tion. The Mvplp-homology domain of
SNX1 is a candidate for interacting with
other components of the vesicular traffick-
ing machinery to segregate EGFR into en-
dosomal membranes targeted for degrada-
tion. These features define a family of pro-
teins that confer specificity on receptor
sorting in the endocytic pathway. As a neg-
ative regulator of EGFR on cell surfaces,
SNX1 influences the efficiency with which
EGF activates intracellular signal transduc-
tion pathways.
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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 for the study of the genetic
basis of aging. Maternal-effect mutations in four genes—clk-1, clk-2, clk-3, and gro-1—
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-1(€2519) worms, which carry life-span-extending
mutations from two different pathways, live nearly five times as long as wild-type worms.

It is not known why organisms senesce and
die. One set of theories suggests that life-
span is timed, much like puberty and meno-
pause (1). Another set suggests that organ-
isms accumulate damage throughout life,
which eventually leads to the failure of one
or more critical physiological systems (2, 3).
One 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). One 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 maternally rescued viable
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mutations in C. elegans, we recovered mu-
tations in three genes—clk-1, clk-2, and clk-
3—that show the Clock (Clk) phenotype, a
pleiotropic alteration of developmental and
behavioral timing (5, 6). The 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 rhythmic adult behaviors, such as
swimming, pharyngeal pumping, and defe-
cation (5). Furthermore, clk-1 mutants have
a longer mean and maximum life-span than
the standard wild-type strain N2 (5).

To characterize these genes further, we

" determined the life-span of the reference

strain of these genes at 15°, 18°, 20°, and
25°C. All four mutants have longer mean
and maximum life-spans than the wild type
at all temperatures (Table 1). For example,
at 18°C, all Clk mutants have a mean life-
span at least 3 days longer than that of the



Table 1. Mean life-span of Clk strains at 15°, 18°, 20°, and 25°C. The aging
study was done as described (5), except that eggs were allowed to hatch for
up to 6 hours (for N2 and the single mutants) or up to 32 hours (for Clk double
mutants). Only reference alleles were used, except for fer-15(b26) and clk-
1(gm30). Strains were constructed by standard techniques (77). At each
temperature, the mean life-span and standard error are given. The numbers

| REPORTS

given in parentheses are the number of separate experiments in which the
life-span of a cohort (usually 50 worms) was examined and the total pooled
sample size, respectively. Repeated experiments gave very similar results.
ND, not determined. Strains carrying gro-1, clk-2, or fer-15 mutations are not
fertile at 25°C, so in the experiments at this temperature, worms were allowed
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 5°C
N2 22.0 + 0.3 (5, 236) 14.9 = 0.3 (5, 250) 16.1 = 0.2 (5, 242) 9.2 + 0.3 (2, 100)
clk-1 20.3 + 0.5 (5,212) 18.4 = 0.4 (5, 250) 17.3 = 0.4 (5, 239) 11.6 = 0.5 (2, 87)
clk-1* 31.0 = 0.9 (2, 100) 19.8 = 0.5 (3, 149) 19.3 = 0.6 (3, 147) 11.1+0.2(1,43)
clk-2 24.6 = 0.8 (3, 139) 18.7 = 0.5 (3, 150) 18.0 = 0.5 (4, 191) 11.7 £ 0.7 (1, 50)
clk-3 25.7 = 0.7 (2, 100) 20.4 + 0.4 (5, 250) 19.9 = 0.6 (3, 147) 13.0 = 0.8 (1, 50)
ro-1 26.0 + 0.7 (3, 125) 19.2 + 0.6 (4, 200) 19.7 * 0.6 (3, 147) 15.6 + 0.5 (1, 50)
clk-1 clk-2 34.56 0.9 (2, 100) 28.2 + 0.9 (3, 136) 23.1 + 0.7 (3, 143) ND
clk-1 clk-2* 30.3 = 0.9 (1, 50) 28.3 = 0.7 (1, 50) 25.4 = 0.7 (1, 50) ND
clk-3; clk-1 36.7 = 1.4 (2, 69) 22.7 + 0.6 (3, 99) 17.8 = 0.5 (3, 138) 17.4 = 1.4 (1, 10)
clk-3; clk-1* 4.4 +1.7 (2,79 435+ 1.5(1, 50) 275+ 1.2 (2, 105) ND
clk-3; clk-2 33.8+0.9(2, 100) 22.3 + 0.8 (3, 150) 20.6 + 0.6 (3, 144) 12.7 + 0.5 (1, 50)
gro-1 clk-2 21.4+09(1,3 12.3 + 0.6 (1, 50) ND ND
clk-3; gro-1 244 +06(1,5 16.9 £ 0.8 (2, 82) 14.6 = 0.4 (3, 145) ND
age-1 fer-15 30.9 = 1.2 (2, 1OO 26.3 1.2 (2, 94) 26.6 + 0.8 (3, 149) 22.0 +1.5(1, 50)
age-1 fer-15; gro-1 ND 341 +1.7 (1, 50) ND 30.6 = 0.9 (1, 50)

*These strains contain clk-1(gm30). All other clk-1 strains contain clk-1(€2519).

wild type (Table 1 and Fig. 1). The extend-
ed life-span of gro-1 mutants has been noted
(7).

