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PrOCESSING and storage of information by the nervous system
requires the ability to modulate the response of excitable cells to
neurotransmitter. A simple process of this type, known as adapta-
tion or desensitization, occurs when prolonged stimulation triggers
processes that attenuate the response to neurotransmitter. Here
we report that the Caenorhabditis elegans gene unc-2 is required
for adaptation to two neurotransmitters, dopamine and serotonin.
A loss-of-function mutation in unc-2 resulted in failure to adapt
either to paralysis by dopamine or to stimulation of egg laying by
serotonin. In addition, unc-2 mutants displayed behaviours similar
to those induced by serotonin treatment. We found that unc-2
encodes a homologue of a voltage-sensitive calcium-channel a-1
subunit. Expression of unc-2 occurs in two types of neurons impli-
cated in the control of egg laying, a behaviour regulated by sero-
tonin. Unc-2 appears to be required in modulatory neurons to
downregulate the response of the egg-laying muscles to serotonin.
We propose that adaptation to serotonin occurs through activation
of an Unc-2-dependent calcium influx, which modulates the post-
synaptic response to serotonin, perhaps by inhibiting the release
of a potentiating neuropeptide.

To identify molecules involved in adaptation in the C. elegans
nervous system, we searched for mutants that failed to adapt to

neuroactive substances. We focused primarily on two biogenic
amines, dopamine and serotonin. Both compounds are found in
C. elegans neurons'?, and both have striking effects on nematode
behaviour. Exogenous serotonin has several behavioural effects:
stimulation of egg laying, inhibition of locomotion, stimulation
of feeding, and activation of a specific step in the male mating
program”*, We found that dopamine treatment had at least two
effects on C. elegans behaviour: inhibition of movement, and
inhibition of egg laying (Table 1). Thus dopamine and serotonin
had opposing effects on egg laying and similar effects on move-
ment, although serotonin, unlike dopamine, also caused animals
to move in a twisting, ‘kinking’ manner. Sets of neurons
expressing either serotonin or dopamine have been identified’,
including the serotonergic hermaphrodite-specific neurons
(HSNGs)®, required for egg laying, and the CP neurons, which
also contain serotonin and are involved in male mating®.

To determine whether C. elegans could adapt to these neuro-
transmitters, we tested the response to dopamine and serotonin
after prolonged exposure. Treatment with 3 mgml~' (16 mM)
dopamine initially inhibited egg laying and locomotion in wild-
type animals. However, animals treated with dopamine in this
manner for 4 hours or more recovered the ability to move and
lay eggs normally. These pretreated animals became resistant to
inhibition of both egg laying and locomotion by up to 6 mg ml™'
dopamine, indicating that they had adapted to dopamine (Table
1; Fig. la, ¢). Moreover, when these adapted animals were trans-
ferred to a solution that did not contain dopamine, they laid
eggs at an abnormally high rate, suggesting that they had become
dependent on exogenous dopamine for the control of egg laying
(Table 1). Adapted animals regained sensitivity to dopamine
over the course of approximately 4 hours (Fig. 15). Long-term
exposure to serotonin also led to adaptation. Serotonin
(3mgml™", 7.7mM) initially stimulated egg laying; however,
animals exposed to serotonin overnight accumulated unlaid
eggs, and were unable to lay eggs in response to a fresh dose of
serotonin (Table 1, Fig. 2d).

TABLE 1 Adaptation to dopamine and serotonin

Experiment Strain genotype Pretreatment

1 wild-type no drug
wild-type no drug

wild-type 3 mg mi~* dopamine
2 egl-1(n987) no drug
egl-1(n987) no drug

egl-1(n987) 3 mg mi~* serotonin
3 wild-type no drug

wild-type 3 mg ml~* dopamine

Eggs laid Percentage
Test conditions (eggs per worm per hour) active
no drug 2.5 [+1.1] 100
6 mg mi~* dopamine 0.5 [+0.1] 0
6 mg mI~" dopamine 2.5 [£1.7] 100
no drug 0.6 [+0.2]
3 mg ml~? serotonin 45.2 [+6.8]
3 mg ml~" serotonin 0.8 [£0.8]
no drug 3.6[+2.8]
no drug 9.8 [+2.8]

