18.

26.

27.

28.

29.

30.
31.

flashes were compensated for with fresh NP-EGTA
and CaCl,.

The time course and magnitude of the change in
[Ca?*] could be modified by varying the frequency
and the discharge energy of the Q-switched, fre-
quency-tripled, neodymium-doped:yttrium-alumi-
num-gamet (Nd:YAG) laser (model GCR-18, Spec-
tra-Physics, Mountain View, CA). Ultraviolet light
(352 nm) from the laser was separated from the 1064
and 532 lines with three dichroic mirrors (350 to 360
nm), collected by a convergent mirror, and focused
onto the polished aperture of a ~400-um outer di-
ameter, fused-silica light guide (Fiberguide, Stiriing,
NJ). The end of the light guide was positioned with a
micromanipulator ~400 wm in front of the bilayer
aperture to photolyze the caged Ca2* in a cylinder-
shaped region between the end of the fiber optic light
guide and the bilayer cup. Slow changes in [Ca2+]
(““Ca2* ramps”) were produced by setting a low
output energy of the flash lamp (5 to 15 mJ) and
pulsing the laser at 10 Hz. Fast [Ca2*] changes
(~100 ps, the rate time constant of Ca2* release by
NP-EGTA) were produced by 50- to 80-mJ single
flashes. All flashes were ~7 ns in duration. We mea-
sured the local changes in [Ca2+*] by two methods. In
one case, small (50- to 70-pm tip diameter) plastic
pipettes were filled with a Ca2* ionophore resin (cat-
alogue no. 21199, Fluka Chemical, New York, NY)
and positioned in the path of the light beam, ~200
wm away from the bilayer surface. In the second
case, the bilayer aperture was filled with the Ca2+
ionophore resin as described (74), and the change in
[Ca?*] was determined in separate experiments.
Both methods yielded very similar results.
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Altered Cytokine Export and Apoptosis in Mice
Deficient in Interleukin-18 Converting Enzyme

Keisuke Kuida, Judith A. Lippke, George Ku,
Matthew W. Harding, David J. Livingston, Michael S.-S. Su,*
Richard A. Flavell*

The interleukin-1p (IL-1B) converting enzyme (ICE) processes the inactive IL-1B precursor
to the proinflammatory cytokine. Adherent monocytes from mice harboring a disrupted
ICE gene (ICE~/") did not export IL-1B or interleukin-1a (IL-1a) after stimulation with
lipopolysaccharide. Export of tumor necrosis factor—a and interleukin-6 (IL-6) from these
cells was also diminished. Thymocytes from ICE—/~ mice were sensitive to apoptosis
induced by dexamethasone or ionizing radiation, but were resistant to apoptosis induced
by Fas antibody. Despite this defect in apoptosis, ICE~/~ mice proceed normally through
development. '

The cytokine IL-1B plays a pivotal role in
acute and chronic inflammation, bone re-
sorption, myelogenous leukemia, and other
pathological processes (1). IL-1B is synthe-
sized as a 31-kD precursor devoid of a con-
ventional signal sequence (2) and is pro-
cessed to its proinflammatory 17-kD form by
ICE, a cysteine protease with substrate
cleavage specificity for Asp-X (3). ICE itself
is synthesized principally in monocytes as an
inactive proenzyme that autoprocesses to an
active tetramer composed of two 10-kD and
two 20-kD subunits (4, 5). With the cloning
of the Caenorhabditis elegans cell death gene
ced-3 (6), ICE was recognized to be a mem-
ber of a new subfamily of cysteine proteases.
ICE and CED-3 show only 28% sequence
conservation overall, but their active site
residues are completely conserved (5, 6).
Although the physiological functions of
the mammalian ICE homologs are un-
known, overexpression of ICE and ICE ho-
mologs in transfected cell lines induces ap-

optosis (7, 8). This effect is reduced when
ICE is coexpressed with Bcl-2, a mammali-
an oncogenic protein that is a general sup-
pressor of apoptosis (9). Further, transfec-
tion of chicken dorsal ganglion cells with
CrmA, a serpin-like inhibitor of ICE (10)
and potentially of ICE homologs, protects
‘these cells from apoptosis induced by deple-
tion of nerve growth factor (11).

