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Prevention of Programmed Cell Death in
Caenorhabditis elegans by Human bcl-2

David L. Vaux,* Irving L. Weissman, Stuart K. Kim

Programmed cell death is a physiological process that eliminates unwanted cells. The bc/-2
gene regulates programmed cell death in mammalian cells, but the way it functions is not
known. Expression of the human bcl-2 gene in the nematode Caenorhabditis elegans
reduced the number of programmed cell deaths, suggesting that the mechanism of pro-
grammed cell death controlied by bcl-2 in humans is the same as that in nematodes.

Cell death is a normal part of development
and homeostasis in both vertebrates and
invertebrates (1). Extensive loss of neurons
occurs during vertebrate development (2),
and in mature animals cell death serves to
eliminate autoreactive .immune cells and
virally infected cells (3). In mammals, bcl-2
prevents some, but not all, cell deaths
(4-7). For instance, expression of the bcl-2
gene can prevent the death of myeloid or
neuronal cells that occurs after withdrawal
of certain growth factors (4), but it cannot
protect cells from being killed by cytotoxic
T cells (7). Inhibition of cell death by
improperly regulated expression of bcl-2
may also be oncogenic, as when bcl-2 is
activated by t(14;18) translocations in hu-
man follicular lymphoma (8) or when bcl-2
is overexpressed in transgenic mice (5).
The activation and execution of an intra-
cellular suicide pathway is referred to as
programmed cell death (1).

Programmed cell death occurs in the
nematode Caenorhabdits elegans. Of the
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1090 somatic cells formed in the course of
the development of an adult worm, 131
cells undergo programmed cell death (9),
and the genetic pathway by which cell
death occurs has been extensively charac-
terized (1). We tested whether programmed
cell deaths in nematodes and humans can
occur by way of the same molecular path-
way by constructing a vector (hsbcl-2) that
places expression of the human bcl-2 gene
under control of the nematode heat shock
promoter (10) and generating transgenic
nematodes with 70l-6 as a cotransformation
marker (11, 12). Normally, cells undergo-
ing programmed cell death are observable
only for a short period, because the cell
corpse is rapidly engulfed (9). We therefore
used ced-1(el735) mutants because this mu-
tation prevents engulfment, allowing the
cell corpses to accumulate (13).

We used antibody staining to demon-
strate that transgenic nematode embryos
express the human bcl-2 protein. After heat
shock, embryos from transgenic parents
were fixed and labeled with monoclonal
antibodies to human bcl-2 (14), and then
staining was visualized by fluorescence mi-
croscopy (I15). Transgenic sequences in
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nematodes are carried and transmitted as an
extrachromosomal array (11), so we expect-
ed to see bcl-2 expression in those progeny
that carried the transgene, and not in their
nontransgenic siblings. A proportion of off-
spring from transgenic parents were positive
for bcl-2 staining (Fig. 1). Staining was
most prominent in the perinuclear regions
of the cytoplasm, remained strong for up to
8 hours after heat shock, and was still

Fig. 1. Expression of human bcl-2 (10, 12). A
mixed population of transgenic and nontrans-
genic sibling embryos from hsbcl-2 parents
were stained with antibodies to human bcl-2
and examined by phase contrast (A) and fluo-
rescence microscopy (B) (15). Expression of
bcl-2is seen in one of two embryos. Scale bar,
10 pm.
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Fig. 2. Corpses of cells that have undergone
programmed cell death are visible as highly
refractile nuclei (76). (A) An early threefold
stage embryo that is a nontransgenic offspring
of an hsbcl-2 parent. Three of the seven cell
corpses visible in this focal plane are indicated
by arrows. (B) An hsbcl-2 embryo. No corpses
are evident in a comparable focal plane. Scale
bar, 10 pm.

detectable 12 hours after heat shock. This
staining was due to expression from the
hsbcl-2 gene, because staining was not de-
tected in nontransgenic embryos nor in
transgenic animals that had not been sub-
jected to heat shock.

We observed that bcl-2 expression signif-
icantly reduced the number of cell corpses.
Embryos were subjected to heat shock at
the early gastrulation stage, before the on-
set of any cell deaths. Development was
then allowed to proceed until morphogen-
esis was complete, by which time almost all
of the embryonic cell deaths would normal-
ly have occurred (16). We then examined
individual animals for the number of cell
corpses (Fig. 2). Subsequently, we deter-
mined which of the animals contained
transgenic sequences, on the basis of ex-
pression of the roller phenotype (17). Non-
transgenic progeny exhibited the same
number of cell corpses [38 * 2 corpses
(mean %= 3 SEM)] as were observed in the
ced-1 strain (37 * 4 corpses). However,
embryos that carried hsbcl-2 and r0l-6 con-
tained a significantly lower number of
corpses (16 + 4 corpses; P < 0.0001) (Fig.
3). Control experiments showed that this
reduction in cell corpses was due to expres-
sion of bcl-2, because the reduction in the
number of cell corpses was not a result of
expression from the rol-6 marker or heat
shock.

