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Prevention of Vertebrate Neuronal Death 
by the crmA Gene 
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Interleukin-1 p converting enzyme (ICE) is a mammalian homolog of CED-3, a protein 
required for programmed cell death in the nematode Caenorhabditis elegans. The activity 
of ICE can be specifically inhibited by the product of crmA, a cytokine response modifier 
gene encoded by cowpox virus. Microinjection of the crmA gene into chicken dorsal root 
ganglion neurons was found to prevent cell death induced by deprivation of nerve growth 
factor. Thus, ICE is likely to participate in neuronal death in vertebrates. 

T h e  survival of sensory neurons during 
development of the vertebrate nervous sys- 
tem depends o n  neurotrophic factors pro- 
duced by the neuronal targets ( I ) .  In the 
absence o f  these factors, the neurons are 
thought to undergo programmed cell death, 
an active process requiring RNA and pro- 
tein synthesis (2). Little i s  known about the 
genes regulating cell death in vertebrates. 
A eene essential for cell death in the - 
nematode C. elegans, ced-3, was recently 
shown to share sequence similarity wi th a 
mammalian gene, ICE, which encodes a 
cysteine protease involved in the processing 
of interleukin- 1 f3 (3). Overexpression of 
ICE induces programmed cell death in Rat1 
fibroblasts and this death can be su~~ressed . . 
by the cowpox virus crmA gene, a specific 
inhibitor of ICE, and by the BCL-2 proto- 
oncogene (4, 5). T o  determine whether 
ICE is involved in neuronal death, we 
investieated the effect o f  crmA on the sur- - 
viva1 of chicken dorsal root ganglion 
(DRG) neurons cultured in the absence of 
nerve growth factor (NGF), a condition 
that would normally lead to cell death. 

We microinjected an expression vector 
(pHD 1.2) containing a c d  complemen- 
tary DNA (cDNA) under the control of the 
chicken f3-actin gene promoter, or in vitro 
transcribed cnnA RNA (6), into cultured 
DRG neurons along wi th rhodamine-iso- 
thiocyanate-labeled dextran (7). About 
90% of the injected neurons retained a 
normal morphology, and, in the presence of 
NGF, about 85% survived through day 6. 
Within 3 days of NGF deprivation, howev- 
er, more than 80% of the control neurons 
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Flg. 1. Effects of c m 4  and 
BCL-2 on the survival of NGF- 
deprived DRG neurons in cul- 
ture. The neurons were micro- 
injected with a control @- actin 
vector (A and B), an expres- 
sion vector containing crmA 
cDNA (C and D), or an ex- 
pression vector containing 
BCL-2 cDNA (E and F). The 
neurons were photographed 
after being cultured in the ab- 
sence of NGF for 0 days (A. C. 
and E) or 3 days (6, D, and F). 
Photographs were taken with 
a computerized video imaging 
system (Axovideo, Axon In- 
struments) with a rhodamine 
filter. lmagesof the fluorescent 
cells were amplified with a Sil- 
icon-lntensified-Target (SIT) 
video camera (Dage). (G) 
shows the survival of DRG 
neurons in the absence of 
NGF after injection of BCL-2 
expression vector RR/l (BCU 
DNA), crmA expression vec- 
tor pHD1.2 (crmA DNA). anti- 
sense-crmA expression vec- 
tor oHD2.1 (crmA antisense 

(injected with dye alone, vector alone, or 
antisense crmA cDNA) died, with fewer 
than 10% surviving to day 6 (Fig. 1). In 
contrast, more than 60% of the d- 
injected neurons survived through day 6 in 
the absence of NGF (Fig. 1). 

Expression of cnnA protein was detected 
in almost all of the injected neurons by 
immunofluorescence staining with an a m -  
ty-purified rabbit plyclonal antibody to 
cnnA (Fig. 2) (8). The cnnA protein could 
be detected in neurons 9 days after injection, 
suggesting that it is very stable. The d- 
injected DRG neurons cultured in the a b  
sence of NGF were round and often devoid 
of extensive neurites, a morphology similar 

DNA), C ~ ~ A ~ N A .  BCL-2 ex- 
pression vectors RRtl and 
crmA pHD1.2 (BCL-2 and loo 
crmA DNA), control p-actin 90 
vector (ppactSTneoB), or dye 
alone. Live DRG neurons were 
scored as rhodamine-contain- 5 70 
Ing cells with neuronal mor- 
phology. Trypan blue staining ; so 
was used to confirm the via- 7 bil~ty of neurons in some of the o 

experiments (data not shown). 2 30 
Results are presented as the 20 
mean percentage of survival lo 
2 SEM, observed in four to 
five experiments (-300 mi- 0 

3 6 
croinjected neurons for each vector). Days atter injection 
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to that of BCL-2-injected sympathetic neu- 
rons cultured in the absence of NGF (9). 
Addition of NGF to d- injected neurons 
that had been deprived of NGF for 6 days 
induced neurite outgrowth. The neurons 
could then be maintained in culture for at 
least 11 more days (10). This result indicates 
that although the expression of crmA pre- 
vents the death of NGFdeprived DRG neu- 
rons, it cannot replace the neurite-promot- 
ing activity of NGF. Thus, NGF may have 
two separate activities on DRG neurons- 
one promoting survival and the other pro- 
moting neuritogenesis. 