Effects of adaptation on egg laying and locomotion. Wild-type or egl-1 adult hermaphrodites were grown overnight on 1.5% agar plates spread
with Escherichia coli strain OP50, and with dopamine hydrochloride or serotonin creatinine sulphate added at the indicated concentrations (2 mM
acetic acid was added to dopamine plates to stabilize the dopamine). To eliminate effects of endogenous serotonin, egl-1 mutants, which lack
HSN neurons, were used for the serotonin experiment. After overnight incubation in the presence or absence of drug, 10 animals were transferred
to freshly poured test plates containing dopamine or serotonin as indicated, and were allowed to lay eggs at room temperature. Eggs were counted
after 45 minutes for experiment 1, 1 hour for experiment 2, and 30 minutes for experiment 3. These data represent the mean rate of egg laying
in 4 or more independent experiments (experiment 3 involved 11 independent trials). The sample standard deviation of these data is indicated in

brackets.
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We identified adaptation-defective mutants by looking for ani-
mals that remained sensitive to 3 mg ml~' dopamine after pro-
longed treatment. One of the mutants identified in such a screen,
mu74, was found to be a recessive allele of the previously identi-
fied gene unc-2 (refs 6, 7). The acute response of unc-2(mu74)
animals to dopamine was essentially wild type (Fig. 2a), yet they
were severely defective in desensitization ; nearly all unc-2(mu74)
animals treated with 3 mg ml™' dopamine failed to recover the
ability to move after 14 hours (Fig. 2b). Thus the unc-2(mu74)
mutation appeared to disrupt adaptation specifically. We tested
the desensitization phenotypes of four other unc-2 alleles: three
alleles, 53, e97 and ¢129, also had a strong dopamine adaptat-
ion-defective phenotype; a fourth allele, 2379, had only a subtle
defect in dopamine adaptation (Fig. 2b). We found that unc-2
mutants also exhibited several distinctive behavioural abnormal-
ities, including constitutive egg laying (Fig. 2¢) and slow, kinking
movement. This behavioural phenotype mimicked the effect of
serotonin treatment on wild-type animals, raising the possibility
that unc-2 mutants might also be unable to adapt to endogenous
serotonin. The unc-2 animals continued to lay eggs in response
to serotonin even after overnight treatment (Fig. 2d); thus the
unc-2 gene appeared to be required for adaptation to serotonin
as well as dopamine.

To understand the biochemical function of the unc-2 gene
product, we cloned the unc-2 gene (Fig. 3). We found that unc-
2 encodes a predicted polypeptide product with high sequence
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similarity to the «-1 subunit of voltage-sensitive calcium
channels®"'. Although this protein did not appear to be the
precise counterpart of a particular mammalian channel subtype,
its sequence was more similar to neuronal -1 subunits of the
A, B and E (non-L-type) classes than to channel subunits of
the C, D, and L, (L-type) classes. The unc-2(mu74) mutation
deleted a predicted transmembrane a-helix in the last of four
membrane-spanning domains in the putative ion pore'”; thus
the mutant protein should have decreased channel function (Fig.
3). Interestingly, a mutation in the gene unc-36, which encodes
a putative voltage-gated calcium-channel a-2 subunit (L. Lobel
and H. R. Horvitz, personal communication), produces essen-
tially the same phenotype as mutations in unc-2; we have found
that unc-36 mutants are also defective in dopamine adaptation
(W.R.S. and C.J.K., results unpublished). Thus, unc-2 and unc-
36 may encode subunits of a voltage-gated calcium channel that
participates in adaptation to dopamine and serotonin.

How might this channel act within the C. elegans nervous
system to mediate behavioural plasticity? We focused initially
on serotonin adaptation and egg-laying behaviour. Anatomical
and pharmacological data implicate two classes of neurons, one
of them serotonergic, in the control of egg laying. The two HSN
motor neurons, which synapse onto the vulval muscle, are
though to release serotonin to activate muscle contraction'>'*,
Six additional, ventral type C (VC), neurons receive input from
HSN, and provide synaptic output to the vulval muscles'”; both

Eggs per animal

Time (h)

