
tion. T h e  Mvplp-honlology domain of 
SNXl  is a candidate for interacting with 
other components of the vesicular traffick- 
ing machinery to segregate EGFR into en- 
dosomal ~ne~nbranes  targeted for degrada- 
tion. These features define a famil17 of vro- , L 

teins that confer specificity o n  receptor 
sorting in the  endocytic pathway. As a neg- 
ative regulator of EGFR o n  cell surfaces, 
S N X l  influences the efficiencv with n.hic11 
EGF activates intracell~llar signal transduc- 
tion path\vays. 

REFERENCES AND NOTES 

1. A. R. French, G. P. Sudlow, H. S. Nliley, D. A. 
Lauffenburger, J. 6101. Chem. 269, 15749 (1 934). 

2. F. Letourneur and R. D Klausner, Cell 69, 1143 
(1992). 

3. K. F. Johnson and S. Kornfeld, J. Cell. 6101. 119. 249 
(1992). 

4. A. S. Zervos. J. Gyuris, R. Brent, Cell72, 223 (1993). 
5. The two-hybrd screening system conssted of yeast 

stran EGY48 (IviATa trpl  ura3 h s 3  LEU2::pLexAop6- 
LEU2); pasmds pEG202, pJG4-5, pSH18-34, and 
pRFHMI ; and a HeLa library in pJG4-5 (14). A cDNA 
encoding EGFR residues 663 to 958 was obtaned by 
polymerase chain reaction (PCR) with Pfu polymerase 
(Stratagene. La Jola. CA) by usng a human EGFR 
cDNA and cloned into the yeast LexA fusion expres- 
sion pasmid pEG202, Interactor clones were seect- 
ed by euc~ne auxotroptiy and galactose-~nduc~ble 
p-gaactosidase activity Library pasmids were recov- 
ered from positve colonies with Escherichia coli stran 
KC8 i,nyrF::Tn5, hsdr, leuB600, trpC9830, lacD74, 
strA, galK, hsB436) and retransformed Into EGY48 
yeast carrjlng pasmd (pRFHM1) contanlng a L e a -  
b c o d  fuson (4) to elm~nate nonspeclf~c bnders. The 
5 '  ends of specific plasm~ds were sequenced by cycle 
sequencing (Ep~centre Technolog~es, Madison, Wl) 
with 3ESlabeled deoxyadenosine triphosphate and a 
primer (5'-GATGTTAACGATACCAGCCTCTTGCT- 
GAGT-3') ttiat bound upstream of the vector-cDNA 
fuson juncton The sequence was used to search the 
nuceot~de sequence databases of the National Cen- 
ter for B~otechnoloav nformat~on uslna ttie BLAST -, 
algorithm ('5). 

6. A HeLa Xgtl 1 cDNA b r a y  (Contech. Pao Alto, CA) 
was plated and screened w~ th  a3'P-labeled oiqonu- 
ceot~de complementary to the 5'  end of the SNXI 
lb rar j  plasm~d Insert (5 '-CTTTCTCMCCTCACT- 
TCT-3') Six ptiages were plaque-purfied, the cDNAs 
subconed into the Eco R site of p M O B  (Gold B o -  
technology. St LOUIS, MO), and transposon inser- 
tlons used to determine the complete sequence of 
two of ttie inserts on both strands. Areas of ambgu- 
ity were clarified w~ th  gene-specific prlmers The se- 
auence of SNXl IS denosited n GenBank iaccesson 
number U53225). 

