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Abstract

Survival data fromCaenorhabditis eleganstrain TJ1060gpe-9 fer-15) following brief exposure to 35C have

been investigated. Three experiments with 3-day-old worms were conducted with heat duration ranging between
0 and 12 hours. A statistically significant increase in life expectancy was observed in the groups heated for less
than 2 hours, as compared to the unheated control groups. In different experiPaealses for the observed

life spans under the hypothesis that heating has no influence on longevityPwer®.004 after 0.5 hour heat,

P < 0.012 after 1 hour heat anel < 0.055 after 2 hours of heating. A biphasic survival model with Gamma dis-
tributed frailty has been constructed to describe the survival of worms after heating. The increase in the remaining
life expectancy is determined by more effective protection by heat-induced substances in the ages yanger than 27
days. The unheated control group demonstrated acquired heterogeneity of frailty with chronological age while the
heat-induced substances defend the worms in a universal way and protect against the development of frailty.

Introduction 1999), and the observation that dietary restriction has
antiaging action (Masoro 1998). Recent publications
Survival and mortality are important indicators of emphasise the role of metabolic capacity and resist-
aging — the accumulation of changes in organism that ance to stress in determining life spanGn elegans
increase the risk of death. Investigation of survival and other species (Larsen 1993; Vanfleteren 1993;
and mortality may clarify the role of different environ-  Lithgow et al. 1995; Johnson et al. 1996; Martin et
mental and genetic factors in aging, detect biologically al. 1996; Jazwinski 1998).
meaningful processes and indicate interventions that  The problem of survival modeling i€. elegans
may affect the aging process(es). Recently, severalhas been considered by many authors (Brooks et al.
experiments involving the response to stress in genetic 1994; Vaupel et al. 1994; Easton 1997; Vanfleteren et
variants of a variety of invertebrate species have beenal. 1998). In these publications, authors investigated
conducted to investigate longevity and the control of the deviations of experimental survival and mortality
aging. The range of effective interventions includes curves from the classical Gompertz Law (Gompertz
reports that in some insects (Sohal and Allen 1984) 1825) and suggested that differential mortality could
and inCaenorhabditis elegandohnson and Hartman  result from a change either in population hetero-
1986) low doses of radiation appears to slow aging and geneity or from changes at the level of the indi-
prolong life span, that hypergravity postpones aging vidual organism. Other studies have emphasised the
in Drosophila melanogastefLe Bourg and Minois importance of different stress factors on longevity
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and survival (Johnson et al. 1996; Walker et al. additional experiments with the same strain, addressed
1998) and the relationship between stress resistancelater as experiments B and C, were conducted at
and longevity (Larsen 1993; Lithgow et al. 1995; different time using the same experimental design. In
Murakami and Johnson 1996, 1998). these experiments worms were exposed td G5or

In this study we investigate the influence of thermal 0, 0.5, 1, 2, 3, 4, 6, 8, 10 hours and for 0, 0.5, 1, 2, 3,
stress applied at the beginning of the nematode 4,5, 6, 7, 8 hours, allowed to recover as before and in
life on subsequent longevity. The consideration is experiment C were put onto agar plates for the rest of
based on the concept of life protection, which their lives. In both experiments B and C the numbers
includes either the ability to defend the organism of alive and dead worms were counted not daily but
from the external negative influences, or the possi- with different intervals.
bility to make reparations of accumulated damages.
This concept characterizes the ability to restore the Data analysis
initial conditions of homeostasis after a challenge
(that is, a change in condition due to internal or Remaining life expectancy after heatinghe mean
external energy fluctuations) considered by Strehler value for remaining life span after heating has been
and Mildvan (1960). The hypothesis about linear loss €stimated by the formula

with age of maximum value for the ability to restore 1 Xi+xi1
initial conditions, called vitality (Strehler and Mildvan LE =~ > %dj — X0
1960), is used to construct mathematical model for j

survival after heating stress and to estimate changes . ) o
in protective abilities of nematode organism with Whered; isthe number of worms which died in the age

increasing chronological age. This approach gives N€Val &;j-1,X;), Xo — age of observations start. This
simple and convenient mathematical formulation of formulais the mean value for grouped life spans with
aging and survival processes in normal and in stress an uncertainty correction of half an grouping m_terval
environment, which allows to use formal statistical €n9th- N denotes the total number of worms in the

techniques for model identification and hypotheses experime_ntN_ = Z./d./' The standard error for LE
testing. estimate is given by the formula

