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bax Deficiency Prevents the Increased Cell Death of Immature

Neurons in bcl-x-Deficient Mice
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The intracellular balance between pro- and antiapoptotic mem-
bers of the Bcl-2 gene family is thought to regulate cell death.
Targeted disruption of bcl-x, a death repressing member,
causes massive cell death of immature neurons in the devel-
oping mouse CNS, whereas targeted disruption of bax, a pro-
apoptotic member, blocks the death of specific populations of
sympathetic and motor neurons. In the present study, mice
deficient in both Bcl-x, and Bax (bcl-x '~ /bax~'") are used to
examine the relative significance and potential interactions of
Bcl-x, and Bax during early CNS development. bcl-x~/~/
bax~’~ mice demonstrate greatly reduced levels of apoptosis
both in vivo and in vitro compared with the CNS of Bcl-x, -

deficient mice, as assessed by histology and terminal
deoxytransferase-mediated deoxyuridine triphosphate nick
end-labeling. Bax-deficient mice, however, contain occasional
apoptotic cells in the developing CNS, and cultures of bax-
deficient telencephalic cells demonstrate similar levels of apo-
ptosis as wild-type cultures. These results suggest that Bax
critically interacts with Bcl-x, to regulate survival of immature
neurons, but indicate that other cell death regulating proteins,
in addition to Bcl-x_ and Bax, also function during CNS
development.
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Bel-x; is a member of the Bcl-2 gene family. Members of this
family regulate cell death by either promoting or reducing apo-
ptosis in response to a variety of signals (Reed, 1994; Craig, 1995).
Overexpression of Bel-x;_ or Bcl-2 blocks apoptosis of lymphocytes
(Vaux et al., 1988; Hockenbery et al., 1990; Boise et al., 1993) and
sympathetic neurons (Garcia et al., 1992; Allsopp et al., 1993;
Frankowski et al., 1995; Gonzalez-Garcia et al., 1995; Greenlund
et al., 1995) after trophic factor withdrawal. Other family mem-
bers, such as Bax, Bad, Bak, and Bcl-xg, can block the antiapo-
ptotic effects of Bcl-x; or Bel-2 (Boise et al., 1993; Oltvai et al.,
1993; Chittenden et al., 1995b; Farrow et al., 1995; Kiefer et al.,
1995; Yang et al., 1995; Minn et al., 1996). Bcl-2 family members
contain three highly conserved homology regions (BH1, BH2, and
BH3) that mediate protein—protein interactions, allowing various
family members to form homo- and heterodimers (Yin et al.,
1994; Chittenden et al., 1995a). This has led to the suggestion that
the intracellular balance between proapoptotic and antiapoptotic
members may serve as a rheostat to ultimately regulate whether a
cell lives or dies in response to specific stimuli (Oltvai et al., 1993;
Oltvai and Korsmeyer, 1994; Krajewski et al., 1995; Sedlak et al.,
1995; Gillardon et al., 1996).

bcl-x is important for immature neuron survival. bcl-x is alter-
natively spliced into bcl-x, and bcl-xg, but only bcl-x; is expressed
in the mouse CNS (Boise et al., 1993; Gonzalez-Garcia et al.,
1994; Krajewski et al., 1994b). bcl-x, expression is low in the
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ventricular zone and is upregulated in postmitotic cells of the
intermediate zone (Motoyama et al., 1995). Targeted disruption
of bcl-x results in a massive increase in apoptosis in the interme-
diate zone of developing embryonic spinal cord and brainstem,
and in dorsal root ganglia (DRG), whereas neuronal precursor
cells in the ventricular zone are unaffected (Motoyama et al.,
1995). bel-x-deficient (bel-x~'~) mice die around embryonic day
(E) 13, and therefore, histological examination of the bcl-x ™/~
telencephalon, which consists largely of undifferentiated ventric-
ular zone cells at E13, does not determine whether Bcl-x; regu-
lates telencephalic neuron survival. bcl-x '~ E12 telencephalic
cells grown 48 hr in low serum concentrations contain more
apoptotic cells than wild-type cultures (Roth et al., 1996b), and
adult chimeric mice demonstrate a reduced percentage of telen-
cephalic neurons derived from bcl-x '~ embryonic stem (ES) cells
compared with the ES cell contribution to non-neuronal tissues
(Havlioglu et al., 1996), demonstrating that bcl-x plays a signifi-
cant role in telencephalic development.

Based on the importance of a functional bcl-x gene and on
potential interactions between members of this gene family, it can
be hypothesized that proapoptotic members of the Bcl-2 gene
family critically interact with Bcl-x; to regulate immature neuron
survival. The proapoptotic Bax protein forms heterodimers with
the largest number of other family members (Sato et al., 1994;
Sedlak et al., 1995), and Bax dimerizes with Bcl-x; , blocking the
ability of Bcl-x; to prevent apoptosis (Sedlak et al., 1995). Bax is
expressed at high levels in adult CNS (Oltvai et al., 1993; Krajew-
ski et al., 1994a) and is detected as early as E13 in rat brain
(Zhang et al.,, 1995). Targeted disruption of bax prevents the
death of sympathetic and motor neurons during development and
after trophic factor deprivation (Deckwerth et al., 1996). These
results demonstrate that Bax is present in the CNS, is capable of
interacting with Bcl-x;, and does regulate survival of some neu-
ronal populations, rendering it a likely candidate for the proapo-
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ptotic family member that regulates immature neuron survival in
the CNS.