7. K. Ekena and T. H. Stevens. iiilol. Cell. B!ol. 15. 1671 
(1995). 

8. R. C. Kurien. D. L. Cadena, G. N. G I  data not 
shown. 

9 D. L. Cadena, C. L. Ctian. G. N. G~li. J. B!ol. Chem. 
269. 260 (1 994). 

10. A. Nesterov, R. C. Kurten, G. N. GIII, !hid. 270, 6320 
(1 995). 

11. L. K. Opresko etal . .  !hid., p.  4325. 
12. An SNXl (res~dues 1 to 522) expression vector vJas 

prepared n pCEP4 (nvitrogen. San Diego. CA). Trans- 
fections lvere periormed by exposure of cells on 6-cm- 
diameter plates to calcium ptiosptiate DNA coprec~pi- 
tates (15 fig per 2 x 10' cells) for 4 to 6 hours. For 
transient assays, ysates from human embiyonic kidney 
293 cells were prepared 48 tiours later for protein im- 
munoblotting. Stable Afr~can green monkey k~dney 
CV-1 cells lvere prepared by expanding the cells 48 
hours after transfection onto 10-cm-diameter plates in 
the presence of tiygromycin (320 p,g/m) and selected 
for 14 to 21 days. Clonal lines vJere prepared from 
isolated colones witti cloning rlngs. 

13. For the determination of EGFR half-lie, CV-I cells 

were grown n ttie absence of methionne in Dubec- 
co's ~ n o d ~ f ~ e d  Eagle's medum contanlng 10% da -  
yzed calf serum for 2 hours and Incubated w~ th  3"S- 
methonlne (0 65 mCi/m) for 1 hour. Cells were lncu- 
bated n complete medum, and rado mlnunopreclpl- 
tation assay extracts [ I  96 sodi~iin deoxychoate, 196 
NP-40, 0.196 SDS. 10 mM Hepes (pH 7 6). and 150 
mM NaCl] were prepared after lncubaton for varlous 
tlmes and immunoprecip~tated witti antibodies 528 
and 13A9 to EGFR. After they were washed, the m -  
munoprec~p~tates were solub~l~zed In SDS sample 
buffer, electrophoresed, and v~sual~zed by fluorogra- 
phy, and the rad~oactiv~ty was quant~f~ed by hquid 
sc~nt~llat~on count~ng. 

14. F. M. Aus~ibel etal. , Eds.. Current Protocols in Ivio- 
lecular Biology (Greene, Brookyn, NY. 1995), 

15. S. F. Altschul, Nl G~st i ,  V\l. M~ller, E. W. Myers. D. J 
L~pman, J. iiilol. 6101. 21 5, 403 (1 990). 

16. The detergent extract~on buffer was 196 Triton 
X-100, 50 mM Hepes (pH 7.4), 10% glycerol, and 75 
mM NaCl. Nlhole-cell ysate buffer was 196 SDS and 
10 mM Hepes (pH 7 4). Buffers were supplemented 
w~ th  the following phosptiatase and protease inhbl- 
tors: 10 mM NaF, 1 mM sodum vanadate, 1 mM 
EDTA, 1 mM EGTA, 1 mM phenylmethylsulfonyl f u -  
oride, 10 mM benzam~dlne, leupeptin (1 0 p,g/ml). 
antpan (1 0 fig/ml), and aprotnn (1 0 p,g/ml). Prod- 
ucts of tlie coupled rabbit retculoc~~te ysate tran- 
scription and transaton reactlon (Promega. Madl- 
son. IN) were separated by gel eectrophoress and 

v~suazed by fluorograptiy 
17 Cells were f~xed n paraformaldehyde; permeab~l~zed 

w~th  saponln; stalned w~ th  ant~body to SNXl (antl- 
SNXI) and a m~xture of ant~bod~es to EGFR [mmuno- 
g o b u n  G's (IgGs) 528. 13A9. and 2251, followed by 
Texas Red-conjugated goat ant-rabbit IgG and fluo- 
rescein ~sothiocynat~conjugated goat anti-mouse 
gG:  and v~sual~zed by epifluorescence ~lluminat~on. 