[1
SE =,/ —VE
N

where varianceVE for the remaining life span is

Materials and methods

Heating stress experiments estimated by the expression

" . 2
Caenorhabditis elegansorms (strain TJ1060spe- 1 Xjtxj-1 _ .
9(hc88ts)I; fer-15(b26ts)ll) were raised on solid VE = N — 12 2 LE-xo) dj.

medium for three days on NGM plates prespotted with !
E.coli at 25.5°C and were therefore sterile. These Test for significance of the remaining life expectancy
worms were selected for pilot study before making increase.Comparison of estimates for remaining life
large population experiments. The response of theseexpectancies in control group and a group exposed
mutants to heat shock was never studied before. Atto the heat treatment was made by calculating the
three days of age, the worms were divided into ten normalized statistics

groups and exposed to 3% for O, 1, 2, 4, 6, 8,

10, 12, 16 or 24 hours. Worms were then permitted z=(LE1— LEg)/ SE% + SE?,

to recover for 24 hours at 20C and transferred to

liquid survival medium at 20C for the reminder of where LEg, LE;, S and SE are remaining life
their lives. Starting at day five, the numbers of alive expectancy estimates and standard errors for these
and dead worms were counted daily for all groups. estimates in the control group and the group exposed
At the lower doses (1 through 4 hours of heat) no to heat. Statistiz has asymptotically normal distri-
worms died. At the highest doses, (16 and 24 hours) no bution with mean 0 and variance 1 under the hypoth-
worms survived heat exposure. In the results section esesHp: remaining life expectancy does not depend
this experiment is addressed as experiment A. Two on the heat treatment. The-value for accepting or
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rejecting hypothesidg against the hypothesids: parameters of the Gompertz model of mortalit{x)

heat prolongs the remaining life expectancy, is calcu- = axexppx) are related to the vitality and energy

lated by expenditure characteristics by the relationships
P=1—d(z), a = Kexp(—Vo/e), b= VoBJe,

where®(2) is the cumulative distribution function for ~ heree is the average demand for energy expenditures

the standard Normal distribution with mean 0 and to stay alive andK is a quotient of proportionality
variance 1. between the frequency of environmental changes and

mortality. Vitality deceleration with time is expressed
Test for equality of the survivor functionsThe in the formV(x) = Vo(1 — BX).
nonparametric log-rank test (Kalbfleisch and Prentice A simple way to reflect changes in protective
1980) has been used to test the difference in survival ability of the organism with age is to consider a
curves without heating and after heating. In general, biphasic survival model. In this model the average
the log-rank test is used to test hypotheses about demand for energy expenditures can change with
the proportionality of hazard functions in the two age in a step-wise mode, increasing at a time point
populations. In this study, we applied this procedure X* from an initial level ¢o to a secondary levet;.
to test the hypothesis: heating does not change The probability of survivingx days after heating is
the survival curve, which is a specific case for the calculated in the Appendix.

proportion between hazards equal 1.
Biphasic model for survival in heterogeneous popula-

tion. To take into account the differences between
organisms one can use the conception of frailty, which

Biphasic model for survival of individual organisms.
On the level of the individual organism, the probability

of survivingx days after heating have been modelled
using the concept of vitality — the energy capacity of
an individual organism at a given age (Strehler and

reflects the differences in mortality between members
in population. The reason for this difference can be
of genetics, environmental, developmental and so on

Mildvan 1960). This model relates the age pattern nature. Mathematically it is convenientto operate with
of mortality with the decline of homeostatic capacity gamma-distributed frailty and proportional hazard
to respond to environmental stresses. The simple andmodel (Vaupel et al. 1979)

convenient mathematical formulation of this relation-
ship makes this model extremely useful in the studies
of the effects of stress on aging and survival. In . ) ] ]
accordance with this model death occurs if the energy Wherezis frailty, a random variable having a Gamma
demand to stay alive in response to the environmental distribution with mean 1, an#lio() is an underlying
challenges exceeds vitality. The value of the energy Nazard, corresponding to an ‘average’ organism in
demand is high if the environmental conditions are the population. In the biphasic survival model for
challenging, i.e., not good for subsequent survival. & Population, the frailty variance in the first phase
This value is low if the life protecting system oper- for X < x* can be different from the frailty variance
ates efficiently. The latter means that the increase in In the second phase when> x*. This allows the
energy demand during life under fixed environmental Modeling of experiments on genetically homogeneous
conditions may reflect the loss of damage protection populations with initially negligible variance of frailty.