To determine whether Bax is critical during early CNS devel-
opment, bax-deficient (bax~/~) embryos were examined. Neuro-
nal apoptosis was assessed by histology and terminal
deoxytransferase-mediated deoxyuridine triphosphate nick end-
labeling (TUNEL) (Gavrieli et al., 1992) and was quantified
further in vitro using a primary telencephalic cell culture system.
Mice carrying disruptions of bcl-x or bax were interbred, and
neuronal apoptosis was examined in bcl-x~'~/bax™'~ mice. Re-
sults indicate that Bax interacts with Bcl-x; to regulate immature
neuron survival, although Bax does not mediate all neuronal
apoptosis in the developing CNS.

MATERIALS AND METHODS

Generation of mice carrying targeted gene disruptions. Generation of bcl-
x-deficient mice by homologous recombination in ES cells has been
described previously (Motoyama et al., 1995). Heterozygous bcl-x™/~
male and female mice were bred to generate wild-type, heterozygous, and
bcl-x-deficient embryos. bax-deficient mice have been generated by Dr.
F. Wang in the laboratory of Dr. D. Y. Loh (Nippon Roche) by homol-
ogous recombination in ES cells. In these mice, a 5.6 kb BamHI-EcoRI
segment of DNA containing exons 2-6 of bax was replaced with a
neomycin expression cassette, and transfections of the construct, selec-
tions of E14 ES cells, and their injection into C57BL/6 blastocysts were
done as described previously (Nakayama et al., 1993). bax™'~ mice
survived and bred normally. bax~/~ mice survived normally, but male
bax-deficient mice showed increased cell death in the testes (F. Wang, K.
A. Roth, and D. Y. Loh, unpublished data) as has been reported previ-
ously for bax™'~ mice (Knudson et al., 1995).

To generate mice deficient in both bcl-x and bax, bcl-x™ ™~ males were
first bred with bax™~ and bax™/~ females to generate an F1 generation
that included double heterozygous (bcl-x*/~/bax*'~) mice. Double het-
erozygotes were bred to produce embryos that contained nine different
genotypic combinations, including 1 in 16 bcl-x '~ /bax™'~ embryos. To
determine whether the distribution of generated genotypes followed the
predicted Mendelian distribution, chi-square analysis of contingency ta-
bles was used.

Genotyping mice. The endogenous and disrupted genes can be detected
by PCR analysis of tail DNA extracts. Endogenous bcl-x was detected as
an ~400 bp product using primer sequences 5'-GTGCCATCAATG-
GCAACCCAT-3' and 5'-CCGCCGTTCTCCTGGATCCAA-3’, and its
targeted disruption was detected as a 1300 bp product using primers
5'-GCCTACCCGCTTCCATTGCTCAGC-3' and 5'-GTAACAAACG-
CCTACCACGACAGC-3'. Cycling parameters included a 10 min hold at
94°C, then 94°C for 1 min, 66°C for 1.5 min, and 72°C for 2 min for 38
cycles, followed by a 10 min extension at 72°C. Endogenous bax amplifi-
cation using primers 5'-GCTATCCAGTTCATCTCCAATTCGCC-3’
and 5'-GCTCTGAACAGATCATGAAGACAGGGG-3' yielded a 120
bp product, and the disrupted gene generated a 110 bp product with
primers 5'-ATGGACGGGTCCGGGGAGCAGCTT-3' and 5'-GGGT-
GGGGTGGGATTAGATAAATG-3'. Cycling parameters were 10 min
at 94°C, then 94°C for 1 min, 64°C for 1.5 min, and 72°C for 1.5 min for
30 cycles, followed by a 10 min extension at 72°C.

Histological preparation of tissue. Pregnant mice were killed on gesta-
tional day 12 by anesthetization with methoxyflurane followed by cervical
dislocation, and whole embryos were removed. Samples of tail and limb
tissue were taken from each embryo for DNA extraction. Embryos were
then fixed in Bouin’s fixative overnight at 4°C and washed several times
with 70% ethanol. Tissue was embedded in paraffin and cut in 4-um-thick
sagittal sections. Before staining, sections were deparaffinized by two
washes in HemoDe (Fisher, Pittsburgh, PA), three washes in isopropanol,
and rinsed with running tap water. Hematoxylin and eosin (H&E)-stained
slides were treated as follows: 15 sec in hematoxylin solution, rinsed (with
water), dipped in acid alcohol (2 ml of HCI/200 ml of 70% ethanol),
rinsed, 15 sec in ammonia water (600 ul of ammonia/200 ml of distilled
water), rinsed, 15 sec in eosin solution, rinsed, and then successively
dipped in 70, 95, and 100% ethanol and two times in xylene.