FIG. 1 Adaptation to dopamine and serotonin. a, Time course of dopa-
mine adaptation. Animals were placed on 1.5% agar plates containing
3 mg ml * dopamine at 20 °C; eggs were counted at 1-h intervals until
the maximum rate of egg laying (mean=[4.0]) was reached. Data rep-
resent the mean percentage of the maximum rate for the indicated
time interval. Mean and sample standard deviations were calculated
from 4 populations of 10 animals each. b, Time course of dopamine
resensitization. Animals were adapted overnight on 1.5% agar contain-
ing 3 mg ml”* dopamine as above. Adapted animals were then trans-
ferred to 1.5% agar containing 3 mg ml~* dopamine as above. Adapted
animals were then transferred to 1.5% agar containing 3 mg mi™* dopa-
mine as above. Adapted animals were then transferred to 1.5% agar
plates lacking dopamine. At the indicated time points, groups of 10
animals were moved back to plates containing dopamine (4.5 mg ml™?)
and allowed to lay eggs. Each point and error bar indicates the mean
and sample standard deviation, respectively, of 4 sets of 10 animals.
¢, Serotonin response of dopamine-adapted animals. To determine
whether dopamine adaptation affected the response to serotonin, ani-
mals were grown overnight on 1.5% agar plates in the presence
(adapted) or absence (control) of 3 mg ml™" dopamine as above. The
ability of serotonin to stimulate egg laying was assayed in liquid culture
as described™. Points and error bars indicate the mean and sample
standard deviation of 3 sets of 10 animals. In all experiments, low-
calcium agar was used, as calcium inhibits dopamine response in our
assay.

NATURE - VOL 375 - 4 MAY 1995



LETTERS TO NATURE

the VCs and the HSNs produce a FMRFamide-like neuropep-
tide that can facilitate the ability of serotonin to stimulate egg
laying'®. In situ hybridization experiments indicated that unc-2
message is expressed in both the HSN and VC neurons; in con-
trast, unc-2 expression was not detected in the egg-laying muscles
(Fig. 4a). Functional evidence that Unc-2 protein acts in neurons
was obtained through analysis of mosaic animals'® that were
composed of both wild-type and unc-2 mutant cells. In these
mosaic animals, constitutive egg-laying behaviour correlated
with lack of a functional unc-2 gene in neuronal lineages, sug-
gesting that the unc-2 gene product is required in neurons to
regulate egg laying (Fig. 4b).

In principle, the constitutive egg-laying behaviour of unc-2
mutants could result from elevated release of serotonin from the

—— N2

D= unc-2(e55)

Paralysed (%)

——unc-2(mu74)

Dopamine concentration (mM)

Rate of egg laying
(eggs per worm per hour)

N2 mu74 e55 es7 e129 e2379

Strain genotype

FIG. 2 Adaptation defects of unc-2 mutants. a, Effect of short-term
dopamine treatment on locomotion in wild-type and unc-2 animals.
Animals were tested for the ability to move spontaneously after brief
(45-min) incubation on 1.5% agar plates containing the indicated con-
centration of dopamine. Each point represents approximately 40 ani-
mals (160 animals for wild type); error bars represent the 95%
confidence interval. b, Adaptation phenotypes of unc-2 alleles. Adult
hermaphrodites of the indicated genotype were moved to 1.5% agar
plates containing 3 mg mi™* dopamine and OP50. After approximately
15 h the percentage of animals that had adapted to dopamine was
determined by counting the number of active (adapted) and paralysed
(non-adapted) animals. Error bars represent the 95% confidence inter-
val. The following numbers of animals were tested: N2, 105; mu74,
138; e55, 75; €97, 31; €129, 36; e2379, 32. ¢, Constitutive egg laying
in unc-2 mutants. Egg-laying rates for wild-type and mutant animals
were determined during a 1-h incubation in liquid culture as
described™®. Bars represent the overall mean rate from 5 experiments
of 10 animals each; error bars indicate the sample standard deviation
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HSNs, or from an abnormally sensitive response to serotonin
by the egg-laying muscles. To investigate these possibilities, we
eliminated the HSN neurons (the endogenous source of sero-
tonin) using a mutation in the gene egl-7 (ref. 14), which causes
them to undergo cell death. If the constitutive egg-laying pheno-
type of unc-2 mutants results exclusively from inappropriate
serotonin release by the HSNs, then once the HSNs have
been eliminated, unc-2 and wild-type animals should exhibit
the same response to serotonin. Alternatively, if the wunc-2
mutation causes an increased response to serotonin, the unc-
2 mutant lacking the HSNs should be serotonin hypersensitive.
In fact, this was the case; the egl-1; unc-2 double mutant
failed to lay eggs in the absence of serotonin, but was sensitive
to nearly tenfold lower concentrations of serotonin than either