and repair potential on the cellular level. Under three During development and early adult life, different
additional assumptions: individuals are exposed to different variations in the

vitality declines linearly with age environment, which can cause accumulation of hetero-
environmental challenges in terms of demand for geneity expressed in the second phase of the life span
energy expenditures are random with a Boltzmann as a new value for the frailty variance. The final form
distribution of the biphasic survival function for heterogeneous

average demand for energy expenditures required populations as well the likelihood function, used in the
to stay alive is independent of age parameters estimation, are given in the Appendix.

Strehler and Mildvan derived the Gompertz law for
survival as a function of age. Mathematically the

H(x,z,€) = zHo(x, &)
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Figure 1. (A) Proportion by age of survived worms in experiment A after different heating treatment. (B) Proportion by age of survived worms
in experiment B after different heating treatment. (C) Proportion by age of survived worms in experiment C after different heating treatment.
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Table 1. Remaining life expectancy in the three experiments after different periods of heat treatment.

Experiment  Heat duration  Total deaths =~ Number of LE Percent SE
(hours) after heating  dead worms (days) tocontrol (days)
during heating

A 0 137 0 16.6  100.0 0.4
1 100 0 182  109.6 0.6
2 152 0 17.6  106.0 0.4
4 133 1 14.6 88.0 0.6
6 164 1 6.8 41.0 0.4
8 152 14 4.2 25.3 0.2
10 198 63 1.8 10.8 0.09
12 178 121 0.8 4.8 0.08
B 0 174 0 185  100.0 0.4
0.5 186 0 20.0 1086 0.4
1 189 0 220 1192 0.5
2 139 1 208 1124 0.5
3 90 1 187 1011 1.0
4 164 1 15.8 85.3 0.7
6 200 5 5.1 27.8 0.3
8 200 25 3.6 19.3 0.2
10 199 145 0.9 5.1 0.08
c 0 174 0 209  100.0 0.6
0.5 187 0 245  117.2 0.6
1 188 0 248 1184 0.7
2 180 0 249 1191 0.7
3 193 0 21.3 1020 1.7
4 187 0 185 88.5 0.8
5 210 2 10.9 52.2 0.7
6 209 3 5.9 28.2 0.3
7 210 1 3.6 17.1 0.1
8 242 10 3.0 14.6 0.08
Results heat treatment. Heating longer than 3 hours decreases

the remaining life expectancy in all three experiments,

Figures 1A-1C present proportions of survived worms because debilitation overwhelms the positive role of
by age in experiments A, B and C after different heating.
heating treatments. From the figures one can see Figure 2 presents the remaining life expectancy
changes in survival after different heating treatment.  after heating as the percent of the life expectancy in

The heating treatment affects remaining life the control group. The 95% confidence intervals are
expectancy after heat treatments (LE), which have presentedin the figure as well. The curves demonstrate
been estimated for different duration of heat in all similar patterns of hormetic effect in all three experi-
three experiments with the same strain. The results ments, for heat exposure shorter than 3 hours. Since
are presented in Table 1. From the table, one can seemajor effects (hormesis and debilitation) look similar
a positive role of mild heat. In all three experiments in all three experiments we restricted ourselves by the
the statistical significance of life expectancy increase modeling and statistical analysis of data obtained in
after heating up to 3 hours was supported by small experiment A.
P-values P < 0.06), calculated under the hypotheses The proportion of survival by age in the control
that remaining life expectancy is independent on the group and groups exposed to heat in experiment A
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Figure 2. Remaining life expectancy after heating in the three experiments as percents of the remaining life expectancy in the control group
(experiment A, solid line and ‘O’; experiment B, dashed line and ‘+'; experiment C, dotted line and ‘X’).