TUNEL staining. TUNEL reactions were done with slight modifications
of a method described previously (Tornusciolo et al., 1995). Briefly,
deparaffinized tissue sections were permeabilized with 0.5% Triton X-100
in PBS (0.1 m PBS, pH 7.4) and then incubated with terminal deoxynu-
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cleotidyl transferase (TDT; 25 U/100 ul buffer; Boehringer Mannheim,
Indianapolis, IN) and digoxygenin-conjugated deoxyuridine triphosphate
(0.25 nmol/100 ul buffer; Boehringer Mannheim) for 60 min at 37°C in
TDT buffer (30 mm Tris-base, pH 7.2, 140 mM sodium cacodylate, and 1
mM cobalt chloride). Reactions were stopped by a 15 min wash in a
solution of 300 mM sodium chloride and 30 mMm sodium citrate. TUNEL-
labeled cells were visualized using tyramide signal amplification to in-
crease the sensitivity of detection over that of previously described
methods (Shindler and Roth, 1996a). TDT-reacted tissues were incu-
bated overnight at 4°C with horseradish peroxidase-conjugated sheep
antidigoxygenin antiserum (Boehringer Mannheim) diluted 1:1000 in
PBS-blocking buffer (PBS with 1% bovine serum albumin, 0.2% pow-
dered milk, and 0.3% Triton X-100). Three washes with Tris buffer (0.1
M Tris-HCl, pH 7.6, and 0.15 m NaCl) were followed by a 5 min
incubation with SI-Red tyramide (Roth et al., 1996a; NEN Life Science
Products, Boston, MA) diluted 1:1000. Tissue was counterstained for 10
min with a 0.04 pg/ml solution of bisbenzimide (Hoechst 33258; Sigma,
St. Louis, MO). Staining was visualized on a Zeiss-Axioskop microscope
equipped with epifluorescence.

Primary telencephalic cultures. E12 telencephalic cells were dissociated
as described previously (Shindler and Roth, 1996b). Briefly, pregnant
mice were killed on gestational day 12, the uterus was removed, and
embryos were rapidly removed from the uterus and transferred to cold
dissociation medium (DM) consisting of calcium- and magnesium-free
HBSS (Life Technologies, Grand Island, NY) supplemented with 15 mm
HEPES, 2.7 mM sodium bicarbonate, and 33.3 mMm glucose. Separate
samples of tail and limb tissue were taken from each embryo for DNA
extraction. Whole brains were removed from the membranous skull and
placed into a dish with cold DM, meninges were removed, and telen-
cephalons were separated from the rest of the brain. Cells were dissoci-
ated with a solution of 0.01% trypsin with 0.004% EDTA (Sigma), and
0.001% deoxyribonuclease I (Sigma) in DM, followed by mild trituration
with fire-polished Pasteur pipettes. Dissociated cells were washed twice
with DM, resuspended in basal media [a 1:1 mix of DMEM and Ham’s
F12 medium (Life Technologies) with 1.2 gm/l sodium bicarbonate and
15 mm HEPES, pH 7.4], and a small sample was stained with trypan blue
and counted. Approximately 1 X 10° viable cells were obtained from each
embryo.

A total of 20,000 cells diluted in basal media were plated per well of a
48-well tissue culture plate. Before plating, wells were precoated with
successive overnight incubations in 0.1 mg/ml poly-L-lysine (Sigma) fol-
lowed by 0.01 mg/ml laminin (Collaborative Biomedical Products, Bed-
ford, MA). Cultures were incubated in 5% CO, at 37°C for either 2 or 48
hr, as indicated. Cultures were fixed for 20 min at room temperature in
PBS with 4% paraformaldehyde.

Immunostaining. Fixed cells were incubated overnight at 4°C with
mouse anti-microtubule-associated protein (MAP) 2 antiserum (Sigma)
diluted 1:10,000 in PBS-blocking buffer, then washed several times with
PBS. Immunostaining was detected using a 1 hr room temperature
incubation with Cy3-conjugated donkey anti-mouse secondary antiserum
(Jackson ImmunoResearch, West Grove, PA) diluted 1:400. Cell nuclei
were labeled with a 0.04 ug/ml solution of bisbenzimide for 10 min at
room temperature.

Quantification of apoptosis. Apoptosis in E12 DRG was assessed by
counting TUNEL-reactive cells in photomicrographs taken at 60X mag-
nification. One field of cells was counted for each DRG examined. Six
different DRG, from two to three different embryos and covering the
same total area, were counted for each genotype. In telencephalic cul-
tures, numbers of total nuclei and abnormally condensed, fragmented
nuclei were counted. Typically, four randomly selected fields of nuclei
were selected and counted at 40X magnification for each well (~150-200
cells). Duplicate wells were set up and counted for each culture. The
percentage of apoptotic cells was calculated as the number of abnormally
bisbenzimide-labeled nuclei divided by the total number of nuclei. Two
hour cultures were used to control for possible differences in initial
plating density. Furthermore, data from cultures were compared as
percentages to avoid possible differences introduced by differences in
plating density. Significance was established using the nonparametric
Kruskal-Wallis ANOVA on ranks.