18. We generated the cDNAs encoding EGFR residues 
647 to 11 86, 647 to 957, and 647 to 942 by PCR 
w~ th  Pfu polymerase (Stratagene) uslng a tiuman 
EGFR cDNA, and the products were cloned Into the 
yeast LexA fuson expression pasmd  pEG202. Ttie 
rat ERBB2 core tyrosne k~nase doma~n was gener- 
ated by PCR. For p-galactosdase assay, extracts 
were prepared from logarithmic-ptiase yeast du ted  
Into Ura-His-Trp broth containing 256 dextrose or 
296 galactose (to Induce the hbrarj plasm~d Insert) 
and grown at 30°C for 18 to 22 hours ('4). 

19. Vile ttiank R. Brent for prov~dlng the components of 
the yeast two-hybrid system and A. Nesterov and H. 
S. N ley  for hepfu' discussions. Supported by N H  
grants F32DK08666 (to R.C.K.) and CA58689 (to 
G.N.G ) and by funds provded by the Breast Cancer 
Fund of the State of Callforna ttirougti the Breast 
Cancer Researcti Program of ttie Univers~ty of Cafor- 
nia, grant numbers 1 FB-0314 (to R C.K.) and I KB- 
0140 (to D.L.C.). 

22 November 1995; accepted 29 February 1996 

Determination of Life-Span in Caenorhabditis 
elegans by Four Clock Genes 

Bernard Lakowski and Siegfried Hekimi* 

The nematode worm Caenorhabditis elegans is a model system forthe study of the genetic 
basis of aging. Maternal-effect mutations in four genes-clk-1, clk-2, clk-3, and gro-l- 
interact genetically to determine both the duration of development and life-span. Analysis 
of the phenotypes of these mutants suggests the existence of a general physiological 
clock in the worm. Mutations in certain genes involved in dauer formation (an alternative 
larval stage induced by adverse conditions in which development is arrested) can also 
extend life-span, but the life extension of Clock mutants appears to be independent of 
these genes. The daf-2(e1370) clk-l(e2519) worms, which carry life-span-extending 
mutations from two different pathways, live nearly five times as long as wild-type worms. 

I t  is not k n o ~ v n  why organis~ns senesce and 
die. O n e  set of theories suggests that life- 
span is timed, much like puberty and meno- 
pause (1) .  Another  set suggests that organ- 
isms accumm~late damage throughout life, 
~ v h i c h  eventually leads to the failure of one 
or more critical physiological systems ( 2 ,  3 ) .  
O n e  of the latter theories, which has some 
experimental support, posits that senes- 
cence may result from oxidative damage 
caused by the  reactive by-products of me- 
tabolism (3 ,  4 ) .  O n e  way to investigate the  
nature of aging is to study long-lived mu- 
tants. Here we describe four genes that in- 
teract genetically to determine both the  
duration of postembryonic development 
and the adult life-span of the nematode 
worm Caenorhabditis elegans 

In  a screen for maternallv rescued viable 

Depariment of Biology, M c G  University. 1205 Dr. Pen- 
field Avenue. Montreal, Quebec. Canada H3A 1 B1 
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mutations in C .  elegans, we recovered mu- 
tations in three genes-clk-1, clk-2, and clic- 
3-that show the Clock (Clk)  phenotype, a 
pleiotropic alteration of developmental and 
behavioral timing (5, 6) .  T h e  phenotype of 
gro-1 (e2400) places it, too, in the Clk class 
of genes (5). Mutations in  the best charac- 
terized of these genes, clk-1, lengthen early 
embryonic cell cycles, embryonic and post- 
embryonic development, as well as the pe- 
riod of rhvthmic adult behaviors. such as 
swimming, pharyngeal pumping, and defe- 
cation 15). Furthermore, clk-1 mutants have , , 

a longer meall and maximum life-span than 
the standard wild-tvve strain N 2  15). , L , , 