are presented in Figure 3. In the figure, one can 12pl€ 2. P-values for testing hypothesis that in experiment
A heating produces no difference in survival in different age

see the similarity between survival in the control  jntervals.
and in heat-stressed groups for ages younger than
19 days and older than 27 days. For ages younger  Ageinterval (days) 5-19 19-27 27-37
than 19 days hormetic effect after heating is expected,
but statistically insignificant because of low mortality
level at this age interval. At ages 19—-27 days the effect
is statistically significant and at ages older than 27
days data show no statistically significant influence
of heating on survival, which could be the result of
small number of survivors till these ages. To test these peating. This hypothesis should be tested with larger
conclusions the log-rank test was used in the three nonyation of worms.

age intervals: (5-19) days, (19-27) days and (27— Theincrease in life expectancy after moderate heat
37) days. Table 2 presents tifevalues for this test,  ang differences in survival curves can be interpreted
calculated if there is no difference between survival 5 pe the result of the action of an additional life-
curves in the control and the heated groups. Large protection system. This system could be based on
P-values for interval (5-19) can be explained by the heat-induced substances, such as heat shock proteins
fact that for the young ages the number of deaths is gngjor antioxidants. The similarity between the three
small and hormetic effect is not statistically signifi-  cyrves in Figure 3 for ages less than 19 days is
cant. The smalP-values obtained for the age interval - consistent with multiple interpretations. First, young
(19-27) days show that moderate heating changesanimals have strong intrinsic life support systems,
survival statistically significant while large-values which protect the organism as or more effectively than
for (27-37) days interval could be interpreted as if the (o the novel heat-induced substances or (2) that the
right tales of the survival curves do not depend on the \tality of young worms is such that increased frailty

1 hour heating 0.25 0.0015 0.29
2 hours heating 0.18 0.00003 0.12




41

Survival in experiment A

30 35

Age (days)

Figure 3. Survival proportions and modeled survival in experimenSiérvival proportions control group, ‘O’; 1 hour heating, ‘X’; 2 hours
heating, 4’; Modeled survivalcontrol group (solid line); 1 hour heating (thin solid line); 2 hours heating (long dashed line).

Table 3. Biphasic model parameters estimates for different dura-

before 19 days is not detectable. Only during the tion of heat in experiment A.

high mortality period after 19 days does this intrinsic

life-support system become inefficient, allowing heat-  Heatdura- ¢ &  x* o8 of p-value
induced protection mechanisms to play the major role  tion (hours) (days) Ho: of =o?)
in protection. After 27 days, too few worms are aliveto ¢ 012 026 197 00001 034  0.003
discern whether survival differs and the three survival 1 0.12 020 216 0.0001 0.0001 0.91
curves again become Sim"ar_ 2 0.12 0.24 227 0.0001 0.0001 0.89

A guantitative analysis of the changes in survival
after heat shock can be interpreted using the biphasic
survival model. Figure 3 presents experimental and
modelled survival in experiment A after 0, 1 and 2
hours of heating. The modelled survival was calcu-
lated using maximum likelihood estimates for para-
metersx*, eo, €1, oZ, of for different duration
of heating. The maximum likelihood estimates were

obtained b)_/ maximiza_tion the Iogjlikelihood function span ¢2 = 0.34). The significance of the increase in
presented in Appendix. The estimated model para- yq yariance of frailty is justified by the smatvalue

meters for different duration of heating are presented (P = 0.003) for thelog-likelihoodratio test (Cox and
in Table 3. From the first line of the table one can see 4,05 1984 2

. . . o ) under hypothesls: o5 = o7
that without heating the estimate for initial level of.the The modeling results show that in both groups
mean energy demands corresponds to 0.12 relative

. ) exposed to heat, the initial levels of mean energy
units. In the second phase, which starts after#ge  jemands, were similar to the level in the control

E?;T%tfe?hzs n%nigndiﬁz’rthe;:ggs;e foé;gﬁ Ss:igdarygroup. Ata subsequent age, dependent on the duration
gy 5 g of heat treatment, the mean energy demand jumps to

0.26 relative units. Estimates?, o2 for frailty vari-
ance in the first and the second phases show that
the initially homogeneous population& = 0.0001)
became heterogeneous in the second phase of the life
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Figure 4. Modeled mean energy demand (relative units) in experiment A (control group, ‘O’; 1 hour heating, ‘X’; 2 hours hadjing, *

a leveles, which is less than the level in the control
group, but increasing with heat duration.