RESULTS
Identification of genotypes

For each mouse, the presence of wild-type and disrupted bcl-x and
bax was detected by PCR of tail DNA extracts. Endogenous bcl-x
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Figure 1. To determine the presence of endogenous and disrupted
genes, separate PCR reactions of tail DNA extracts were set up and run
in adjacent lanes of a 1.5% agarose gel for each mouse. 4, Endogenous
bcl-x was detected by the presence or absence of a 400 bp PCR product
(lanes 1, 3, and 5), and disrupted bcl-x was detected as a 1300 bp
product (lanes 2, 4, and 6). Shown are results for three E12 embryos:
one bcl-x*'* (lanes 1 and 2), one bcl-x*'~ (lanes 3 and 4), and one
bel-x™'~ (lanes 5 and 6). B, Endogenous bax was detected by the
presence or absence of a 120 bp PCR product (lanes 1, 3, and 5), and
disrupted bax was detected as a 110 bp product (lanes 2, 4, and 6).
Shown are results for the same three E12 embryos shown in A.
Therefore, the embryo in lanes I and 2 was bcl-x*'* /bax™'", in lanes 3
and 4 was bcl-x"/"/bax™'~, and in lanes 5 and 6 was bcl-x /" /bax ™'~

was amplified as a 400 bp product, and the disrupted bcl-x was
amplified as a 1300 bp product (Fig. 14). Endogenous bax was
detected as a 120 bp product, and disrupted bax as a 110 bp
product (Fig. 1B). Genotypes of E12 embryos were confirmed by
PCR of a second DNA extract made from limb tissue.

Embryos generated from interbreeding bcl-x™/~/bax™~ mice
should contain nine different genotypic combinations. All nine
genotypes were found in the expected Mendelian frequency (p =
0.05; Table 1). For example, 6.25% (1 of 16) of E12 embryos
generated were predicted to be bel-x /" /bax~'~, and 6.45% (4 of

62) of embryos examined were bcl-x '~ /bax ™'~

Bax deficiency does not prevent the embryonic
lethality of Bcl-x, -deficient mice

Bcl-x; -deficient mice die around E13. To determine whether
embryonic lethality is rescued by Bax deficiency, bcl-x™~ /bax™*'~
double heterozygote mice were interbred, and 11 litters contain-
ing 54 liveborn mice were generated. The 11 litters contained no
bel-x~'~ /bax™'~ mice, indicating that mice deficient in both genes
were not viable (p = 0.05). The frequency of liveborn mice
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Table 1. Embryos and liveborn mice generated from interbreeding of
bel-x*'~[bax*'~ mice

Genotype E12 embryos Liveborn mice
bel-x™* bax™'* (1) 4 7
bel-x"* bax™'~ (2) 7 10
bel-x"* bax™'~ (1) 5 5
bel-x™" [bax*'" (2) 4 8
bel-x*'" baxt'™ (4) 20 15
belx*'~bax '~ (2) 6 9
bel-x™'~/bax™'* (1) 4 0
bel-x™'~ /bax™'~ (2) 8 0
bel-x™"" bax™'~ (1) 4 0

Interbreeding of bel-x*/~/bax*'~ mice resulted in nine different genotypic combina-
tions shown in column 1. Numbers in parentheses indicate the predicted number of
offspring out of every 16 mice generated. A total of 62 E12 embryos were generated
in nine litters, and the number of embryos with each genotype is listed in column 2.
All nine genotypes were found, and they followed the predicted Mendelian distri-
bution (p = 0.05). Fifty-four liveborn mice were generated in 11 litters, and the
number of mice with each genotype is listed in column 3. No bel-x ™/~ /bax™'~ mice
were born, indicating that these mice were embryonic lethal (p = 0.05). The numbers
of liveborn mice containing the six nonlethal genotypes followed the predicted
Mendelian distribution (p = 0.05).

followed the predicted Mendelian distribution of genotypes (p =
0.05), allowing for the in utero death of all bcl-x '~ mice (Table 1).

Bax deficiency prevents increased apoptosis in E12
brainstem and spinal cord of Bcl-x, -deficient mice

The wild-type E12 CNS, when visualized by H&E staining, con-
tained only occasional cells with highly condensed, pyknotic nuclei
in the brainstem and spinal cord (Fig. 24). Occasional TUNEL-
reactive cells were found primarily in the ventral spinal cord and
intermediate zone of the developing brainstem (data not shown).

As has been reported previously, mice carrying a targeted
disruption of the bcl-x gene (bcl-x~/~) contained a large increase
in the number of apoptotic cells, defined by histological criteria
and TUNEL staining, in the intermediate zone of E12 brainstem
and spinal cord. This phenotype was seen in bcl-x-deficient mice
containing either one (bcl-x '~ /bax*'~) or two (bel-x'~ /bax™'™)
copies of endogenous bax (Figs. 2B, 34,B). The CNS of bel-x '~/
bax~'~ mice, however, contained few apoptotic cells (Figs. 2C,
3C,D) compared with bcl-x '~ mice, and were similar to wild-type
littermates.