Continuous observation of several hsbcl-2

1956

R

Fig. 3. Expression of bcl-2
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prevents programmed cell
deaths. The total number of
corpses seen in embryos at
520 min of development is
shown. Each symbol repre-
sents a single embryo.
ced-1  embryos  (open
squares); ced-1, hslacZ
embryos (filled triangles);
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genic animals carrying the
rol-6 and the hslacZ trans-
genes (hslacZ); transgenic
animals carrying the rol-6
and hsbcl-2 transgenes
(hsbcl-2) (17). Embryos that
had been subjected to a
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heat shock treatment (hs) (76); embryos that were grown at 20°C continuously (—). The brackets indicate
progeny that were derived from the same parents and were given identical treatment. Similar results

were obtained using an independent hsbcl-2 strai

animals throughout embryogenesis showed
that the cell death rate was low, but each
corpse persisted for a relatively long time.
This means that the reduction in the number
of corpses in hsbcl-2 animals was due to a lower
number of cell deaths and not rapid engulf-
ment of cell corpses. Furthermore, we saw no
increase in the numbers of corpses at later
times, suggesting that expression of the hu-
man bcl-2 gene prevents cell deaths rather
than merely delaying the onset of cell death.

The conservation of function of bcl-2
suggests that the mechanisms that execute
programmed cell death are basic and are
used in diverse organisms. In order to pre-
vent cell deaths in C. elegans, the human
bcl-2 protein most likely interacts with the
gene products that mediate programmed
cell death in C. elegans. Of the cell death
genes already identified, the genetic behav-
ior of ced-9 is the most similar to that of
bcl-2. Gain-of-function ced-9 mutations in
C. elegans (18) and expression of bcl-2 in
mice (5) both prevent programmed cell
deaths. As ced-9 appears to act by inhibit-
ing ced-3 or ced-4 activity (19), bcl-2 most
likely works in humans by antagonizing the
activity of their homologs.

REFERENCES AND NOTES

1. R. E. Ellis, J. Y. Yuan, H. R. Horvitz, Annu. Rev.
Cell Biol. 7, 663 (1991); M. C. Raff, Nature 356,
397 (1992).

. V. Hamburger and R. Levi-Montalcini, J. Exp.
Zool. 111, 457 (1949).

. P. Goldsein, D. M. Ojcius, D-E. Young, /mmunol.
Rev. 121, 29 (1991).

. D.L. Vaux, S. Cory, J. M. Adams, Nature 335, 440
(1988); D. Hockenbery et al., ibid. 348, 334
(1990); I. Garcia, I. Martinou, Y. Tsujimoto, J.-C.
Martinou, Science 258, 302 (1992).

. T. J. McDonnell et al., Cell 57, 79 (1989); A.
Strasser et al., Curr. Top. Microbiol. Immunol. 166,
175 (1989).

SCIENCE ¢ VOL. 258 < 18 DECEMBER 1992

n.

6. G. Nunez et al., J. Immunol. 144, 3602 (1990).
7. D. L. Vaux, H. L. Aguila, |. L. Weissman, Int.
Immunol. 4, 821 (1992).

Y. Tsujimoto, L. R. Finger, J. Yunis, P. C. Nowell,

C. M. Croce, Science 226, 1097 (1984); A. Ba-

khshi et al., Cell 41, 899 (1985); M. L. Cleary and

J. Sklar, Proc. Natl. Acad. Sci. U.S.A. 82, 7439

(1985).

. J. E. Sulston and H. R. Horvitz, Dev. Biol. 56, 110
(1977); J. E. Sulston, E. Schierenberg, J. G. White,
J. N. Thomson, ibid. 100, 64 (1983).