To examine how these genes interact
genetically, we made all but one of the
possible double mutant combinations con-
taining the reference allele of each gene
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Fig. 1. Clock mutations interact to determine
life-span. Graphs show the percentage of
worms alive on a given day after hatching (day 0)
at 18°C. (A) N2 (O), clk-1(e2519) (@), clk-2
(Qm37) (A), and clk-1(2519) clk-2(qm37) ().
Sample size (n) is 150, except for clk-1 clk-2
double mutants (n = 136). The clk-1 clk-2 dou-
ble mutants live even longer than clk-1 and clk-2
single mutants. (B) N2 (O), c/k-3 (@), gro-1 (A),
and clk-3; gro-1 (B); n = 100 except for clk-3;
gro-1 double mutants (n = 82). The clk-3; gro-1
double mutants have a mean life-span similar to
that of the wild type, even though each mutation
individually increases life-span.

(8). Although there is a range of severity,
all double mutants take longer to develop
than those with mutations in the individual
constituent genes (Table 2). We examined
the life-spans of double mutants at 15°, 18°,
and 20°C, and in selected cases at 25°C as
well. Most double mutants have much long-
er mean and maximum life-spans than the
individual Clk mutants, especially at low
temperatures (Table 1). For example the
mean life-span of clk-1(e2519) clk-2(qm37)
mutants is more than 50% greater than that
of either clk-1(e2519) or clk-2(qm37) alone
and almost 90% greater than that of the

wild type at 18°C (Fig. 1A and Table 1).
To determine the specificity of the in-
teractions among the Clk genes, we made
two sets of clk-1 clk-2 and clk 3; clk-1 double
mutants, one containing clk 1(62519) and
the other clk-1(gm30). The clk-1 allele
qm30 is much stronger than e2519 for al-
most all phenotypes examined except for its
effect on life-span, for which the two alleles
do not appear to be different [Table 1 and
(5)]. The clk-3(gm38); clk-1(gm30) double
mutants have a very long mean life-span
and development at all temperatures, up to
three and four times that of the wild type,

Table 2. Length of postembryonic development of Clk strains at 15°, 18°, 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
window to the midpoint of the window in which the median worm became an adult. The stated error is the
sum of the length of the hatching window and the adulthood window divided by 2. ND, not determined.

Development (days) at temperature

Genotype

15°C 18°C 20°C 25°C
N2 41 +04 2.5+0.3 2.4 +03 1.5+0.5
clk-1 5.0 +0.4 3.0 +0.3 29+0.3 25+ 0.4
clk-1* 6.6 + 0.4 4.0+0.3 3.9+03 25+04
clk-2 51+04 3.0+0.3 29+0.3 43+04
clk-3 5.0+ 0.4 3.5+0.3 2.9 + 0.3 24 +04
gro-1 7.6 =04 41 +04 3.4 +03 2.9 +0.3
clk-1 clk-2 100 =04 6.0+04 6.5+ 0.5 ND
clk-1 clk-2* 9.0+04 6.5 +04 7.0+0.5 ND
clk-3; clk-1 71 +04 58 *+0.3 41 +04 45+ 0.5
clk-3; clk-1*F 11.4 = 0.5 10.56 = 0.5 120+ 04 ND
clk-3; clk-2 55+ 0.5 3.9+03 3.8+0.3 55+ 0.5
gro-1 clk-2 89 +04 4.4+ 0.3 ND ND
clk-3; gro-1 10.0 = 0.4 80*+04 55+ 0.5 ND
age-1fer-15 43 +0.3 3.0+0.3 2.4 +03 1.5*05
age-1 fer-15; gro-1 ND 3.6 £0.4 ND 3.3 *+0.3

*These strains contain clk-1(gm30). All other clk-1 strains contain clk-1(€2519).