The microscopic appearance of brainstem and spinal cord in
bax~'~ mice was similar to wild-type littermates (Fig. 2D), with no
obvious difference in the size of the ventricular or intermediate
zones. However, only rare TUNEL-labeled cells were detected in
the ventral spinal cord and brainstem (data not shown). In con-
trast, and similar to wild-type embryos, numerous TUNEL-
positive cells were viewed in the dorsal midline of the spinal cord
(data not shown), where cell death related to neural tube closure
occurs (Geelan and Langman, 1977).

Quantification of apoptosis in E12 DRG

TUNEL staining of E12 DRG was examined to quantitatively
compare in vivo levels of apoptosis in a defined population of
cells. At E12, normal programmed cell death was observed in
wild-type DRG, whereas the number of apoptotic cells de-
tected was more than doubled in DRG of bcl-x~/~ embryos
(Table 2). This increased apoptosis was reduced by 54% in
DRG of bcl-x~/~/bax™’~ mice in which apoptosis was not
significantly different from wild type (a small 5% increase was
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Figure 2. E12 embryos were fixed in Bouin’s solution, embedded in
paraffin, and cut into 4-um-thick sagittal sections. H&E staining of
spinal cords from four embryos is shown. A, The wild-type spinal cord
showed only occasional condensed pyknotic cells (arrow) indicative of
ongoing apoptosis. B, The bcl-x '~ spinal cord was filled with numerous
pyknotic, apoptotic cells. The photomicrograph shown is from a
bel-x~'~/bax™'~ embryo. C, The bcl-x~'~/bax™'~ spinal cord contained
only occasional pyknotic cells (arrow). Note that the general appear-
ance and amount of apoptosis is similar to the wild-type embryo shown
in 4, and remarkably different from the bcl-x ™/~ embryo shown in B. D,
The spinal cord of bax™'~ mice appeared to be normal, with only a rare
pyknotic cell identified (arrow). Scale bar, 35 pum.

observed). Apoptosis was further reduced by 80% in bax '~
DRG.

Bax deficiency prevents increased apoptosis of Bcl-x -
deficient telencephalic cells in vitro

Primary cultures of undifferentiated ventricular zone cells from
E12 telencephalon of mice carrying targeted gene disruptions can
be used to determine the effects of Bcl-x; and Bax on immature
telencephalic neuronal death, and to quantitate apoptosis of cells
with different genotypes. Two hours after plating on laminin-
coated wells, cultures consisted mainly of small, round cells, and
24.8 = 1.2% cells expressed MAP2 immunoreactivity (data not
shown). Less than 3% of cells, regardless of genotype, contained
highly condensed, fragmented chromatin such as that found in
apoptotic cells labeled with bisbenzimide (Fig. 54). After 48 hr in
serum-free, unsupplemented DMEM/F12, wild-type cells
sprouted neurites and 50.9 = 1.4% expressed MAP2 immunore-
activity (Fig. 4B). A total of 25-30% of cells in wild-type cultures
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Table 2. Apoptosis in E12 DRG

Number of TUNEL+
Genotype TUNEL+ cells cells/field
Wild type (3) 100 (6) 16.7 = 2.0
bel-x™'~ (3) 228 (6) 38.0 =34
bel-x™""/bax™'~ (3) 105 (6) 175 = 4.1
bax™'" (2) 19 (6) 32*07

Sagittal sections of Bouin’s fixed, paraffin-embedded E12 wild-type, bcl-x™/~,
bel-x~'~ [bax™'~, and bax '~ mice were labeled by TUNEL, and photomicrographs of
DRG were taken at 60X magnification. The total number of TUNEL-labeled cells
counted from DRG of each genotype is shown in column 2. The number of different
DRG examined is shown in parentheses in column 2, and the number of different
embryos these DRG came from is shown in parenthesis in column 1. One photomi-
crograph was counted from each DRG. Column 3 shows the mean * SE number of
TUNEL-labeled cells per 60X field. The difference in number of TUNEL+ cells/
field between any two genotypes was significant (p = 0.05), except for between
wild-type and bcl-x '~ /bax~/~ DRG.

were apoptotic, as determined by the presence of highly con-
densed, fragmented chromatin visualized by bisbenzimide staining
(Figs. 44, 5B-D).

Comparison of cultures generated from bcl-x*'*, bel-x*'~, and
bel-x~'~ mice revealed no significant difference in the amount of
apoptosis between wild-type (27.3 = 2.3%, n = 13) and hetero-
zygote (30.2 = 2.1%, n = 21) cultures after 48 hr in vitro. Cultures
of bcl-x-deficient cells, however, contained significantly more ap-
optotic cells than wild-type or heterozygote cultures, with 78.9 =
2.8% (n = 11) cells containing abnormally bisbenzimide-stained
nuclei (p = 0.05; Figs. 4C, 5B).

Comparison of cultures generated from bax™'*, bax*'~, and
bax~'~ mice grown 48 hr in vitro revealed no significant differ-
ences in the percentage of apoptotic cells, as measured by bisben-
zimide staining, from wild-type (26.5 * 2.6%, n = 9), heterozy-
gote (25.8 £ 1.7%, n = 17), or bax-deficient (22.8 £ 1.9%,n = 9)
littermates (Fig. 5C).