T o  characterize these genes further, we 
determined the  life-span of the reference 
strain of these genes a t  l jO ,  18", 20°, and 
25°C. All four mutants have longer mean 
and rnax im~l~n  life-spans than the  wild type 
at all temperatures (Table 1) .  For example, 
at 18°C. all Clk mutants have a mean life- 
span a t  least 3 days longer than that of the 
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Table 1. Mean life-span of C k  strains at 15". 183, 20°, and 25°C. The aging given in parentheses are the number of separate experiments in which the 
study was done as described (51, except that eggs were allowed to hatch for life-span of a cohort (usually 50 worms) was examined and the total pooled 
up to 6 hours (for N2 and the single mutants) or up to 32 hours (for C k  double sample size, respectively. Repeated experiments gave vet-] similar results. 
mutants). Only reference alleles were used, except for ier-15(b26) and elk- ND, not determined. Strains cart-ling gro-1, elk-2, or fer-15 mutations are not 
I(qm30). Strains were constructed by standard techniques (1 7). At each fertile at 2 5 T  so in the experiments at this temperature, worms were allowed 
temperature. the mean life-span and standard error are given. The numbers to hatch at 20°C and then were transferred to 25°C. 

Mean life-span (days) at temperature 
Genotype 

15°C 18°C 20°C 25°C 

N 2 
elk- I 
elk- 1 * 
elk-2 
elk-3 
gro- I 
elk- 1 ~ i k - 2  
elk- 1 elk-2" 
elk-3; elk- 1 
elk-3; elk- 1 " 
elk-3; elk-2 
gro- I elk-2 
elk-3; g r o  1 
a g e  1 fe r  15 
age- 1 fer- 15; gro- 

.These strains contain cik-l(qm30). All other clk-I strains contain clli-l(e2513) 

wi ld  type (Table 1 and Fig. 1). T h e  extend- 
ed life-span o f  ,yo-1 mutants has been noted 

(7). 
T o  examine how these genes interact  

genetically, we made a l l  but one o f  the 
possible double mu tan t  co~nb inat ions  con- 
ta in ing the reference allele o f  each gene 

Days 

Fig. 1. Clock mutatons Interact to determne 
Ilfe-span. Graphs show the percentage of 
worms alve on a glven day after hatchlng (day 0) 
at 18°C. (A) N2 (71, elk-lie2519) (a), elk-2 
(qm37) (A), and elk- lie251 9) elk-2jqm37) (W). 
Sample slze (n) is 150, except for elk- 1 elk-2 
double mutants (n = 136). The elk-1 elk-2 dou- 
ble mutants live even longer than elk- 1 and elk-2 
single mutants. (B)  N2 (01, elk-3 (a ) ,  gro-I  (A). 
and elk-3; gro-I (W): n = 100 except for elk-3; 
gro- 1 double mutants (n = 82). The elk-3; gro- 1 
double mutants have a mean life-span similar to 
that of the wild type, even though each mutation 
ndivdually Increases life-span. 

(8). A l t h o u g h  there is a range o f  severity, 
a l l  double mutants take longer t o  d&elop 
than  those w i t h  mutat ions in the ind iv idua l  
c o n s t i t ~ ~ e ~ l t  genes (Table 2). W e  examined 
the life-spans o f  double mutants at ljo, 18", 
and 20°C, and in selected cases at 25°C as 
well. ivIost double mutants have m u c h  long- 
er mean and max imum life-spans than  the 
ind iv idua l  Clk mmltants, especially at l o w  
temperatures (Table 1).  For example, the 
mean life-span o f  cllc-i ( ~ 2 5 1 9 )  cllc-2(qm37) 
mutants is more than  50% greater t han  that  
o f  either elk-l(e2.519) or clk-2jqm37) alone 
and allnost 90% greater t han  that  o f  the  

n~ild type at 18°C (Fig. 1A and Table 1).  
T o  determine the specif icity o f  the i n -  

teractions among the Clk genes, we made 
t w o  sets o f  c lk- i  clli-2 and elk-3; elk-1 double 
mutants, one conta in ing cllc-l(e2519) and 
the other elk-l(q1n3Ci). T h e  elk-i allele 
qm3O is m u c h  stronger t h a n  ~2.519 for al- 
most a l l  phenotypes exa~n ined  except for its 
effect o n  life-span, for w h i c h  the t w o  alleles 
do  n o t  appear t o  he different [Table 1 and 
(S)]. T h e  clk-3jqm38); c lk- i  (qm30) double 
lnutants have a very l ong  mean life-span 
and d e ~ e l o p m e n t  at a l l  temperatures, u p  t o  
three and four times that  o f  the w i l d  type, 

