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Rates of Mortality in Populations of 
Caenorhabditis elegans 

A. Brooks et al. ( I )  report that mortality 
increased exponentially for a cohort of 
180,000 nematodes of the species Caenor- 
habditis elegans of the single genotype TJ1060 
[spe-9(hc88) fer-15(b26)]. A closer look at 
the data (Fig. 1 )  reveals that from days 5 
through 8 mortality increased at a rate of 
0.58 + 0.0004, which is more than twice the 
rate thereafter (0.21 2 0.02). Such a "bipha- 
sic pattern," with death rates increasing rap- 
idly at younger ages and more slowly at older 
ages, was also found in a genetically hetero- 
geneous population of 79 recombinant-in- 
bred (RI) nematode strains ( I ) .  The decel- 
eration of mortality for the heterogeneous 
population is of high statistical significance 
(P < 0.001) even when the population is 
divided into quartiles on  the basis of life 
expectancy. Gompertz' law (2), which states 
that death rates increase exponentially at the 
same rate at  all ages older than some initial 
age (such as the age of sexual maturity), does 

these environmental conditions affect life 
expectancy (3). The  different life chances 
of the two populations make the finding 
that mortality decelerates in both popula- 
tions even more significant. 
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with age ( ~ ~ ~ . ' l )  than the genetlially bet- 5 Gompertz formulated his law In terms of what he 
called the Intensty of mortallty (2) and what IS also 

erogeneous RI population [table 2 In (I)].  known as the force of mortalltv or hazard of death 
This resulted from growth at  a higher tem- generally denoted by p. The central death rate rn 

provides a convenent empirical estimate of the In- perature (25'50C as to 200C) and tensity of mortallty. The probability of death per unlt 
at higher agar tlme q is smaller than the intensty of mortalty and IS 

plates rather than liquid survival medium); not a useful approxmation when mortality IS high. It IS 

Fig. 1. Age-spec~f~c central death rates (a) and 
est~mated trajectory of mortal~ty for TJ1060 nem- 
atodes The vert~cal bars at each polnt lnd~cate the 
range of death rates that, w~th probab~l~ty exceed- 
ng 196, m~ght have produced a death count at : '? 
least as extreme as that observed For days 5 
through 13, the observed death rates are based 
on samples of the populat~on that were subcul- f 01 tured ( 1 )  Because there are no slgn~f~cant d~ffer- 1 0 0 5  
ences between age-spec~f~c death rates In the 
subcultures, ava~lable data were comb~ned for 
each day of observat~on The central death rate at 

5 6 7 8 9 1011 12 13 1415 1617 1819 

age x IS glven by 
Age (days) 

m(x) = [N(x) - N(x + l)]/{[N(x) + N(x + 1)]/2) 
where N IS thanumber of surv~ving ~nd~v~duals. The trajectories were est~mated by maxlmum Ilkellhood 
methods uslng a two-stage Gompertz curve (4) of the form 

p(x) = a exp(bx) I(x 5 c) + a exp[bc + p(x - c)] I(x > c)  
wherexdenotes age, a is the Initial death rate, b IS the rate of mortality increase before age c ,  p is the rate 
thereafter, I is an Indicatorthat equals one ~f the condition is true and zero otherwise, and p(x) IS the hazard 
of death at age x (5). The estimated values of the parameters of the model are: a = 0.001 9 2 0.000003, 
b = 0.58 i 0.0004, p = 0.21 i 0.02, and c = 8.5 2 0.4. To test whether the slope parameters b and 
p are s~gnif~cantly d~fferent, a Gompertz curve w~th b = p was also fit to the data. A Ilkellhood ratio test 
indicated that the two-stage Gompertz curve fits s~gnificantly better, P = 0.0000008. The breakpo~nt of 
the f~tted curve, c ,  is estimated In the model: it falls in the middle of day 8.  The central death rate m(x) is 
related to the dally probability of death q(x) by m(x) = l/{[l/q(x)] -0.5). Because N(18) = 1 and N(19) = 