. The construct pDVhsbcl-2 contains a 941-bp Eco
RI/Taq | fragment bearing the human bcl-2 coding
region [M. L. Cleary, S. D. Smith, J. Sklar, Cell 47,
19 (1986)] under control of a 241-bp Taq | frag-
ment containing the C. elegans heat shock pro-
moter hsp16.41 [D. Jones, R. H. Russnak, R. J.
Kay, E. P. M. Candido, J. Biol. Chem. 261, 12006
(1986)]. Polyadenylate addition signals were pro-
vided by a 1280-bp sequence from the 3’ end of
the unc-54 gene [A. Fire, S. W. Harrison, D. Dixon,
Gene 93, 189 (1990)].
C. C. Mello, J. M. Kramer, D. Stinchcomb, V.
Ambros, EMBO J. 10, 3959 (1991).
We constructed transgenic animals by co-injec-
tion [J. M. Kramer et al., Mol. Cell. Biol. 10, 2081
(1990)] of rol-6 DNA {pRF4 [D. G. Albertson, Dev.
Biol. 101, 61 (1984)]; 100 pg/mi} along with either
the hslacZ vector DNA {pPC16.48-1 [E. G. String-
ham, D. K. Dixon, D. Jones, E. P. Candido, Mol.
Biol. Cell 3, 221 (1992)]; 100 ug/ml} or the hsbcl-2
vector DNA (pDVhsbcl-2, 100 pg/ml) into the
syncytial gonads of adult ced-1(e1735) animals.
Transgenic animals were identified and subse-
quently maintained as a strain based on their
roller phenotype. With this procedure, transgenes
are almost always present as tandemly linked
copies on extrachromosomal arrays (77). The
hslacZ strain contains the hslacZ vector because
these animals stained for B-galactosidase activity
after heat shock treatment.

E. M. Hedgecock, J. E. Sulston, J. N. Thomson,

Science 220, 1277 (1983).

F. Pezzella et al., Am. J. Pathol. 137, 225 (1990).

Unstaged embryos from hsbcl-2 parents were sub-

jected to a heat shock (15 min at 33°C) and allowed

to express the hsbcl-2 transgene (2 hours at 20°C).

The embryos were fixed in methanol and acetone

and then stained for 1 hour with a monoclonal

antibody to human bcl-2 (Dako, Glostrup, Denmark)

(74) diluted 1:40 in phosphate-buffered saline with

5% albumin. This was followed by staining for 30 min

with a 1:100 dilution of fluoresceinated goat anti-

mouse antibodies (Caltag, South San Francisco,

8.

1.

12.

13.

14.
15.



CA). Perinuclear staining was confirmed by coun-
terstaining with propidium iodide.

16. Because most cell deaths (109 out of 131) occur
4 to 8 hours after fertilization (9), a heat shock
was given to embryos at about 1 hour of devel-
opment. Early embryos from hsbcl-2 parents
were collected from adults that had been cut
open with a needle. The embryos were allowed
to develop until early gastrulation (30 min at
20°C) and subjected to a heat shock (15 min for
33°C). The embryos were allowed to develop
until the end of morphogenesis (7 to 9 hours at
20°C). Individual embryos were placed on an
agar pad and photographed using Nomarski
optics microscopy (9).

17. Only some embryos from hslacZ and hsbcl-2
parents carry transgenic sequences, correspond-
ing to the fraction of progeny inheriting an extra-
chromosomal array. In these cases, the rol-6
marker gene was used to determine the genotype
of each embryo; embryos that grew into adults

with a roller phenotype or that segregated prog-
eny with a roller phenotype were scored as trans-
genic. Some animals died due to the heat shock
treatment, and the data from these animals were
not included in this experiment.

18. M. O. Hengartner, R. E. Ellis, H. R. Horvitz, Nature
356, 494 (1992).

19. J. Y. Yuan and H. R. Horvitz, Dev. Biol. 138, 33
(1990).

20. We thank E. Stringham and P. Candido for the
heat shock vectors, C. Mello for the rol-6 vector,
M. Cleary for the bcl-2 cDNA, and A. Villeneuve
for comments. Supported by grants from the
Lucille P. Markey Charitable Trust, the Searle
Scholars Program/The Chicago Community Trust,
NIH, and HHMI. D.L.V. is an Australian Visiting
Fellow of the Lucille P. Markey Charitable Trust
and S.K.K. is a Lucille P. Markey Scholar and a
Searle Scholar.

16 October 1992; accepted 20 November 1992

Neutrophil Recruitment by Tumor Necrosis Factor
from Mast Cells in Immune Complex Peritonitis

Yan Zhang, Bernard F. Ramos, Barbara A. Jakschik*

During generalized immune complex—induced inflammation of the peritoneal cavity, two
peaks of tumor necrosis factor (TNF) were observed in the peritoneal exudate of normal
mice. In mast cell-deficient mice, the first peak was undetected, and the second peak of
TNF and neutrophil influx were significantly reduced. Antibody to TNF significantly inhibited
neutrophil infiltration in normal but not in mast cell-deficient mice. Mast cell repletion of the
latter normalized TNF, neutrophil mobilization, and the effect of the antibody to TNF. Thus,
in vivo, mast cells produce the TNF that augments neutrophil emigration.