Adapted (%)
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Strain genotype

Egg-laying defective (%)

a

- o % o
N3 e aq 2 5 e a
L X a =
o K-~
1 £

3 3

2 2

N N

No serotonin 3 mg ml~! serotonin
(15 h) (15 h)

of the 5 individual mean rates. d, Chronic serotonin response in unc2(+)
and unc-2(e55) animals. Young adult hermaphrodites were incubated
overnight on 3 mg mi~" serotonin as in Table 1. After approximately
15 h, animals that had accumulated unlaid eggs were scored as egg-
laying defective. Each bar represents the percentage of egg-laying
defective animals among at least 65 animals. Error bars indicate 95%
confidence intervals for the difference between the unc-2 mutant and
unc-2(+) strain under each condition.
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FIG. 3 Sequence similarity between Unc-2 and vertebrate calcium-
channel proteins. Predicted sequence of Unc-2 is indicated on the top
ling; the corresponding regions of the rbB-l (rat brain B-1), rbA-l, rbE-i}
and rbC-1 genes® ™", encoding rat calcium-channel a-1 subunits of the
B, A, E and C classes, respectively, are displayed below (dashes indicate
amino-acid identities). Overall amino-acid identities between Unc-2 and
each rat channel protein are as follows: rbB-l, 640/1053 (61%); rbA-,
636/1053 (60%); rbE-Il, 627/1053 (60%}); rbC-1, 478/1053 (45%). The
transmembrane a-helices comprising membrane domains I, Ill, and iV
are indicated; sequences encoding the amino terminus of Unc-2 have
not yet been identified. The region that is absent in unc-2(mu74) is
shaded; the region encoded by the in situ probe B is underlined. Cloning
of unc-2 was done as follows: the unc-2(mu74) mutation was generated
using the mutagen trimethyipsoralen, which often generates small
deletions™”; unc-2 had previously been mapped to a narrow region of
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the C. elegans physical map*®'°. We used a panel of cosmids containing
DNA from this region to probe blots of unc-2(mu74) and wild-type DNA,
and found that the cosmid TO2CS detected a mu74-specific deletion.
This cosmid was injected into the germ line of unc-2(e55) hermaphro-
dites along with a cosmid containing the dominant cotransformation
marker rol-6. Several of the unc-2 phenotypes (kinking movement, con-
stitutive egg taying, and long body length) were rescued in 3 of the 7
transformed animals expressing the rol-6 phenotype, indicating that
TO2C5 contained unc-2. The unc-2 DNA sequence was determined by
sequencing both strands of a 7.3-kb region from the cosmid TO2C5,
which contained the unc-2(mu74) deletion. The sequence of the unc-
2(mu74) mutant allele was determined by cloning polymerase chain
reaction (PCR)-amplified DNA from mutant animals into the vector pCRI
(Invitrogen), and sequencing the resulting plasmids. The GenBank
accession number for the unc-2 DNA sequence is U25119.
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Germ line

FIG. 4 Site of Unc-2 action in the control of egg laying. a, Pattern of
unc-2 mRNA expression in C. elegans hermaphrodites. Animals were
fixed on polylysine slides, hybridized with a single-stranded digoxygenin
(DIG)-labelled DNA probe, incubated with alkaline phosphatase-conju-
gated anti-DIG 1gG (Boehringer), and stained with NBT/BCIP as
described®>?!. Anti-sense probes were generated as described from
two regions of the unc-2 gene (probe A was complementary to the
region encoding amino acids 46-215, probe B to the region encoding
amino acids 459-642); a control sense probe was also generated
(encoding amino acids 1-169). Using probe B, unc-2 message was
detected in both the HSN and VC neurons. Expression was also
observed in the body wall muscle (mus) and in a subset of the neurons
of the ventral nerve cord and the head (not shown). Similar staining
was observed with probe A (not shown); no staining was observed with
the sense probe. In principle we cannot rule out the possibility that
these probes could detect the messages of other, closely related, calc-
ium-channel proteins; however, Southern blots using probe B
sequences do not detect significant hybridization to genes other than
unc-2. b Analysis of putative unc-2 mosaics. We identified potential
mosaics using an unc-2 mutant strain carrying an intact copy of the
unc-2 gene on an unstable free duplication (genotype: him-5 (e1490);
unc-2(e55) osm-5(p813); yDp16). Mitotic loss of the duplication during
development results in mosaic animais containing clones of genetically
mutant cells in an otherwise wild-type organism. Potential mosaics were
identified on the basis of partial unc-2 mutant phenotypes; for example,
one class of animal showed kinking movement and constitutive egg
taying (EgI-C), but was not sluggish, whereas a second class was slug-
gish, but showed coordinated movement and normal egg laying behav-
iour. Because the C. elegans cell lineage (outlined above) is invariant,
and known in detail®?, a cell-autonomous genetic marker can be used
to infer the point of duplication loss, and thus to identify the cells that
are genetically mutant. In this way we determined that most if not all
of the Eg|-C Kinkers had lost the duplication containing the functional
unc-2 gene in descendants of the cells AB.pl or AB.pr. Both these cells
are precursors of neuronal cells, including the HSN, VC and adult motor
neurons. In contrast, the Sluggish mosaics appeared to have lost the
duplication in P1 or its descendents, which give rise to body wall and
vulval muscle cells. The lower part indicates the cells in whose descend-
ants the duplication was lost for each class of mosaics.