In C. elegans, expression of BCL-2 can 
partially prevent programmed cell death 
(I I). If the death of NGFdeprived DRG 
neurons depends upon the ICWED-3 pro- 
tein, then it should also be suppressed by 
the BCL-2 protein. To test this, we micro- 
injected a BCL-2 expression vector con- 
taining human BCL2 cDNA under the 
control of the chicken $-actin gene pro- 
moter w l )  (12) into cultured DRG neu- 
rons. About 57% of the BCLZ-injected 
neurons survived through day 6 in the 

Fig. 2. Expression of c& protein in microin- 
jected Df f i  neurons. An expression vector 
containing a crm.4 cDNA was microinjecfed, 
together with tetramethyl rhodamine-isothi- 
anate dextran, into the cultured neurons. The 
injected neurons were cultured for 9 days in the 
absence of NGF and then stained with affinity- 
purified rabbit antibody to crmA. (A) Hoechst 
dye staining of neuronal nuclei. (B and C) Same 
area as in (A), with the crmA-injected neurons 
detected by modatnine fluorescence (B) or by 
the antibody to crmA (C). The injected neurons 
have healthy nuclei (big arrows). Some of the 
uninjected neurons show condensed nuclei, a 
typical feature of apoptosis (small arrows). 

absence of NGF (Fig. 1). This result con- 
firms the previously observed inhibitory ef- 
fect of BCL2 on the death of other sensory 
neurons (13), and shows that BCL2 and 
cwnA are about equivalent in their ability to 
prevent the death of DRG neurons. 

If BCL2 and cwnA act through separate 
pathways, their ability to prevent the death 
of DRG neurons should be additive. To 
investigate this possibility, we injected both 
the BCLZ and d expression vectors 

and pHD1.2) into the neurons. The 
survival rate of these doubly injected neu- 
rons in the absence of NGF was no greater 
than that of the neurons singly injected 
with either cwnA or BCLZ (64%) (Fig. 1). 
Thus, cwnA and BCL2 are likely to act 
through the same pathway. 

Our results suggest that genes in the 
ICElced-3 family participate in the death of 
NGFdeprived DRG neurons in culture, 
and possibly in vivo. To test whether genes 
in the ICElced-3 family induce progmnmed 
cell death of DRG neurons in the presence 
of NGF, we prepared an expression vector 
in which a murine ICE cDNA was fused 
with the E s c W  cdi lac2 gene and 
placed under the control of the chicken 
$-actin gene promoter (p$actMlOZ). We 
microinjected this vector into DRG neu- 
rons in culture in the presence of NGF, 
and, as controls, we injected either a mu- 
rine ICE-lac2 fusion construct with a point 
mutation that changed the active site Cys 

to a Gly (p$actM17Z) (5). or the vector 
alone (14). About 80% of the neurons 
injected with control vector and 65% of 
those injected with p$actM172 survived 
through day 3 in the presence of NGF (Fig. 
3). In contrast, more than 65% of the 
ICE-injected neurons died 1 day after the 
injection and fewer than 30% survived to 
day 3 (Fig. 3). We stained the neurons that 
had survived to day 3 with an antibody to 
$-galactosidase. No staining was detected 
in the ICE-injected neurons. In contrast, 
all the neurons injected with vector alone 
or with the mutant ICE construct were 
stained (15). These results suggest that all 
neurons overexpressing ICE die and that 
ICE-mediated killing requires the same ac- 
tive site needed for the conversion of pro- 
interleukin-l$ into active interleukin-18. 

During neuronal development, the pres- 
ence of trophic factors may promote the 
activity of BCL2 and thereby prevent cell 
death, whereas the absence of trophic fac- 
tors may lead to inactivation of BCL2 and 
activation of genes in the ICElced-3 family, 
which in turn cause programmed cell death. 
Consistent with this hypothesis, expression 
of BCL-2 has been detected in postmitotic 
neurons, whose survival depends on the 
presence of neural trophic factors (16), 
although the relationship between BCLZ 
and these factors remains to be examined. 
Our results also raise the possibility that the 
ICElced-3 family of genes are involved in 

Flg. 3. Effect of ICE on the 
surv~val of DRG neurons In 
tne presence of NGF Neu- 
rons were rnlcro~nlectea 
w11h an expression vector 
contalnng a m,rlnc! ICE 
gene w11P a polnt rnurat~on 
lhal cnanges Ine Cys In Inc 
a c h e  slte to a Gly 
(pfiaclM17Z) (A and B) or 

Days atter injection 
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~ n g  system as In Flg 1 (E) 
shows the surv~val of DRG neurons In the presence of 
NGF after ~nject~on of the p-galactos~dase control 
vector (open boxes) ppactM17Z (str~ped boxes) or 
ppactMlOZ (sol~d boxes) Results are presented as 
the mean percentage of surv~val -c SEM, observed In 
three experiments (-300 m~cro~njected neurons for 
each vector) 



human diseases characterized by neuronal 
degeneration. Interestingly, interleukin- 
lp ,  which is generated from an inactive 
precursor form by ICE, is overexpressed in 
the brains of patients with Alzheimer's dis- 
ease (1 7) and may promote the expression 
of the amyloid precursor protein (1 8). 
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