An interesting observation is that in the groups
exposed to heat, the frailty variance does not change
in the second phase. This is justified by the large
p-value forlog-likelihoodratio test under hypothesis
Ho: o = o2, presented in the last column in Table

3. These results mean that the heat-induced system(s)

may be more universal life protectors than the intrinsic
protection and repair mechanisms. The efficiency of
this heat-induced protection slightly depends on the
individual features of the protecting organism.

After 27 days of age, in both groups exposed to
heat, the mean energy demand jumps to the level of
the control. Figure 4 presents mean energy demand
estimates in all groups with age.

Discussion

The results of analysis of survival data from stress
experiments together with the analysis of the results of

other studies of aging and survival of nematode worms e

allow us to suggest possible mechanism of aging and
survival, and to describe the role of stress in this
process. The mechanism has the following features:
e Survival in the control group shows a biphasic
mode with regard to energy demands. It may
be interpreted as relatively high protection of the

organism at the beginning of life and lower protec-
tion at older ages.

Mild heat stress at the beginning of life acti-
vates production of additional protection or repair
processes, which lead to hormetic effects, i.e. an
increase in the remaining life expectancy after heat
treatment.

These heat-induced processes are especially
effective in the second phase of the life span in the
period after 19 days of age. After age 19 days more
than 80 animals in the groups with the duration of
heating shorter than 4 hours are still alive. The log-
rank test shows significant decrease in mortality
after this age for this number of animals. Further
investigation of this effect may involve measure-
ments of biological processes including expres-
sion of heat shock genes and antioxidant produ-
cing genes (Tatar 1999). Experiments wittoso-
phila show that the maximum stress resistance
effect is observed later than maximum expres-
sion of heat shock protein genes (Dahlgaard et al.
1998).

This protection is seen in a genetically homo-
geneous group of worms, demonstrating acquired
heterogeneity in the second phase of life, if no
heat treatment is applied. The additional protec-
tion, induced by heating early in life, converts the
population to homogeneity. This inference is the
result of statistical modeling. No prior assump-
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tions about heterogeneity in the two phases of the Let x* be the age where the survival pattern changes in
life span have been made in the analysis. accordance with the biphasic model. Then in the absence of
The above observations are the results of statistical hidden heterogeneity survival function will be determined
analysis and mathematical modeling using survival by cumulative hazardi(x, o) at the interval [0¢]. At
data. To obtain a direct biological justification of the the interval k*x] the cumulative hazard at agebecomes
inference made in this article it is necessary to add :é);’c‘:iob)e; ggx =X, £1). Finally, survival function may be
biochemical measurements of concentrations of anti-
oxidants and heat shock proteins in the tissues of ¢, _ { exp(—H (x, £9)) X <x*
animals in different age groups to survival data. Espe- eXp(—H (x*, e0) — H(x — x*, 1)) x = x*
cially important would be the biological confirma-  standard calculations associated with introduction of hidden
tion of the existence of the second phase in survival, gamma-distributed frailty in proportional hazard model
which is characterized by low effectiveness of endo- (Vaupel et al. 1979) yield the following expression for
genous protective factors. The comparative analysis survival function
of survival data observed in three stress experiments
conducted in different time shows that survival curves ) =
characterized by the same controlled experimental sw) = A+ ogH o) 0 L T
conditions look different. This may be the result of (1+agmx*,go))“§ (1+H12H(x,x*_51))012 x> xt
influence of some uncontrolled factors. For example, ) ) _ ) _ _
there is an evidence that the shape of the survival curveWhereog andoj are the frailty variances in the first and

in nematodes is affected by the quality of food (Klass S€0nd phases of the life span, respectively. ValgsB,
1977; Wilson 1994). K, X%, o, €1, 0§, of are considered as parameters and can

. . be estimated from the experimental data by maximization of
The results of our analysis suggest an idea that P y

) ) i the log-likelihood function
the role of genetic and environmental factors in the
determination of life span and stress resistance can LnL = Z(djlnpj +(nj—djpInl—p)))
be reinvestigated using the concept of life protection. j

Thlsf _appro_ach cou_ld be espeCIaII_y productive Wh?n wheren; is the number of worms which were alive in the
additional information about environmental condi- beginning of theth day after heating; = 1 — S()/S{ — 1)

tions; the quality of food; and about activity of biolog- s the probability of death during thjéh day under condition
ical defense mechanisms in worms under stress, iSto survive till this age, an&(0) = 1.

available.
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