Increased apoptosis of bcl-x-deficient telencephalic cells was
reduced by disruption of bax. bcl-x ™'~ /bax™'~ cultures contained
39.3 * 13% (n = 4) apoptotic cells, whereas cultures of their
bel-x-deficient littermates (bcl-x '~ /bax™'* and bcl-x~'~/bax™'™)
had significantly more (71.8 * 2.0%, n = 6) apoptotic cells (p =
0.05), as seen previously in bcl-x-deficient cultures (Figs. 4D, 5D).
Data from bcl-x ™/~ /bax*'* and bel-x™'~/bax™~ cultures were
pooled together because no difference in amount of apoptosis was
found between these cells (data not shown). Similarly, telence-
phalic cultures generated from mice containing at least one func-
tional bcl-x gene revealed no differences in the amount of apo-
ptosis, regardless of genotype (data not shown). Pooled data from
these cultures showed significantly fewer apoptotic cells (28.3 =
0.9%, n = 20) than either bcl-x '~ or bel-x '~ /bax™'~ cultures
(p = 0.05).

DISCUSSION

Targeted disruption of the bax gene prevents the massive cell
death of immature neurons in the developing bcl-x-deficient CNS.
The spinal cord and brainstem of bcl-x '~ /bax™'~ mice are similar
to wild-type mice both histologically and by the pattern of
TUNEL staining, and there is little difference in levels of apo-
ptosis between wild-type and bcl-x '~ /bax~'~ DRG. This is in
stark contrast to bcl-x-deficient mice containing a functional bax
gene, in which the DRG and intermediate zone of postmitotic
immature neurons contain extensive numbers of pyknotic cells
that are TUNEL-labeled, measures that have been used previ-
ously to indicate that cells are undergoing apoptosis (Gavrieli et
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Figure 3. Apoptotic cells in Bouin’s fixed sagittal sections of E12 embryos
were identified by TUNEL. Cell nuclei were counterstained with bisben-
zimide (Hoechst 33258). A, The spinal cord of a bcl-x ™'~ /bax™'~ embryo
demonstrates a tremendous number of TUNEL-positive cells (red).
B, Dual-label TUNEL (red) and bisbenzimide (blue) of the same field
shown in 4. Many of the TUNEL-labeled cells contained highly con-
densed chromatin, observed as bright blue bisbenzimide-stained nuclei,
demonstrating the correlation between these two measures of apoptosis.
C, The spinal cord of a bcl-x ™'~ /bax™'~ embryo showed a greatly reduced
number of apoptotic cells compared with the bcl-x~/~ spinal cord shown in
A. Occasional apoptotic cells are present, illustrated by two red TUNEL-
positive cells in the center of the field. D, Dual-label TUNEL and bisben-
zimide of the same field shown in C demonstrates the normal chromatin
pattern of most cells. Scale bar, 25 pum.

al., 1992; Motoyama et al., 1995). Similarly, bax deficiency results
in a large reduction of the number of abnormally bisbenzimide-
labeled nuclei in cultures of telencephalic cells from bcl-x-
deficient mice. Abnormally condensed and fragmented bisben-
zimide staining has also been used previously to identify apoptotic
cells, and is correlated with TUNEL-reactive cells (Deckwerth
and Johnson, 1993; Roth et al., 1996b). Together, these results
suggest that Bax interacts with Bcl-x; to regulate survival of
immature neurons throughout the CNS.

Interestingly, bax deficiency does not eliminate cell death in the
developing CNS. Occasional pyknotic, TUNEL-labeled cells are
found in the intermediate zone of E12 brainstem and spinal cord
of bcl-x/"/bax™'~ and bax™/~ mice, and cell death related to
neural tube closure appears unaffected, indicating that neuronal
apoptosis can occur in the absence of Bax. Similar to previous
observations (Deckwerth et al., 1996), apoptosis is significantly
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Figure 4. Primary dissociated cells from telencephalons of individual E12
embryos were grown for 48 hr in unsupplemented DMEM/F12 media and
fixed in 4% paraformaldehyde. 4, Cells from a wild-type embryo stained
with bisbenzimide demonstrate the normal chromatin staining of many
cells and the highly condensed, fragmented staining pattern used to
identify apoptotic cells (arrow). B, The same cells as shown in 4 were
dual-labeled with bisbenzimide (blue) and anti-MAP2 antibodies (red).
The presence of MAP2-immunoreactive neuritic processes shows that
telencephalic cells differentiated into neurons in culture. C, Cells from a
bel-x ™'~ /bax™'~ embryo stained with bisbenzimide demonstrate a large
increase in apoptotic cells (arrows) compared with the wild-type culture
shown in 4. D, Cells from a bcl-x '~ /bax™'~ embryo show a decreased
number of apoptotic cells (arrow) compared with other bcl-x~/~ embryos
such as that shown in C. Scale bar, 25 um.