To probe the physiological functions of
ICE, we disrupted the murine ICE gene in
D3 embryonic stem (ES) cells by replacing
part of exons 6 and 7 (Fig. 1A) with a
neomycin resistance gene cassette (12, 13).
Chimeric mice were obtained by injection
of mutant ES cells into C57BL/6 blastocysts,
and the chimeric males were mated with.
C57BL/6 mice. Interbreeding of the het-
erozygous mice generated the expected men-
delian 1:2:1 ratio of wild-type (ICE*/*),
heterozygous (ICE*/~), and homozygous
(ICE™~) mutant mice. Homozygous mice
with two copies of the disrupted ICE gene

A
Genomic ICE QACRG
Bam HI
EcoRI EcoRl | EcoRl wing | ECO F!éma | Eco RI Hind Il Bam HI
Targeting vector i i——-—-—l”eo ' i
tk T :
1 Bam HI H
Targeted ICE allele " i i
am HI' '
EcoRl EcoRl |EcoRl Hindlll , ECO Fé'maflEICO Rl Hind Ill Bam HI

T
Bam HI PCR primers
e L -

. Prol

Expected fragment sizes
Wild-type 15 kb

Bam HI digest
Mutant

4.4 kb

Fig. 1. Disruption of the murine ICE gene by homologous recombination (73). (A) Restriction maps of the
murine ICE locus, the targeting vector, and the mutant ICE locus. (B) RT-PCR analysis of mRNA from
ICE*/* and ICE~/~ mice with oligonucleotide primers (73) specific for wild-type ICE cDNA (1), mutated
ICE cDNA (2), and B-actin cDNA (3). The lines on the left indicate the positions of 984-bp (upper) and
738-bp (lower) markers.

SCIENCE e+ VOL. 267 e« 31 MARCH 1995



were identified by Southern blots of genom-
ic DNA, and the absence of ICE mRNA in
ICE~/~ mice was confirmed by reverse tran-
scription—polymerase chain reaction (RT-
PCR) analysis (Fig. 1B). The ICE~/~ mice
were healthy and fertile, and had no gross
abnormalities in appearance, body weight,
or organ size for at least the first 16 weeks of
life. The apparently normal phenotype of
ICE~/~ mice suggests that ICE expression is
dispensable for development.

Several serine proteases can process the
IL-1PB precursor to bioactive forms (14), but
ICE is the only mammalian protease iden-
tified that generates the mature 17-kD cy-
tokine with the naturally occurring Ala!!®
amino-terminus (3). A tetrapeptide inhibi-
tor of ICE [Ac-Tyr-Val-Ala-Asp-CHO; in-
hibition constant (K;) = 0.7 nM] blocks
IL-1B processing and secretion from stimu-
lated human monocytes or murine leuko-
cytes [ICs, (the amount required to inhibit
activity by 50%) ~ 1.5 pM] (4, 15). This
inhibitor, however, may not be completely
selective for ICE and may also inhibit the
proteolytic activities of ICE homologs.

To investigate the role of ICE in cytokine
release, we examined ICE*/* and ICE~/~
monocytes induced by lipopolysaccharide
(LPS) and LPS plus nigericin. LPS is a bac-
terial endotoxin that induces monocytes to
produce several cytokines including IL-1B,
IL-1e, tumor necrosis factor—o (TNF-a),
and IL-6. Nigericin is a K*-H* ionophore
that alters K* homeostasis and activates a
plasma membrane adenosine triphosphatase
(ATPase). Nigericin treatment after LPS
stimulation enhances processing of the
IL-1B precursor and export of mature 17-kD
IL-1B from murine and human monocytes
(16). In ICE*/* monocytes, LPS stimulated
IL-1B export into the medium (39 * 28
pg/ml) and LPS plus nigericin treatment sig-
nificantly enhanced IL-1B export (140 *+ 72
pg/ml, P < 0.02) (Table 1). In contrast,
ICE~/~ monocytes did not release any de-
tectable IL-1B after stimulation with LPS or
LPS plus nigericin, and no processed IL-1B
was detectable in cell lysates from these cul-
tures (Table 1). This observation establishes
the critical role of ICE in processing and
export of mature IL-1B.