+lt was difficult to accurately

determine when clk-3(qm38); clk-1({gm30) worms completed development, especially at 20°C, because these worms
never develop a functional germ line. The number given is a maximum estimate.
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respectively, and much longer than that of
clk-3(qm38); clk-1(e2519) double mutants
(Tables 1 and 2). In contrast to clk-3; clk-1
double mutants, clk-1 clk-2 double mutants
with either clk-1(gm30) or clk-1(e2519) de-
velop at the same rate and have equally
extended life-spans (Tables 1 and 2), which
suggests that there is a high degree of spec-
ificity in the interaction of clk-1 and clk-3
The interactions of gro-1 with clk-2 and
clk-3 are distinct from those between other
pairs of Clk mutants. Although clk-2, clk-3,
and gro-1 single mutants all live longer than
the wild type (Table 1), both gro-1 clk-2 and
clk-3; gro-1 double mutants have a mean
life-span similar to that of the wild type
(Fig. 1B and Table 1). However, gro-1 does
not suppress the increased longevity of age-
1(hx546), another mutation that confers
long life (9). In fact, the mean life-span of
an age-1 fer-15; gro-1 strain is greater than
that of gro-1 and age-1 fer-15 strains [Table
1 and (10)]. These results suggest that the
suppression of extended life-span of clk-2
and clk-3 by gro-1 involves a specific inter-
action between these genes and shows that
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Fig. 2. Interaction of clk-1 with daf-2 and daf-16.
(A) Percentage of worms alive on a given day after
hatching (day 0) at 18°C: N2 (1), daf-16(m26) (M),
clk-1(e2519) (@), and daf-16(m26); clk-1(e2519)
double mutants (A). Sample size (n) is 50 for all
genotypes. daf-16; clk-1 double mutants are in-
distinguishable from clk- 7 mutants, indicating that
daf-16 does not suppress longevity in ck-7 mu-
tants. (B) Percentage of worms alive on a given
day after their first day of adulthood (day 0) at
25°C: N2 (O), clk-1(e2519) (M), daf-2(e1370) (@),
and daf-2(e1370) clk-1(2519) (A); n = 50 for all
genotypes. Worms were raised at 20°C until the
first day all worms were adults to prevent daf-
2(e1370) mutants from becoming dauers (72) and
then were transferred to 25°C. N2 and daf-2 were
transferred after 3 days, clk-1 after 4 days, and
daf-2 clk-1 after 6 days. The adult life-span of
daf-2 clk-1 double mutants is considerably longer
than that of daf-2 alone and almost six times that
of the wild type.
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gro-1 and the clk genes function in a com-
mon pathway.

Several other C. elegans genes are known
to affect life-span (9, 11-13). The best-
studied of these are involved in the control
of dauer formation [where dauer refers to a
nonfeeding, alternative third larval stage
that is induced by adverse conditions and
can live for up to 6 months (14)]. Certain
mutations can cause either constitutive
(Daf-c) or defective (Daf-d) dauer forma-
tion (14). Mutations in the Daf-c genes
daf-2 and daf-23 can lead to an extended
life-span without entry into the dauer stage
(12, 13). Mutations in the Daf-d gene daf-
16 suppress extended life-span (as well as
the Daf-c phenotype) in daf-16; daf-2 and
daf-16; daf-23 double mutants (12, 13). daf-
16 also suppresses the increased longevity of
age-1 mutants, linking longevity in age-1
mutants to the dauer pathway (13). The
effect of Clk genes on life-span, however,
appears to involve a daf-16-independent
mechanism: daf-16(m26) does not suppress
the life-span extension seen in clk-1, clk-3,
or gro-1 strains (Fig. 2A and Table 3); we
did not test its effects on clk-2 .

Because the dauer genes and the Clk
genes appear to affect life-span by different
mechanisms, we examined the effect on

life-span when the worms carried mutations
in both a Daf-c and a Clk gene. A daf-
2(el370) clk-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 clk-1
mutants at 25°C is not different from that
of the wild type, the mean life-span and
mean adult life-span of daf-2 clk-1 double
mutants is nearly five and six times those of
the wild type, respectively (Table 3). This is
the largest increase in mean life-span over
the species average seen in any organism
(12, 13).

The lengthened life-span of Clk mutants
is not due solely to lengthened develop-
ment. Clk mutants and most double mu-
tants have significantly longer mean adult
life-spans than the wild type. We plotted
the length of development against mean
adult life-span for all experiments done at a
constant temperature (Fig. 3). Lowering
temperature lengthens both development
and mean adult life-span in the wild type in
an apparently linear fashion [Fig. 3 and
(15)]. Most other strains, including the Clk
single mutants and all clk double mutants,
display a similar relation between these two
life history traits. However, at any given
temperature, these strains have both a long-

Table 3. The interaction of Clk genes with Daf genes. Mean life-span and development were scored as
in Tables 1 and 2. Double mutants were constructed as described (77). Some controls for experiments

at 15° and 18°C are given in Tables 1 and 2.