reduced in DRG of bax /" mice, although a small number of
TUNEL-labeled cells can be detected. A primary telencephalic
culture system was used to further examine whether bax deficiency
leads to a reduction in immature neuron apoptosis. Cells were
grown for 48 hr in unsupplemented basal medium on laminin-
coated plates. This system allows undifferentiated E12 telence-
phalic cells to begin to differentiate into neurons, as determined
by sprouting of neurites and immunoreactivity for MAP2, a
neuron-specific protein restricted to dendrites of mature neurons
but also found in cell bodies and axons early in neuronal devel-
opment (Papandrikopoulou et al., 1989; Tucker, 1990). Plating in
basal medium also establishes a sizable and reproducible baseline
level of apoptosis in wild-type cultures, with 25-30% of cells
containing condensed, fragmented chromatin after 48 hr in vitro.
Cultures of bax-deficient telencephalic cells show no significant
reduction in this baseline level of apoptosis, suggesting that cell
death in this population of cells is not dependent on Bax. In
addition, cultures of bcl-x '~ /bax™'~ cells show a small but signif-
icant increase in levels of apoptosis (40% vs 25-30%) compared
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Figure 5. Primary dissociated E12 te-
lencephalic cells were grown for either
2 or 48 hr in unsupplemented DMEM/
F12, fixed in 4% paraformaldehyde,
and stained with bisbenzimide. Total
nuclei and condensed, fragmented apo-
ptotic nuclei were counted, and the per-
centage of apoptotic cells in each cul-
ture was calculated. Data represent the 80
mean *= SEM for all cultures generated
from embryos with an indicated geno-
type. A, After 2 hr in vitro, <3% of
telencephalic cells were apoptotic, with
no significant differences observed be-
tween cultures generated from mice
with different genotypes. Shown are
data from wild-type (n = 13 embryos),
bel-x™'~ (n = 11), bax™'~ (n = 9), and
belx™'"/bax™'~ (n = 4) cultures. B,
Embryos generated from interbreeding
of bcl-x™'~ mice were used to examine
apoptosis of bcl-x-deficient and het-
erozygous cells grown 48 hr in vitro. No o0
significant difference in apoptosis was
found between bcl-x*'* (n = 13) and
bel-x™'~ (n = 21) cells, whereas bcl-x '~
(n = 11) cultures contained signifi-

A 100

% Apoptotic

40 r

2 Hours
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B 100

% Apoptotic

cantly more apoptotic cells than wild- 0
type or heterozygote cultures (*p = w.t.
0.05). C, Embryos generated from in-
terbreeding of bax™'~ mice were used
to examine apoptosis of bax-deficient
and heterozygous cells grown 48 hr in
vitro. No significant differences were C 100
found between bax™'* (n = 9), bax*/~

(n = 17), or bax™'~ (n = 9) cultures. D,
Embryos generated from interbreeding
of bel-x™'~/bax™'~ mice were used to
examine apoptosis of cells deficient in 80
both genes grown 48 hr in vitro. Be-
cause no difference in the amount of
apoptosis was found between wild-type
and bcl-x*'~ cultures, or between bax-
deficient, heterozygote, and wild-type
cultures, data from telencephalic cul-
tures of these mice were pooled to-
gether. o indicates presence of either
the endogenous (+) or disrupted (—)
gene. Cultures of bcl-x-deficient cells
that contained at least one endogenous
bax gene (bcl-x™'~/bax*'°; n = 6) con-
tained significantly more apoptosis than
cultures of non-bcl-x-deficient (bel-x*/°/
bax°; n = 20) cells (*p < 0.05). Cul-
tures of cells deficient in both genes
(bcl-x™'~/bax™'~; n = 4) contained sig-
nificantly less apoptosis than bcl-x™/~/
bax™’® cultures and significantly more
apoptosis than bcl-x*"°/bax°’® cultures
(**p = 0.05).

% Apoptotic

bax™”*

with wild-type cells. Therefore, although Bax critically interacts
with Bcl-x; in many immature neurons, there also must be other
pathways of cell death that are active during this early develop-
mental period and that are not dependent on Bcl-x; or Bax. Such
pathways may be regulated by other members of the Bcl-2 gene
family, or may act independently of this family.