0, it follows that m(18) = 2 and q(18) = 1. The long vertical bar indicates that values of m(l8) correspond- 
Ing to values of q(18) ? 0.01 might have produced, w~th probab~lity ?0.01, the f~nal death on day 18. 

clear that q cannot be descrbed by Gompertz' for- 
mula, because a Gompertz curve rises exponentally 
from its n t a l  value toward infnty as age increases, 
but the probability q is bounded by 1. Th~s is appar- 
ent In figure 1 of (1) ;  note that some of the values of rn 
n Flg. 1 exceed 1 
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Brooks et al. ( I  ) suggest that the slowing of 
age-specific mortality rates observed in ear- 
lier studies of Drosophila cohorts at older ages 
(2) may have resulted from contamination 
by recruitment of progeny. However, in 
these earlier experiments (2) (i) only male 
flies were studied and no sexing errors were 
detected during daily observations and (ii) 
vials were changed once a week, which is too 
fast to allow hatching, larval development, 
pupation, and emergence of new adults. 

For all but about 20 min per day exper- 
imental flies were kept in an air-tight incu- 
bator with n o  other stocks; there were n o  
other Drosobhila cultures in the third-floor 
laboratory where survivorship was studied, 
and the nearest foreign Drosophila cultures 
were in a basement laboratory. Dead flies 
were counted dailv, but once a week live 
flies were counted: which allowed a direct 
assessment of immigration rates. In two vi- 
als (out of thousands) a discrepancy was 
found that suggested immigration, which 
was attributed to miscounting (live flies can 
become trapped between the glass and the 
vial plug and miss being counted). These 
two vials were excluded from the analysis. 
Even if there had been a few immierants. it 

%, 

would not have affected the conclusions 
(2),  because in the largest experiment a zero 
acceleration of mortality rate was observed 
among the last 1906 deaths in a cohort of - 
5 75 1 males from a single inbred line. Final- 
ly, the observation of slowing mortality 
rates in genetically homogeneous cohorts of 
Drosophila has been replicated and extended 
to both sexes and more genotypes (3). 
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O n e  problem with the analysis of Brooks et 
al. (1 ) occurs because a substantial fraction 
of the observed lifetimes turn out to be right 
censored, and those censored observations 
are discarded in the statistical analysis (2). 
This problem may lead to biases in statisti- 
cal estimators like mean lifetimes and 
makes tests invalid (3). 

Although this censoring problem does 
not affect the analysis of one large cohort of 
180,000 individuals (1 ), there is a lack of fit 
of the proposed Gompertz model (4) with 
data from this cohort. This problem be- 
comes evident when one uses a nonpara- 
metric locally weighted least squares meth- 
od (5), which takes the unequal variance 
feature into account (6). This nonparamet- 
ric curve estimation procedure lets the data 
"speak for themselves" without imposing 
any restrictive model assumptions-in con- 
trast to Gompertz model or other paramet- 
ric fits. Such a method is particularly suit- 
able to assess the goodness-of-fit of para- 
metric models. The nonparametric fit (5) 
for double log-transformed mortality (6) de- 
viates from the linear fit corresponding to 
the Gompertz model and shows decelera- 
tion patterns of mortality as compared with 

the Gompertz model at ages between 8 and 
10 days. This deceleration is followed by a 
slight acceleration, which leads to the im- 
pression of a "shoulder" on the curve. We 
noted this phenomenon of a shoulder pre- 
viously (7) in the survival of medflies. 

We also reanalyzed the survival data 
from the other 79 cohorts (1) that consisted 
of a single genotype. These data are subject 
to heavy censoring, and we first constructed 
appropriate lifetables, from which estimates 
of the log mortality rate were obtained with 
the locally weighted least squares method 
(6). A covariate of interest identified by 
Brooks et al. is the mean lifetime associated 
with each strain. We recalculated mean 
lifetimes to accommodate censoring, then 
divided the 79 strains into four groups cor- 
responding to quartiles of associated mean 
lifetimes. The rates were well synchronized 
within each quartile group (6). Moreover, 
every single strain showed marked deceler- 
ation of transformed mortality. In view of 
these observations it is likely that deceler- 
ation of mortality of cohorts of genetically 
heterogeneous individuals is not caused by 
genetic heterogeneity per se. 