Temperature Mean life-span Development
Genotype Q) (days) (days)
daf-16 18 15.1 = 0.3 (2, 150) 25=+0.3
daf-16; clk-1 18 20.3 +£ 0.7 (1, 50) 3.4 +0.3
daf-16; clk-3 18 19.2 = 0.8 (1, 50) 3.9+03
daf-16; gro-1 18 17.8 = 0.6 (1, 50) 3.9+0.3
daf-2; clk-1 15 43.3 £ 1.5(1, 50) 6.0+05
daf-2 18 29.7 + 1 4 (2,100) 3.0+03
daf-2; clk-1 18 34.0 = 1.8 (2, 100) 4.0=*0.3
Ne* 25 8.5+ 0.4 (1, 50 24 +03
clk-1* 25 8.6 + 0.5 (1, 50) 29+0.3
daf-2* 25 15.9 = 1.8 (1, 50) 29+03
daf-2; clk-1* 25 49.1 = 1.9 (1, 50) 4.3+ 0.3

*These experiments were done under the conditions described in Fig. 2B; only adult life-span is given and development

was scored at 20°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 maintained 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 through 3. Symbols are as
follows: +, N2; @, daf-2- and age- 1-containing strains;
A, gro-1 clk-2 and clk-3; gro-1 double mutants; [, all
other strains, including Clk single mutants and all Clk 0
double mutants that do not contain gro-1(€2400). A

[life-span =

—_
N

Development (days)

o N A O © O

Mean adult life-span (days)
linear regression line is shown for the last group of strains. Also included in this plot are points for N2

10.7 = 0.3 days (1, 200), development = 1.6 * 0.4 days] and clk-1(e2519) [life-span =

11.7 = 0.3 days (1, 200), development = 2.6 = 0.4 days] continuously cultured at 25°C (numbers in
parentheses are according to the guidelines listed in Table 1). Because of the difficulty in determining
the length of development of clk-3(qgm38); clk-1(gm30) worms at 20°C- (see Table 2), these results

were excluded.
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er development and longer mean adult life-
span than the wild type. It appears therefore
that mutations in the Clk genes have sim-
ilar effects on development and on life-span
as has lowered temperature.

Two groups of strains have a very distinct
relation between adult life-span and the
length of development: one group includes
gro-1 clk-2 and clk-3; gro-1 double mutants
and the second includes all strains contain-
ing either daf-2 or age-1. At any given tem-
perature, gro-1 clk-2 and clk-3; gro-1 double
mutants have a much longer development
and a shorter adult life-span than the wild
type (Fig. 3). In contrast, all strains contain-
ing either daf-2 or age-1 have a much longer
mean adult life-span, relative to develop-
ment, than the wild type (Fig. 3). The daf-2
clk-1 and age-1 fer-15; gro-1 strains, which
are part of the second group, display the
effects of both of the life-extending muta-
tions they contain. These strains show the
typical lengthening of adult life-span due to
daf-2 or age-1, and in addition, clk-1 or gro-1
lengthen their development and increase
their life-spans even further.

We propose that the Clk genes are in-
volved in the general control of timing in
C. elegans, perhaps constituting parts of a
general physiological clock. Because, in Clk
mutants, life appears to proceed at a slower
pace, our results are consistent with the
“rate of living” theory of aging (I, 16).
Conceivably, the slower rate of living of
Clk mutants could be accompanied by a
lowered rate of metabolism. However, the
possibly slower metabolic rates of Clk mu-
tants are probably not due to a defect in a
key metabolic enzyme, but rather due to an
altered control of metabolism. All Clk mu-
tations are fully maternally rescued for al-
most all timing defects (5, 6). This means
that homozygous mutant progeny of a het-
erozygous mother have a nearly wild-type
phenotype. It is unlikely that a gene coding
for a key metabolic enzyme, required in
even moderate amounts in every cell
throughout life, could display this form of
inheritance. This result, along with certain
other aspects of the clk-1 phenotype (5),
suggests that the Clk genes are probably
regulatory genes that may, among other
things, control metabolic rate. Although
how the slower rate of living seen in Clk
mutants leads to a longer life-span is un-
known, a reduced metabolic rate could lead
to a slower production of reactive by-prod-
ucts of metabolism and, thus, to more grad-
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. Choif

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 CA1, 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 vesicles of central excitatory neu-
rons (1) and is released with synaptic activ-
ity or membrane depolarization (2). Al-
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though the precise role of synaptically re-
leased Zn?* is not known, Zn®" blocks
currents mediated by N-methyl-D-aspartate
(NMDA) (3, 4) and by ~v-aminobutyric
acid (GABA) (3) as well as voltage-gated
calcium channels (5). In addition, exposure
to excessive extracellular Zn?* is neurotox-
ic to cortical neurons; this toxicity may be
mediated in part by Zn®** influx through
glutamate receptor- or voltage-gated Ca®*
channels (6). Presynaptic Zn®* translocates
into selectively vulnerable hippocampal hi-

1013