Cell death in the bcl-x-deficient CNS occurs relatively early in
neuronal development. Although cell death has long been recog-
nized as a normal process in nervous system development, with up
to 50% of all neurons generated in some regions ultimately
undergoing apoptosis (Oppenheim, 1991), much of this work has
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focused on apoptosis that occurs after synapse formation and the
development of target-derived trophic factor dependency. How-
ever, an earlier period of cell death, before synapse formation, has
been described in the retina, spinal cord, sensory ganglia, and
telencephalon (Maruyama and D’Agostino, 1967; Lance-Jones,
1982; Acklin and van der Kooy, 1993; Homma et al., 1994;
Blaschke et al., 1996; Galli-Resta and Ensini, 1996), and recent
reports indicate that the amount of death occurring at these early
periods is extensive. In the telencephalon, 80% of precursors in
the E17 rat gives rise to at least one daughter cell that dies within
the next 48 hr (Acklin and van der Kooy, 1993). In the E14 mouse
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cortex, 70% of all cortical cells, including those found in prolif-
erative zones, contain fragmented DNA characteristic of apo-
ptotic cells (Blaschke et al., 1996). The increased apoptosis seen in
bcl-x-deficient mice also occurs early in development, and there-
fore it was thought that death during this period may normally
result from the failure of a cell to upregulate bcl-x. Although this
may account for some of the normal cell death during this period,
this is clearly not the case for all death, because bcl-x- and
bax-independent pathways of death are present. This does suggest
that although apoptosis of immature neurons is regulated by
Bcl-x; and Bax, the death of cells within proliferative precursor
regions may be subject to different regulation. Other antiapo-
ptotic molecules, such as Bcl-2 or Bel-y/w (Guastella et al., 1995;
Gibson et al., 1996), may contribute to the survival of precursor
cells or early postmitotic neurons within these regions. Prelimi-
nary investigations support this possibility, because mice carrying
targeted disruptions of both bcl-x and bel-2 (bel-x™'~/bcl-27'7)
contain more apoptotic cells in the embryonic CNS than bcl-x-
deficient mice (K. A. Roth, unpublished observations).

In addition to identifying Bax as the proapoptotic protein that
interacts with Bcl-x; in the CNS, the ability of bax deficiency to
rescue bcl-x-deficient immature neurons from death provides in
vivo evidence to support the hypothesis that the balance between
anti- and proapoptotic Bcl-2 family members regulates apoptosis.
This was suggested previously based on the ability of these pro-
teins to form heterodimers and on the fact that the ratio of Bel-x;
to Bax, or Bcl-2 to Bax, in transfected cells determines the
susceptibility of the cell to undergo apoptosis (Oltvai et al., 1993;
Sedlak et al.,, 1995). In the developing CNS, Bcl-x; and Bax
expression overlap in many regions (Mai et al., 1996). Targeted
disruption of bcl-x presumably upsets the normal Bcel-x; to Bax
ratio, resulting in apoptosis. Subsequent disruption of bax elimi-
nates the imbalance between Bcl-x; and Bax, and restores the
viability of immature neurons. This result also provides insight
into the question of which Bcl-2 family members inhibit the
function of other members. It has been suggested that antiapop-
totic Bcl-2 family members regulate apoptosis by acting as death
repressors, and proapoptotic members inhibit this action by het-
erodimerizing with the antiapoptotic members; or, alternatively,
proapoptotic members could function as death effectors inhibited
by antiapoptotic members. In the case of immature neurons of the
CNS, it appears that Bax functions as a death effector and is
inhibited by Bcl-x; . This assessment is based on the fact that in the
absence of Bcl-x, these cells undergo apoptosis presumably be-
cause of the increased numbers of Bax homodimers that can form,
whereas in the absence of both genes, these immature neurons are
able to survive normally.

Bcl-x plays a critical role in regulating survival not only of
immature neurons, but also of hematopoietic precursors and
hepatic cells in the liver, and the embryonic lethality of bcl-x-
deficient mice is thought to be secondary to hematopoietic and/or
hepatic cell death (Motoyama et al., 1995). Although bax defi-
ciency prevented the increased neuronal death of bcl-x-deficient
mice, the embryonic lethality was not altered in bel-x™'~ /bax ™'~
mice. This suggests that Bax is not the proapoptotic Bcl-2 family
member that interacts with Bcl-x in the developing liver. Cell
death in the developing liver may, for example, be mediated by
another proapoptotic member, such as Bak or Bad, thus account-
ing for the continued embryonic lethality of bel-x ™'~ /bax ™'~ mice.
These results demonstrate that although many Bcl-2 family mem-
bers are expressed in a wide range of tissues, the relative impor-
tance of any one member can vary in specific tissues. Similar
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results have been observed in mice carrying targeted disruptions
of bcl-2 and bax. bcl-2-deficient mice show increased apoptosis of
mature lymphocytes, as well as kidney cells, resulting in polycystic
kidney disease (Veis et al.,, 1993; Nakayama et al., 1994). bax
deficiency rescues the increased death of bcl-2-deficient lympho-
cytes, but not the death seen in the kidneys (S. J. Korsmeyer,
personal communication).

bax deficiency prevents the increased apoptosis of bcl-x-
deficient immature neurons throughout the CNS, although bax
deficiency alone does not eliminate all apoptosis normally present
during early CNS development. These results indicate that Bax
interacts with Bcl-x; to regulate immature neuron survival, sug-
gest that Bax acts as a dominant death effector molecule, and
provide in vivo evidence consistent with the hypothesis that the
balance between pro- and antiapoptotic Bcl-2 gene family mem-
bers ultimately determines the susceptibility of a cell to apoptosis.
Although this regulation appears to be the case for a large
percentage of immature neurons, cell death that is not dependent
on Bax or Bcl-x;_is also important. The relative role of other Bcl-2
family members, as well as Bcl-2 family-independent mechanisms,
in regulating immature neuron and neuronal precursor cell sur-
vival needs to be examined.
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