METHODS. We used the osm-5 gene (like unc-2, osm-5 is present on
the duplication yDp16 (ref. 23)) to score for the presence of the duplica-
tion in the cells of the amphid (ASHL, ASHR, ASJL, ASJR, ASKL, ASKR,
ADLL and ADLR) and phasmid (PHAL, PHBL, PHAR, PHBR) sensilla; we
also assayed for the presence of the duplication in the cell P4, the
germline precursor cell, by scoring for transmission of the duplication
to the progeny of the mosaic animal. The osm-5 phenotype was scored
as described'®; briefly, animals were stained with Dil on 1.5% agar
plates, and staining of the amphid and phasmid cells was visualized
by fluorescence. The patterns of staining seen in the duplication-bearing
strain indicated that a wild-type copy of osm-5 was required auto-
nomously in the sensory cells for staining with Dil (ref. 16); thus the
osm-5 genotype of a particular sensory cell could be determined.
Egl-C Kinkers were identified as kinkers that laid early (16-cell
or earlier) embryos; wild-type mosaics laid normal or late-stage
embryos and had approximately wild-type movement. ¢, Acute
response of wild-type (N2), egl-1(n987) and egl-1(n987); unc-
2(e55) strains to serotonin. Egg-faying assays were performed
in liquid culture as described; eggs were counted after
30 min incubation. Because the strains accumulate different
numbers of eggs in the absence of drug, the dose/response
curves were normalized by dividing the total eggs laid at a
particular dose by the number laid by that population at the
optimal dose. The following represents the mean rate of egg
laying at the maximal dose: N2, 4.4 eggs per animal per hour
(at 5 mg mi™Y); egl-1(n987), 10.9 (at 5 mg mI™); egl-1(n987);
unc-2(€55), 9.0 (at 1.25 mgmi™%). Each point represents a
single trial of 10 animals; the line traces the mean of these
three trials. d, Model for the role of Unc-2 in the control of egg laying:
unc-2 is expressed, and may act, in the VC and HSN neurons. An unc-
2 mutation increases serotonin responsiveness, and blocks desensitiz-
ation, even in the absence of HSN. Because both the VCs and HSNs
express a FMRFamide-like peptide that can potentiate serotonin
response, one hypothesis to explain the unc-2 mutant phenotype is that
Unc-2 is a subunit of a voltage-gated calcium channel that negatively
regulates FMRFamide release. Serotonin adaptation may therefore
involve activation of an Unc-2-dependent calcium influx in the VCs and/
or HSNs, which inhibits the release of FMRFamide and thus decreases
the responsiveness of the vulval muscles to serotonin.
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the egl-1 single mutant or the wild type (Fig. 4¢). Moreover,
whereas the egl-/ single mutant still adapted to serotonin, the
egl-1; unc-2 double mutant was strongly adaptation defective
(Fig. 2d). Thus unc-2 mutants appear to lay eggs constitutively
at least in part because their egg-laying muscles are hypersensi-
tive and fail to adapt to endogenous serotonin. Where might
the Unc-2 protein act to regulate egg laying? Mosaic analysis
suggested that Unc-2 functions in neurons, yet the egl-/ experi-
ment demonstrated that Unc-2 does not require the HSNs to
promote serotonin adaptation. An attractive hypothesis to
explain these data is that Unc-2 modulates the release of
FMRFamide, which can potentiate serotonin response from the
VCs, and perhaps from the HSNs as well. Serotonin adaptation
could occur if activation of the Unc-2 calcium channel causes
an inhibition of FMRFamide release and thus a decrease in
serotonin response (Fig. 4d).