We observe that deceleration becomes 

Fig. 1. Nonparametric es- A ..<% 
... __.. . .. 

timate of the double loa- . . - 
transformed mortalitv sur- ... 

face as a function of age 
(in days) and mean lifetime 
(in days) with the use of 
two-dimensional locally 
weighted least squares 
(6). This surface estimate 
is calculated from the life- 
time data of 2755 nema- 
todes in 79 cohorts, in- 
cluding 1625 uncensored 
and 11 30 censored life- 
times. (A) The perspective 
with origin of mean life- 
time and age in front. (B) 
The perspective with the 
laraest values of mean 
lifetime and age in front. 

B 

more oronounced as mean lifetime increas- 
es. The longer a genetically homogeneous 
strain lives on the average, the more the - .  
curve of transformed mortality will bend 
(Fig. 1). We find, upon fixing age and 
varying mean lifetime, that log mortality 
declines almost monotonously as mean life- 
time increases. Conversely, fixing mean 
lifetime and varying age shows that concav- 
itv and deceleration of log mortalitv for 
hkher age become more ironounced for 
increasine mean lifetime. These changes in " - 
the shape of the curve allow an assessment 
of mortality factors associated with higher 
mean lifetime. The major factor appears to 
be the intensity of a sharp localized decel- 
eration of log mortality occurring around 
day 10 (5, 8). The higher mean lifetimes 
seem to be associated with increased inten- 
sity of deceleration, as well as a lower rate of 
the initial transformed mortality. 

Our conclusion from this reanalysis of 
the data of Brooks et al. is that deceleration 
of transformed mortality rates appears to be 
a universal feature of strains of C .  elegans. 
The Gompertz model cannot adequately 
serve as a life model for nematodes. We 
found evidence that shape and slope (de- 
celeration) of the curve of mortality is as- 
sociated with the mean lifetime of the cor- 
responding strain, and that deceleration in- 
creases with increasing mean lifetime. 
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Response: T h e  analysis by Vaupel et al. 
allows the extension of our data in wavs 
that we (1 ) did not originally envision and 
provides a much better fit of the raw data. 
The  slope of the Gompertz curve changes 
at  8 days of age, but mortality still contin- 
ues to  increase exponentially until the end 
of life. However, large errors in the esti- 
mation of mortalitv rates late in life. 
which result from the small number of 
deaths during this period, prevent us from 
determining the accuracy of this state- 
ment with a high degree of precision. 

1 find the statements from Curtsineer et " 
al. to be convincing, and these precautions 
seem to adequately rule out the possibility 
that there was significant contamination 
by progeny in the aging cohorts displayed 
in their earlier report (2) .  Nevertheless, 
any significant amount of progeny con- 
tamination can produce a huge artifact 
when only a small minority of the starting 
population are being examined as is done 
in examinine the oldest old. Great care " 
must be taken to avoid it. 

The  analvses conducted bv Wane et al. 
purport to show (i) that a ~ n b n ~ a r a i e t r i c  
locally weighted least squares method" 
provides a better fit (3 )  and detects a 
decrease in mortality rates at "between 8 
and 10 davs" and (ii) that each of the 79 . , 

genotypes analyzed in our report (1 ) thern- 
selves appear to be composed of two 
slopes. W e  completely concur on  the first 
aspect of their analysis (4). However, we 
are uncertain that the deviations from the 
exponential curve are biologically signifi- 
cant. It remains to be demonstrated that 
the details of these deviations from the 
Gornpertz will be replicated in further 
analyses. It is our opinion that experimen- 
tal replication, not extensive mathernati- 
cal analyses, should be the critical basis for 
testing theories in this area. " 