Table 2. Length of postembryonic development of Clk strains at 15", 1 83, 20°, and 25°C. Eggs were 
allowed to hatch for up to 12 hours, and 25 worms were then scored for their developmental stage every 
12 hours until all became adults. The time noted is the length of time between the midpoint of the hatching 
wlndow to the mdpolnt of the window In whch the medlan worm became an adult. The stated errors the 
sum of the length of the hatching window and the adulthood window dvided by 2. ND, not determined. 

Development (days) at temperature 
Genotype 

15°C 18'C 20°C 25°C 

N 2 
elk- I 
elk- 1 * 
elk-2 
elk-3 
gro- I 
elk- 1 elk-2 
elk- 1 elk-2' 
elk-3; elk- I 
elk-3: elk- I "i 
elk-3; elk-2 5.5 t 0.5 3.9 i 0.3 3.8 i 0.3 5.5 i 0.5 
gro- I elk-2 8.9 i 0.4 4.4 i 0.3 ND ND 
elk-3; gro- 1 10.0 i 0.4 8.0 i 0.4 5.5 i 0.5 N D 
age- I fer- 15 4.3 i 0.3 3.0 i 0.3 2.4 i 0.3 1.5 i 0.5 
age- I fe r  15; gro- I ND 3.6 i 0.4 N D 3.3 t 0.3 

'These stralns contaln clk- l (qm30). All other clk-1 strains contain clk-lie2579). -;It was d~ff~cult to accurately 
determne when clk-3iqm38); clii-1iqm3O) worms completed development, especially at 2OCC, because these worms 
never develop a functona germ line. The number given IS a maxmum est~mate. 
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respectively, and 1lluc11 longer than that o i  
clk-3(qm38); elk-lie2519) double nlutants 
(Tables 1 and 2). In  contrast to clic-3; elk-1 
double mutants, elk-1 elk-2 double nlutants 
with either elk-1 (qm30) or cllc-1 (e2519) Je-  
velop a t  the  same rate and have equally 
extended life-soans (Tables 1 and 2).  \vhich 

L ~ , , 

suggests that there is a high degree of spec- 
ificitv in  the  i~lteraction of ciic-1 and clic-3. 

~ l l e  illteractio~ls of g~o-1  with clk-2 and 
elk-3 are distinct from those between other 
pairs of Clk mutants. A l thoug l~  clic-2, elk-3, 
and gro-l single mutants all live longer than 
tlie wild type (Table I ) ,  both pro-1 clk-2 and 
elk-3; pro-l double mutants have a mean - 
life-span similar to that of the ~vild type 
(Fig. 1B and Table 1 ) .  However, gro-l iloes 
not suppress the increased longevity of age- 
1 (hs5461, another lllutatioll that co~lfers 
long life (9) .  In  fact, the mean life-span of 
an  age-1 fe7--15; g~o-1  strain IS greater than 
that of PO-1 and ape-l fer-15 strains [Table 
1 and (I?)].  These results suggest that the  
su~oress io~ l  of exte~lded life-svan of elk-2 
and clk-3 by g~o-1  inr,olves a specific inter- 
action between these genes and shows that 