Treatment with LPS and LPS plus ni-
gericin also enhanced IL-la release by
ICE*/* monocytes (318 %+ 186 pg/ml, P <
0.02) (Table 1). IL-1a binds to the same
cellular receptors as IL-18 (1) and is also
synthesized as a precursor, but pre-IL-1a is
not a substrate for ICE (3). Surprisingly,

K. Kuida and R. A. Flavell, Howard Hughes Medical Insti-
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ICE~/~ monocytes did not release IL-1c af-
ter treatment with LPS plus nigericin, al-
though the intracellular concentration of
this cytokine was substantial (115 * 38 pg/
ml). These results implicate ICE as a medi-

. REPORTS|

ator of IL-1a release from monocytes. Export
of IL-1B and IL-1a may involve a common
molecular assembly (17). For example, ICE
may associate with the nigericin-stimulated
K*,H*-ATPase for transport of IL-1a and

Table 1. Cytokine secretion by adherent monocytes from ICE*+/+ and ICE~/~ mice. Adherent monocytes
were isolated from ICE*/+ and ICE~/~ mice and treated as in (29). Cytokines were quantitated in
supematants or cell lysates by an ELISA specific for murine IL-1B, IL-1a, TNF-a, and IL-6. The IL-1a
ELISA recognizes both precursor and processed forms. The IL-1B ELISA is highly specific for mature
IL-1B and shows <0.2% cross-reactivity against the murine IL-1B precursor.

Supernatant Cytokine concentration (pg/ml)
Cytokine Stimulus (S) or cell
lysate (L) ICE*/* ICE~/~
IL-18 None S 0 0
LPS S 39 £ 28 0
L 46 * 46 0
LPS + nigericin S 140 = 72 0
L 52 +35 0
IL-1e None S 0 0
LPS S 117+ 76 10 £ 13
L 272 + 175 100 * 47
LPS + nigericin S 318 + 186 0
L 201 =163 1156+ 38
TNF-a None S 0 0
LPS S 531 = 94 318 £ 10
IL-6 ‘None S 0 0
LPS S 2387 = 190 1032 + 803
A B
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Fig. 2. Apoptosis in thymocytes from ICE*+/+ and ICE~/~ mice. Thymocytes were treated with 1 uM
dexamethasone (Sigma) (A); 500 cGy of ionizing radiation (B); or a hamster antibody to murine Fas
(Pharmingen, San Diego) (C). Thymocytes were isolated from 5- to 6-week old mice and cultured at a cell
density of 108 cells per miilliliter in 24-well plates. Cells were incubated at 37°C and sampled for viability
measurement at the time points indicated. For anti-Fas treatment, cells were incubated for 24 hours with
antibody at the concentrations indicated. Cell viability was determined by trypan blue exclusion. Values
represent the average viability from three independent wells (+ SD) and are normalized to the percentage
of viable cells remaining in the untreated cultures. Two independent experiments showed similar results.
(D) Agarose gel electrophoresis of total DNA from thymocytes that received no treatment (N), or that were
treated with 1 pM dexamethasone (D) or 500 cGy ionizing radiation (R). Genomic DNA was isolated from
108 thymocytes after 10 hours and subjected to electrophoresis.
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IL-1B through the plasma membrane. Alter-
natively, ICE may interact with or activate
other proteins, such as calpain (18), that
may be involved in IL-la processing and
secretion. In contrast to IL-1a, TNF-a¢ and
IL-6 are secreted by ICE™/~ monocytes, al-
beit at reduced levels (Table 1).
Overexpression of ICE or its homologs
can induce apoptosis in cultured cells (7,
8). To determine if normal intracellular
concentrations of ICE mediate apoptosis,
we investigated the response of ICE™/~ thy-
mocytes to three apoptotic stimuli: glu-
cocorticoid (19), ionizing radiation, and an-
ti-Fas antibody (20). The Fas antigen is a
cell surface protein in the TNF-a receptor
superfamily that mediates apoptosis in acti-
vated T cells (21, 22). Fas is encoded by the
gene responsible for a lymphoproliferative
disorder (Ipr) in mice. Mice that carry mu-
tations in Fas develop lymphadenopathy
and suffer from a systemic autoimmune dis-
ease (23). Thymocytes isolated from
ICE~/~ and ICE*/* mice were sensitive to
dexamethasone- or radiation-induced apop-
tosis, as evaluated by cell viability and
DNA fragmentation (Fig. 2). A monoclo-
nal antibody to Fas triggered apoptosis in
ICE** thymocytes in a dose-dependent
manner, but did not induce apoptosis in
ICE™~ thymocytes (Fig. 2). Analysis of
ICE** and ICE™/~ thymocytes by fluores-
cence-activated cell sorting (FACS) re-
vealed no differences in expression of cell
surface Fas antigen (Fig. 3). We also ob-
served that a potent ICE inhibitor, Cbz-Val-
Ala-Asp-(OEthyl)-[(2,6-dichlorobenzoyl)