Leukocyte—endothelial cell interaction is a
pivotal event in leukocyte emigration from
the intravascular to the interstitial space
during inflammation. TNF-a enhances
neutrophil adhesion to endothelial cells in
vitro. This is due, in part, to the expression
of the adhesion proteins E-selectin (ELAM-
1) and ICAM-1 by endothelial cells. The
same cytokine also stimulates various cell
types to release the neutrophil chemotac-
tant interleukin-8 (IL-8). TNF-a also
seems to be directly chemotactic to certain
leukocytes, producing the up-regulation of
integrin expression on the cell surface of
leukocytes as well as the activation of these
cells (1). Macrophages, neutrophils, T lym-
phocytes, natural killer (NK) cells, and
mast cells can be stimulated to synthesize
TNF-a (1). However, only mast cells store
TNF-« in their granules. Activated mast
cells, therefore, release TNF-a immediately
from preformed stores and later release new-
ly synthesized TNF (2). This suggests that
TNF-a derived from mast cells may partic-
ipate in the early phase of inflammation.
Mast cell degranulation, TNF-a, and venu-
lar endothelial cell expression of E-selectin
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are correlated in human skin organ cultures
exposed to morphine (3). Mast cells can
also generate various other cytokines, in-
cluding IL-1 (4). These cells are strategical-
ly located in high density around blood

Fig. 1. Neutrophil influx in peritoneal reverse
passive Arthus reaction in normal and mast
cell-deficient mice. WBB6F,-W/W (O), normal
congenic control WBB6F,-+/+ (@) (21), and
mast cell-reconstituted WMWY (A) (77) mice
were anesthetized with pentobarbital (40 to 50
mg per kilogram of body weight, intraperitone-
ally) and intravenously injected with chicken
ovalbumin (20 mg/kg). The mice were then
immediately injected (intraperitoneally) with
rabbit immunoglobulin G (IgG) to chicken oval-
bumin (800 wg per mouse) or phosphate-buff-
ered saline (PBS). At the times indicated after
challenge, mice were asphyxiated with CO,,
and their peritoneal cavity lavaged with 1 ml of
PBS containing 0.1% bovine serum albumin.
The protocol used in the care of the mice was in
accordance with institutional guidelines. The
peritoneal fluid was centrifuged at 200g for 10
min. Neutrophil influx was evaluated by mea-
surement of myeloperoxidase (MPO) activity
colorimetrically in the cell lysate (22). The num-
ber of neutrophils present was determined from
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vessels, especially postcapillary venules,
which are the principal sites of plasma flux
and leukocyte transmigration into the in-
terstitium. Mast cells are involved in neu-
trophil elicitation, plasma exudation, ede-
ma and fibrin deposition in reverse Arthus
reaction [which is characterized by general-
ized antigen-antibody complex formation
(5-7)] and antibody-mediated basement
membrane injury (8, 9) in the skin, and
neutrophil influx in thioglycollate- and im-
mune complex—induced peritonitis (10,
11). Mast cells are also involved in inflam-
mation induced by phorbol myristate ace-
tate and substance P (12, 13) and in anti-
gen-induced arthritis (I14). The present
study shows the significance of mast cell-
generated TNF-a in the recruitment of
neutrophils in immune complex-mediated
inflammation.

Reverse passive Arthus reaction in the
peritoneal cavity (intravenous injection of
antigen and intraperitoneal injection of
antibody) of mast cell-deficient WBBG6F,-
W/WY (W/WV) mice and their congenic
controls, WBB6F-+/+ (+/+), was cho-
sen as the model of inflammation for the
evaluation of the release and role of TNEF-
a, with mast cells as the possible source of
TNF-a. Neutrophil accumulation was
time-dependent and reached a maximum at
6 hours in both sets of mice (Fig. 1).
However, the leukocyte influx was reduced
in W/W" mice, and in +/+ mice significant
neutrophil infiltration was observed earlier
(15 min) than in the W/W" mice (30 min).
Mast cells seemed to account for at least
40% of the neutrophil response. Correction
of the mast cell deficiency of W/W" mice
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a standard curve of MPO activity of known numbers of neutrophils (obtained from peritoneal
exudate after 6 hours of reverse Arthus reaction). MPO activity in peritoneal cells of PBS-treated
mice was equivalent to 0.7 x 108 neutrophils. Data are expressed as mean + SEM (n = 3 to 6); *P
< 0.01, comparison of +/+ and W/W' mice at the respective time points, as determined by the

Student's ¢ test.
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