0 20 40 60 80 
Days 

Fig. 2. Interaction of ciii- 1 with daf-2 and daf-16. 
(A) Percentage of worms alive on a given day after 
hatchng (day 0) at 18°C. N2 (r), daf-IG(m26) (6). 
ciii- 1 (e2519) (@), and daf- 1 G(m26): cik- 1 (e2519) 
double mutants (A). Sample size (n) is 50 for all 
genotypes. daf- 16: cik- 1 double lnutants are n -  
distinguishable from cik- 1 mutants, Indicating that 
daf-16 does not suppress longevity in cik-1 mu- 
tants. (B) Percentage of worms al~ve on a glven 
day after ther first day of adulthood (day 0) at 
25°C: N2 (a), cikl(e2519) (H), daf-Z(e1370) (@). 
and daf-Z(e1370) ciii1(e2519) (A); n = 50 for all 
genotypes. Worms were raised at 20°C until the 
first day all worms were adults to prevent daf- 
Z(e1370) mutants from becoming dauers (12) and 
then were transferred to 25°C N2 and daf-2 were 
transferred after 3 days, ciii-1 after 4 days, and 
daf-2 cik-1 after 6 days. The adult life-span of 
daf-2 cik- 1 double mutants IS considerably longer 
than that of daf-2 alone and almost SIX tilnes that 
of the w d  type. 

pro-1 and the  clic genes f~lnct ion in a com- 
mon pathway. 

Several other C. elegans genes are k n o ~ v n  
to affect life-span ( 9 ,  11-13), T h e  best- 
st~ldied of these are involved in the control 
of dauer forlnation [where dauer refers to a 
nonfeeding, alternative third larval stage 
that is induced by adverse conditions and 
call live for up to  6 nlo~l ths  (14)l .  Certain 
mutatio~ls call cause either constitutive 
(Daf-c) or defective (Daf-d) dauer forma- 
tion (14).  M~ltatiolls in the Daf-c genes 
dnf-2 and daf-23 can lead to an extended 
life-span without entry into the  ilauer stage 
(1 2 ,  13).  hlutations in the Daf-d gene daf- 
16 suppress extended life-span (as well as 
the  Daf-c phenotype) in dnf-16; dnf-2 and 
dnf-16; dnf-23 double mutants (1 2 ,  13).  daf- 
16 also suppresses the increased longevity of 
age-l mutants, linking longe\,ity in age-1 
mutants to the dauer pathway (13).  T h e  
effect of Clk genes o n  life-span, however, 
appears to involve a daf- 1 6-independent 
mechanism: dnf-16(m26) does not suppress 
the life-span ex te~ l s io~ l  seen in elk-l , elk-3, 
or gro-l strains (Fig. 2A and Tahle 3 ) ;  we 
did not test its effects on el/<-2. 

Because the  dauer genes and the Clk " 

genes appear to affect life-span by different 
mechanisms, we examined the  effect o n  

life-span when the worms carried mutatio~ls 
in  both a Daf-c and a Clk gene. A dnf- 
2(e1370) elk-1 (e2519) strain lives longer 
than its component strains at both 18" and 
25°C (Table 3 and Fig. 2B). Furthermore, 
even though the  adult life-span of elk-1 
lllutants at 25°C is not different from that 
of the wild type, the mean life-span and 
mean adult life-snan of dnf-2 ciic-1 double 
lnutants is nearly five and six times those of 
the wild type, respectively (Table 3 ) .  This is 
the largest increase in llleall life-span over 
the species average seen in ally orga~lis~ll  
(12,  13).  

T h e  lenothe~led life-soan of Clk lllutallts 
u 

is not due solely to lengthe~led deve lop  
ment.  Clk mmliants and most double mu- 
tants have sig~lifica~ltly longer mean adult 
life-spans than the  wild type. W e  plotted 
the length of developme~lt against nlean 
adult life-span for all experiments done a t  a 
constant temperature (Fig. 3). Lo\vermg 
temperature lengthens both development 
and llleall adult life-snan in  the  wild tvoe in , L 

a n  apparently linear fashion [Fig. 3 and 
(15)l .  lvlost other strains, inchlding the  Clk 
single mutants and all clic double mutants, 
disolav a similar relation between these two 

L ,  

life history traits. However, at ally given 
temperature, these strains ha\,e both a long- 

Table 3. The interaction of Ck genes w~th Daf genes. Mean life-span and development were scored as 
n Tables 1 and 2. Double mutants were constructed as descrbed (1 7). Some controls for experments 
at 15" and 18°C are gven n Tables 1 and 2. 