100+

|CE++
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b
£
3
£ 100 10" - 102 108
8
[]
2 100, "
£ ICE"
2

501

100 10 102 108
Fluorescence intensity

Fig. 3. Expression of Fas on ICE*/+ and ICE~/~
thymocytes. Cells (108) were stained first with 1
g of the hamster antibody against murine Fas
and then with a fluorescein isothiocyanate—conju-
gated goat antibody to hamster immunoglobulin
G (E-Y Laboratories, San Mateo, California). Fas
expression on the cell surface was analyzed by
FACS. Shaded areas represent staining by the
second antibody.
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oxy]methyl-ketone, prevented Fas-triggered
apoptosis of ICE*/* thymocytes in a dose-
dependent manner (24).

These results establish a role for ICE in
Fas-mediated apoptosis of normal thymo-
cytes. Glucocorticoid- and radiation-in-
duced apoptosis of thymocytes presumably
occur through different pathways that may
involve intracellular serine proteases (25).
The existence of multiple apoptotic path-
ways in thymocytes has been inferred previ-
ously from studies of mice deficient in Bcl-2.
Mature T cells from bcl-27/~ mice showed
increased sensitivity to apoptosis induced by
glucocorticoids and ionizing radiation, but
reduced sensitivity to apoptosis stimulated
by an antibody to CD3 (26). Targeted ex-
pression of Bcl-2 in murine cortical
(CD4*CD8*) thymocytes inhibited apop-
tosis induced by glucocorticoid, ionizing ra-
diation, and anti-CD3, but did not inhibit
negative selection of T cells (27). Similarly,
the tumor suppressor protein p53 mediates
apoptosis induced by ionizing radiation and
etoposide, but not apoptosis induced by glu-
cocorticoid and other stimuli (28).

Unlike the Ipr/lpr mutation at the mu-
rine Fas locus (23), disruption of the ICE
gene does not lead to autoimmune pathol-
ogies in mice within the first 16 weeks of
life. This suggests that ICE~/~ mice under-
go normal clonal deletion of T cells recog-
nizing endogenous superantigens. Given
that interaction of Fas and its ligand is
involved in programmed cell death after T
cell activation (22), clonal deletion might
be dependent on ICE homologs and their
function in apoptotic pathways.
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Requirement for Phosphatidylinositol-3 Kinase
in the Prevention of Apoptosis by
Nerve Growth Factor

Ryoji Yao and Geoffrey M. Cooper*

Nerve growth factor (NGF) induces both differentiation and survival of neurons by binding
to the Trk receptor protein tyrosine kinase. Although Ras is required for differentiation, it
was not required for NGF-mediated survival of rat pheochromocytoma PC-12 cells in
serum-free medium. However, the ability of NGF to prevent apoptosis (programmed cell
death) was inhibited by wortmannin or LY294002, two specific inhibitors of phosphati-
dylinositol (PI)-3 kinase. Moreover, platelet-derived growth factor (PDGF) prevented ap-
optosis of PC-12 cells expressing the wild-type PDGF receptor, but not of cells expressing
a mutant receptor that failed to activate PI-3 kinase. Cell survival thus appears to be
mediated by a PI-3 kinase signaling pathway distinct from the pathway that mediates

differentiation.

Apoptosis plays a key role in the normal
development of the nervous system. Up to
50% of many types of developing neurons
are eliminated by apoptosis (1). The surviv-
al of developing neurons is dependent on
specific neurotrophic factors secreted by
their target cells. NGF is the prototype of
this family of neurotrophins, which also
includes brain-derived neurotrophic factor,
neurotrophin-3, and neurotrophin-4 (2).
NGF induces both cell differentiation and
survival by binding to the Trk receptor
protein tyrosine kinase (3). In rat pheo-
chromocytoma PC-12 cells, neurite out-
growth is induced by activation of a signal-
ing pathway that includes the Ras guanine
nucleotide-binding protein and the protein
kinases, Raf and mitogen-activated protein
(MAP) kinase (4, 5). NGF also prevents
apoptosis of PC-12 cells in serum-free me-
dium (6), but the signaling pathway that
promotes cell survival has not been identi-
fied. Here, we report that prevention of
apoptosis by NGF is independent of Ras but
requires the activity of PI-3 kinase.

