
Bax-KO mice (Lindsten et al., 2000). After the experimental in-
duction of cell death in non-neurogenic areas of the brain, there
is a significant ectopic migration of SVZ-generated neurons to
these regions (Magavi et al., 2000; Nakatomi et al., 2002; Jin et al.,
2003). Therefore, spontaneous PCD in the adult brain may also
provide a signal for neuronal migration, and, accordingly, the
loss of adult PCD in the adult Bax-KO may alter guidance signals
for the proper migration of newly generated cells. Although there
are only a few reports addressing the cues for migration of adult
produced neurons, Reelin, tenascin-R, slits, and PSA-NCAM are
reported to be important signals for the migration of adult-
generated neurons along the RMS and in the olfactory bulb (Hu
et al., 1996; Hack et al., 2002; Nguyen-Ba-Charvet et al., 2004;
Saghatelyan et al., 2004), and these molecules may be perturbed
in the DG of the Bax-KO (Bagri et al., 2002; Drakew et al., 2002).
Alternative explanations for migration deficits include the fol-
lowing: (1) Bax-KO-rescued cells may not be able to recognize
normal migration cues and consequently migrate to ectopic lo-
cations; and (2) A subset of granule cell progenitors may be lo-
calized in the hilus in the Bax-KO mice attributable to the ectopic
migration of DCX� progenitors during earlier development
(Brown et al., 2003). Although we are unable to distinguish be-
tween these possibilities, the latter possibility seems unlikely, be-
cause ectopic localization of DCX� cells was not observed in

Figure 6. Differentiation of adult-generated neurons in 4-month-old Bax-KO mice. Animals re-
ceived BrdU daily for 5 d and were killed 30 d later. BrdU � cells (red) were double labeled with the
neuronal maker NeuN (green, A, C) or the glial marker GFAP (green, B, D) in WT (A, B) and Bax-KO (C,
D). Insets in C and D show examples of double-labeled cells. Scale bar, 50 �m. E, The number of
double-labeled cells was quantified from six sections in each of three mice, and �200 BrdU-labeled
cells in each animal were examined. F, The number of NeuN � cells in a 200 �m length of WT and
Bax-KO DG. Mean 	 SD; *p � 0.05 in t test comparison of WT versus Bax-KO mice.
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2-month-old Bax-KO mice (data not shown), indicating that
there is no ectopic migration of neuronal progenitor cells during
development.

The influence of PCD on the differentiation of
adult-generated neurons
We found that many DG neurons in the Bax-KO expressed the
differentiated neuronal marker NeuN but failed to express the
mature DG neuronal marker CB. By separately labeling adult-
generated neurons versus developmentally generated neurons by
BrdU injection, it was possible to demonstrate that both popula-
tions of neurons become CB� in the Bax-KO mice. Because it is
believed that the majority of the developmentally generated co-
hort of DG neurons that survive into the adult persist and do not

die (Gould and Gross, 2002; Dayer et al.,
2003), it is likely that the excess number of
adult-generated neurons in the Bax-KO
negatively influenced the maintenance of a
mature neuronal phenotype. This situa-
tion could occur within the framework of a
modified version of the neurotrophic hy-
pothesis. Excess numbers of immature,
adult-generated neurons in Bax-KO mice
may increase the competition for trophic
signals required for the maintenance of a
mature DG neuronal phenotype
(Minichiello and Klein, 1996). For exam-
ple, during the development of spinal MNs
in Bax-KO mice, we found that many of
the excess Bax-KO-rescued MNs were
smaller than normal, and they progres-
sively retracted their axons from muscle
innervation (Sun et al., 2003). Therefore,
our model for the progressive atrophy of
Bax-KO-rescued MNs, which is based on
the neurotrophic hypothesis, could also
explain why developmentally generated
DG neurons lose their differentiated
phenotype.

Recently, it was reported that a subset
of dopaminergic neurons in the adult rat
substantia nigra are continuously degener-
ating and are replaced by new neurons
such that the total net number of DA neu-
rons remains constant (Zhao et al., 2003).
Similarly, �26% of the developmentally
produced DG neurons in the rat progres-
sively undergo cell death between 1 and 6
months of age (Dayer et al., 2003). These
observations raise the possibility that a
subset of mature developmentally gener-
ated DG neurons are continuously degen-
erating and being replaced by newly pro-
duced neurons in normal adult rodents,
similar to the situation with adult-
generated olfactory neurons (Biebl et al.,
2000; Kato et al., 2001; Petreanu and
Alvarez-Buylla, 2002). This could explain
why developmentally generated DG neu-
rons in the Bax-KO progressively lose CB-
IR. Bax deletion would prevent the pro-
gressive normal PCD of developmentally
produced DG neurons, and these Bax-KO-

rescued neurons may fail to maintain a mature neuronal pheno-
type and thus lose CB-IR. This replacement hypothesis can also
explain why the total number of DG neurons does not increase
between 2 and 12 months in WT mice (present data) in the face of
the addition of a significant number of new neurons during this
period. Accordingly, although the mechanism is unclear, our re-
sults suggest that spontaneous PCD in the adult brain may be
necessary for the maintenance of the mature neuronal phenotype
in surviving cells.
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