Genotype Temperature 
(" C) 

daf-16 
da f- 1 6: ciii- 1 
daf- 16: cilc-3 
daf- 16; gro- 1 
daf-2: c i i i  1 
daf-2 
daf-2; c i i i  1 
A12 2" 

cik- 1 ' 
daf-2' 
daf-2; cilc- 1 ' 

Mean fe-span 
(days) 

15.1 + 0.3 (2. 150) 
20.3 i- 0.7 ( 1 .  50) 
19 2 i- 0.8 ( I ,  50) 
17 8 -t 0.6 (1, 50) 
43.3 + 1.5 ( 1 ,  50) 
29.7 1- 1.4 (2, 100) 
3 4 0  i 1 .8 (2 ,  100) 

8.5 -t 0.4 ( I ,  50) 
8.6 i 0.5 (1. 50) 

15,9i -  1.8(1, 50) 
49.1 + 1.9 ( 1 .  50) 

Development 
(days) 

2.5 + 0.3 
3.4 t 0.3 
3 .9  i- 0 3 
3.9 i- 0.3 
6 0 + 0.5 
3.0 -t 0.3 
4 0 + 0 .3  
2.4 i- 0 3 
2.9 + 0.3 
2.9 i- 0.3 
4.3 + 0 .3  

'These experlnents were done ~rnder the condtons described n F y  2B; only adult fe-span IS gven and 3eveopnient 
\fidas scored at 23°C. 

Fig. 3. Scatter plot of the length of development versus 
mean adult life-span. Data are shown for all experi- 
ments in which strains were lna~ntained at a constant 
temperature Mean adult life-span was calculated $ 
(mean life-span - length of development) with the use . = . 
of the data In Tables 1 thro~lgh 3. Symbols are a s  2 

follows: - ,  N2; @, daf-2- and age-?-containing strans; 
A, gro-1 cik-2 and cik-3: gro-1 double mutants. r ,  all 
other strains, including Clk single mutants and all Clk o 10 20 30 40 
double mutants that do not contan gro-l ie2400). A Mean adult life-span (days) 

linear regression line is shown for the last group of strains. Also included in this plot are ponts for N2 
[life-span = 10.7 2 0 .3  days ( 1 ,  200), development = 1 6 2 0.4 days] and cik-l(e2519) [fe-span = 

11.7 i- 0 .3  days (1. 200), development = 2.6 + 0 4 days] continuously cultured at 25°C (numbers In 
parentheses are according to the guidenes Isted In Table 1). Because of the diff~culty In determ~ning 
the length of development of cik-3jqm38): cik-l(qm30) worms at 20°C (see Table 2), these results 
were excluded 



er de1-elopment and longer mean adult hie- 
span than the wild type. It appears therefore 
that mutat~ons in the Cllt genes have sim- 
ilar effects o n  development and o n  life-span 
as has lo~vered temnerature. 

Two groups of strains hay-e a very distinct 
relation beta-een adult life-suan and the 
length of development: one group includes 
PO-1 ciic-2 and elk-3; PO-1 double mutants 
and the second includes all strains contain- 
ing either dnf-? or age-1. A t  any given tem- 
perature, ~ o - 1  ell<-2 and clic-3: po-1 doul~le 
mutants have a much longer develo~xuent - 
and a shorter adult life-span than the wild 
type (Fig. 3).  In contrast, all strains contain- 
ing either dnf-2 or iige-1 have a much longer 
lllean adult life-span, relatir-e to develop- 
ment,  than the wild type (Fig. 3). T h e  dnf-2 
clic-1 and age-1 fer-15; $(I-1 strains, which 
are part of the  second group, clispla\- the 
effects of both of the life-extending muta- 
tions thev contain. These strains show the  
typical lengthening of adult life-span due to 
dnf-2 or age-1 , and in addition, cllc-1 or po-1 
lengthen their iieveloplllent and illcrease 
their life-soans even f~urther. 