We disagree on the second aspect of the 
comment by Wang et al. The analyses have 
a high inherent inaccuracy because the 
analvsis is based on  total cohorts of 30 
anilials or less. Many of the individual es- 
ti~nates of age-specific rates of mortality are 
based on  none or only a single death in a 
given time period. However, too few details 
are  resented to allow us to determine the 
accuracy of the methodology. W e  do agree 
that there was censoring of the data [this 
was stated in the original report ( I )]  and 
that this censoring has resulted in appar- 
ently higher mortality rates early in  life. In 
analyzing this data, Wang et al. suggest 
that the four quartiles behave synchro- 

nously; because the division into quartiles 
was based o n  mean life span ( I ) ,  it is not 
unexpected that there is a fairly uniform 
distribution of mean life span in each 
auartile. However. the mean life suans of 
t'hese Rls are distiibuted essentiaiy nor- 
mally (5 ,  6 )  and all RIs are derived from 
crosses between the Bristol and Bergerac 
wild-type strains of C .  elegans (5, 6 ,  7 ) .  

The  principal problem with the analyses 
put forth by Wang et al. is twofold. First, the 
small population size results in considerable 
inaccuracy in the estimates of mortality 
rates and the rates estimated could be off by 
several orders of magnitude. Second, Wang 
et al. found absolute mortality rates early in 
life to ranee from to lop6. which can " 
be compared with our estimates of lop3  or 
less (1, 5, 8)  in populations of about 200 
worms. Error estimates in the latter two 
studies (5, 8 )  were obtained directly by 
analysis of the four component populations, 
each of 50 worms, and direct estimation of 
error. The standard error of the mortalitv 

Before the methods proposed by Wang 
et al. are acceuted for the analvsis of mor- 
tality in small cohorts, they should show 
that their procedure allows the accurate 
reconstruction of the original mortality 
rates with the use of small, simulated data 
sets. One  could simulate a population of 
organisms dying with exponential kinetics 
to see if their analytic method would gen- 
erate a n  exponential model after sampling 
populations of size 30. Indeed, one of the 
principal arguments put forth in an earlier 
study "is that it may not be possible to 
determine the mortality pattern of a spe- 
cies from data on  100 or even fewer indi- 
viduals . . ." (3,  p. 460). 
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Identification of Calcium Channels 
That Control Neurosecretion 

T h e  report by David B. Wheeler et al. (1)  
addresses the important question of which 
Ca2+ channel types control synaptic trans- 
mission in the mammalian central nervous 
system. Wheeler et al. studied glutamatergic 
transmission between Schaffer collateral fi- 
bers and C A I  pyramidal neurons in the rat 
hippocampus and used synthetic toxins that 
target high voltage-activated Ca2+ chan- 
nels in an effort to identify which types 
trigger glutamate release at this synapse. 
Wheeler et al. argue for the primary in- 
volvement of a novel class of Ca2+ channel, 
which they have labeled "Q." In pharma- 
cological experiments such as these, three 
criteria should be met before conclusions 
can be drawn with confidence: (i) the con- 
centration of antagonists at the synaptic 
site must be known, (ii) estimates of poten- 
cy must be made at or near equilibrium for 
antagonist binding, and (iii) the antagonists 
employed should be specific. These funda- 
mental criteria have not been consistently 

met in the report by Wheeler et al. 
Wheeler et al., measuring the field exci- 

tatory postsynaptic potential (fEPSP), dem- 
onstrate a slow onset for action of w-aga- 
toxin IVA [IVA, a P channel antagonist 
(Z)]: 30 nM toxin produced no effect in 20 
min and 200 nM produced inhibition at a 
rate of about 1% per minute. They use this 
to argue for the relative inefficacy of IVA 
on  Schaffer collateral Ca2+ channels (and 
for the lack of P channels in Schaffer col- 
lateral nerve terminals). Our recent results 
suggest that the rate of onset for toxin 
action in a tissue slice is largely a function 
of the rate of toxin delivery to  the synaptic 
region rather than the on-rate for toxin 
binding. The application times that Wheel- 
er et al. used in their experiments with 30 
nM IVA, therefore, are insufficient to 
achieve a steady-state concentration in the 
synaptic region. With the use of whole cell 
recording from superficial CA1 neurons in 
the slice, we found that 100 to 200 nM IVA 
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