We first investigated whether preven-
tion of apoptosis by NGF was dependent on
Ras signaling. PC-12 cells in serum-free
medium underwent apoptosis (6), as indi-
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cated by characteristic internucleosomal
DNA fragmentation, starting at 3 hours and
continuing for 24 hours after serum depri-
vation. Apoptosis was prevented by NGF,
epidermal growth factor (EGF), or insulin,
all of which activate receptors that are pro-
tein tyrosine kinases (Fig. 1). To determine
whether Ras was required for the inhibition
of apoptosis, we used a PC-12 cell line
(M-M17-26) that expresses the dominant
inhibitory mutant RasN17, which interferes
with normal Ras function (7). RasN17 ex-
pression in this cell line effectively inhibits
Raf activation and neuronal differentiation
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in response to NGF (5). Activation of MAP
kinase was similarly inhibited by RasN17
expression (Fig. 1A). In contrast, the ex-
pression of RasN17 in these cells did not
interfere with the ability of NGF, EGF, or
insulin to prevent apoptosis (Fig. 1B). Sim-
ilar results were obtained with two addi-
tional subclones of PC-12 cells that ex-
pressed RasN17. It therefore appears that
cell survival, but not cell differentiation, is
mediated by a Ras-independent signaling
pathway. Ras is similarly not required for
NGF-mediated survival of sympathetic neu-
rons (8).

In addition to Ras, the signaling mole-
cules activated by protein tyrosine kinases
include phospholipase C-y (PLC-y) and
PI-3 kinase (9). PLC-y catalyzes the hydro-
lysis of PI-4,5-bisphosphate (PIP,), which
yields diacylglycerol and inositol triphos-
phate and results in the activation of pro-
tein kinase C. Because direct activation of
protein kinase C by the phorbol ester 12-
O-tetradecanoylphorbol-13-acetate (TPA)
failed to inhibit apoptosis (6) (Fig. 1), par-
ticipation of PLC-vy in a signaling pathway
that promotes cell survival seems unlikely.
On the other hand, phosphorylation of PIP,
by PI-3 kinase yields PI-3,4,5-trisphosphate
(PIP,), the function of which has not been
established (10). PI-3 kinase is activated by
various receptor protein tyrosine kinases,
including Trk (11). Although Ras may con-
tribute to its activation, PI-3 kinase also
appears to be activated by Ras-independent
pathways (12). We therefore investigated
the possible role of PI-3 kinase in signaling
pathways that promote cell survival.

Wortmannin inhibits PI-3 kinase both
in vitro and in vivo (13). Addition of wort-
mannin to cells maintained in NGF in-
duced a pattern of DNA fragmentation
characteristic of apoptosis within 3 hours
(Fig. 2A); this time course is similar to that
of apoptosis induced by serum deprivation
(6). The intensity of DNA fragmentation

Fig. 1. Inhibition of apoptosis by growth factors is independent of
Ras function. (A) Inhibition of MAP kinase activation by RasN17
expression. Normal PC-12 cells or M-M17-26 cells expressing the
dominant inhibitory RasN17 mutant [PC-12 (rasN17)] (5) were
incubated without (—) or with (+) NGF (100 ng/ml) for 5 min. Total
cell lysates (20 ug of protein) were separated by SDS—polyacryl-
amide gel electrophoresis, and MAP kinase activity was deter-
mined by an in-gel assay using myelin basic protein as the sub-
strate (27). (B) Inhibition of apoptosis by growth factors. Cells were
plated on 100-mm culture dishes (2 X 10° cells per dish) in DMEM
supplemented with fetal bovine serum (5%) and horse serum
(10%). After 3 days, cells were washed five times with serum-free
DMEM and were cultured in the presence of no additives (None),
TPA (200 nM), EGF (100 ng/ml), insulin (5 wM), or NGF (100 ng/mi).
After 24 hours, the cells attached to the culture dish and those
suspended in the medium were collected by centrifugation. Solu-
ble cytoplasmic DNAs were extracted (28), separated by electro-
phoresis in 1.8% agarose gels, blotted onto GeneScreen Plus
membrane (NEN-DuPont, Boston, Massachusetts), and hybrid-

ized with 32P-labeled, Eco Rl-digested rat genomic DNA as a probe.
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