K'e propose that the Cllt genes are in- 
volved in the  general control of timinz in - 
C. eleg-ilns, perhaps constituting parts of a 
general physiolog~cal clock. Because, in Cllc 
mutants, life appears to proceed a t  a slo~ver 
pace, our results are collsistent with the  
"rate of living" theorv of aging (1 . 16).  
Conceivably, the  slower rate of living of 
Cllc mutants coulil be accomuanied bv a 
lowered rate of metabolism. However, the  
~oss ib lv  slower metabolic rates of Clk mu- 
tants are probably not due to a defect in  a 
key metabolic enzyme, but rather clue to a n  
altered c o ~ ~ t r o l  of metabolism. All Cllc mu- 
tations are f~ully lllaternally rescued for al- 
nlost all tillling defects ( 5 ,  6) .  This means 
that homo:ygous mutant progeny of a het- 
erosygous mother have a nearly wild-t\-pe 
phenotype. It is unliltely that a gene coding 
for a lcey ~lletabolic en:yme, required in 
even moderate alnoullts in  every cell 
t h r o u g h o ~ ~ t  life, coulcl display this form of 
inheritance. This result, along with certain 
other aspects of the clic-1 phenotype (5), 
suggests that the Cllc genes are probably 
regulator\- genes that may, anlong other 
things, control metabolic rate. Although 
how the slower rate of living seen in Clk 
m ~ ~ t a n t s  leads to a longer life-span is u11- 
known, a reduced metabolic rate could lead 
to a slower production of reactive by-prod- 
ucts of metabolism and, thus, to n o r e  gracl- 
ual aging. 
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The Role of Zinc in Selective Neuronal Death 
After Transient Global Cerebral Ischemia 

Jae-Young Koh," Sang W. Suh, Byoung J. Gwag, Yong Y. He, 
Chung Y. Hsu, Dennis W. Choi? 

Zinc is present in presynaptic nerve terminals throughout the mammalian central nervous 
system and likely serves as an endogenous signaling substance. However, excessive 
exposure to extracellular zinc can damage central neurons. After transient forebrain 
ischemia in rats, chelatable zinc accumulated specifically in degenerating neurons in the 
hippocampal hilus and CAI, as well as in the cerebral cortex, thalamus, striatum, and 
amygdala. This accumulation preceded neurodegeneration, which could be prevented by 
the intraventricular injection of a zinc chelating agent. The toxic influx of zinc may be a 
key mechanism underlying selective neuronal death after transient global ischemic insults. 

Chelatable  zinc (Zn'-) is present in pre- 
synaptic vesicle:: of central excitatory neu- 
rons (1 ) and is released with synaptic activ- 
ity or membrane depolariration (2) .  41- 
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though the precise role of s\-napticall\- re- 
leased Zn'- is not ltnorvn, Zn" bloclcs 
currents mediated by h'-methYl-~-aspartate 
(NMDA) ( 3 ,  4)  and by y-aminobut\-ric 
acid (GABA)  (3) as \\ell as voltage-gated 
c, a 1 c ~ u m  - ' channels (5 ) .  In  addition, exposure 
to excessive extracellular Zn2- is neurotox- 
ic to cortical neurons; this toxicity may be 
nlediatecl in part by Zn2' influx t h r o ~ ~ g h  
glutamate receptor- or \,oltage-gated Ca2-  
channels (6) .  Presynaptic Zn2-- translocates 
into selectively vulnerable hippocanlpal hi- 
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