In summary, we have shown that a voltage-gated calcium
channel appears to be required for adaptation to dopamine and
serotonin, and for determining the postsynaptic threshold for
serotonin response. The unc-2 gene, which encodes the a-1 sub-
unit of this channel, is expressed in neurons that control egg-
laying behaviour. We propose that, in these neurons, unc-2 may
participate in serotonin adaptation by modulating the serotonin
response, perhaps by controlling the release of a neuropeptide.
The unc-2 message is also expressed in several other neuronal
and body muscle cells that may control response to dopamine;
determination of the behavioural functions of unc-2 in these

cells may help to elucidate the mechanisms underlying dopamine
adaptation.
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Involvement of an ICE-like
protease in Fas-mediated
apoptosis

Masato Enari*, Hubert Hug! & Shigekazu Nagata

Osaka Bioscience Institute, 6-2-4 Furuedai, Suita, Osaka 565, Japan

Fas is a type-I membrane protein that transduces an apoptotic
signal”. Binding of Fas ligand or agonistic anti-Fas antibody to
Fas kills the cells by apoptosis®. Studies in the nematode Caenor-
habditis elegans have suggested that proteases such as interleukin-
1B-converting enzyme (ICE) or the product of the C. elegans cell-
death gene ced-3 are involved in apoptotic signal transduction®,
The activity of ICE can be inhibited by the product of crmA, a
cytokine-response modifier gene encoded by cowpox virus®”. We
report here that expression of crmA inhibits cytotoxicity induced
by anti-Fas antibody or tumour necrosis factor (TNF). We have
found a specific ICE inhibitor tetrapeptide (acetyl-Tyr-Val-Ala-
Asp-chloromethylketone)®® that also prevents apoptosis induced
by anti-Fas antibody. These results suggest an involvement of an
ICE-like protease in Fas-mediated apoptosis and TNF-induced
cytotoxicity.

Expression plasmids encoding crmA'® and human fas' were
introduced into Rat-2 (rat fibroblast) cells together with the
neomycin-resistance gene. Among G418-resistant trans-
formants, the Fas-expressing transformants were selected by
flow cytometry analysis using mouse anti-human Fas antibody.
Three clones (33, 45 and 48) were found to express human Fas
on the cell surface (data not shown). Immunoprecipitation using
anti-human Fas antibody confirmed the expression of Fas in

* Permanent address: Graduate School of Integrated Science, Yokohama City University,
Yokohama 236, Japan.

T Present address: Zentrum fiir Molekulare Biologie, Universitat Heidelberg, D-69120 Heidel-
berg, Germany

78

these transformants (Fig. la). As found previously', immuno-
precipitation gave two bands (M, 43K and 50K) for human
Fas, which may reflect different degrees of glycosylation. The
expression of ¢rmA was then analysed by RNase protection
assay using a *’P-labelled RNA fragment carrying the crmd gene
(nucleotides 1,174 to 1,468). The control crm4 RNA produced
by in vitro transcription gave protected bands of 280, 250 and
150 bases (Fig. 1b). The upper band was of the size expected,
but the other two bands may have been products of digestion
at AU-rich regions of the crmA RNA. The same protected bands
were observed with messenger RNAs from clones 33 and 48, but
no such bands were detected with mRNA from the parental Rat-
2 cells and clone 45.

The parental Rat-2 cell line and its transformants were then
treated with the agonistic anti-human Fas antibody. As shown
in Fig. 2a, the anti-Fas antibody had no effect on Rat-2 cells.
However, clone 45, which expressed human Fas but not CrmA,
was killed within 14 hours by the anti-Fas antibody in a dose-
dependent manner in the presence of 50 ng ml™' actinomycin D.
Almost all cells died within 10 hours of treatment with 1 ug ml™'
of the anti-Fas antibody (Fig. 2b). However, the transformant
clones 33 and 48 that expressed CrmA were resistant to the
cytotoxic activity of the anti-human Fas antibody, and even
survived incubation for 10 hours with 1 pg ml™' of anti-Fas
antibody. The inhibition of Fas-mediated apoptosis by CrmA
was dose dependent, that is, the transformed clones expressing
small amounts of crmA mRNA were weakly protected against
Fas-mediated apoptosis (data not shown).

TNF has cytotoxic activity in various cell lines. To examine
whether an ICE-like protease is also involved in TNF-induced
cytotoxicity, Rat-2 cells and its transformants were treated with
TNF. The Rat-2 cells were killed by 250 ng ml™' of mouse TNF
in the presence of 12.5ng ml™' actinomycin D (Fig. 2c),
although this process was much slower than Fas-mediated cyto-
toxicity (all cells were killed in ~60 hours). Clone 45, which
expresses Fas but not CrmA, was killed by TNF treatment as
efficiently as were the parental Rat-2 cells, but clones 33 and 48,
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