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Abstract—The analysis of 26 longevity curves of different populations of inbred
(Fischer 344) and outbred (Sprague-Dawley) rats highlighted a remarkable between-
populations variability in survival parameters. This variability is independent of the
breeding characteristics of the strain. The two strains differed in the slope of the
survival curves, with Fischer 344 rats showing a higher survival over the second year
of life as well as a lower interindividual variability. A model-free approach based on
principal component analysis allowed us to quantify these differences and to high-
light some limitations of the classical Gompertzian approach.
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INTRODUCTION

Rarrus NORVEGICUS is one of the most frequently used animal models in aging research.
Variability in longevity parameters exists among different strains of laboratory rat as
well as between populations of the same strain experiencing different environmental
conditions (e.g., Chesky and Rockstein, 1976; Committee on Animal Models For Re-
search on Aging, 1981). For instance, housing, climate exposure, physical activity, and
dietary condition have been demonstrated to play a crucial role in affecting life expec-
tancy, physiological deterioration, and age-related disease processes in laboratory an-
imals (Committee on Animal Models For research on Aging, 1981; Holloszy et al.,
1985; Iwasaki et al., 1988; Coates, 1991; Festing, 1991; Masoro, 1991; Kirkwood, 1992;
Pitsikas and Algeri, 1992). This evidence implies that both genetic and nongenetic
variability may result in a different pattern of biological aging among laboratory rats.
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Although the genetic variability is currently monitored for both inbred rats, that is, to
maintain the higher homozygosity (e.g., Festing, 1991), and outbred rats, that is, to
maintain a constant level of heterozygosity (Foisil, 1989; IFFA CREDO, 1990), the
phenotypic variability between rat populations belonging to the same strain has not
been systematically investigated (Festing, 1993). The lack of full information on this
matter is fundamentally due to the enormous cost involved in allowing animals to die
naturally without being used in experiments. Consequently, longevity data reported in
literature are generally referred to a relative small number of animals and never include
more then one birth date-class population of the same strain kept under the same
environmental conditions. A valuable compromise could be to study a colony of ani-
mals using the approach of clinical researches: individuals periodically removed from
the group for experiments are considered as drop-outs in the sample group (Armitage,
1971). In this way the cost of a follow-up would be reduced, and, moreover, sampling
could be enlarged. Knowledge of the between populations variability is important to
compare data from different experimentations. When we perform experiments on dif-
ferent groups of rats having the same chronological age we presume they have (on
average) the same biological status, that is, they are at the same point of their survival
curve. The quantitation of between-populations variability gives us some useful infor-
mation about the reliability and the confidence limits of this assumption. This kind of
variability is distinct from interindividual variability, which can be assessed even in a
single population of rats. The present study examines the within- and between-strain
variability in longevity data among inbred and outbred rats strictly maintained under
the same environmental conditions. To this end, over the years 1986-1993, a total of 26
follow-ups for longevity trends were obtained from various birth date-class populations
of male Sprague-Dawley and Fischer 344 rats, as are usually used in our studies.

METHODS

The study was carried out on male rats, comprising 16 groups of Fischer 344 and 10
groups of Sprague-Dawley (Charles River, Italia), housed in a Specific Pathogen Free
(SPF) area at Sigma-Tau S.p.A. laboratories. Standard monitoring of this area did not
reveal any infectious event during the study period. The monitoring implies the im-
muno-enzymatic tests for: Mycoplasma pulmonis, viral hepatitis, Sendai virus, Lym-
phocytic choriomeningitis, Corona virus (SDA/RCYV), Kilham virus, Hantaan virus,
Salmonella, Citrobacter freundi, Staphylococcus aureus, Streptococcus pneumoaniae,
Klebsiella pneumoniae, and Pseudomonas aeruginosa.

Endoparasite tests were conducted for: Flagellae, Oxyures, and Tenia. Other tests
were executed for detecting cutaneous mycoses. The entire battery of tests was exe-
cuted once every 2 months.

Data are referred to a total of 3802 animals, that is, 2646 Fischer rats (59-280 per
group), and 1156 Sprague—Dawley rats (90-152 per group), born in the period April 1986
—January 1991. Animals were housed in transparent Makrolon cages (3 rats per cage
from the age of 12 months) and received tap water and standard laboratory diet ad
libitum (4RF18, Mucedola S.r.l., Italia), which contained a minimum of 16% protein,
2.5% fat, and a maximum of 7.5% fiber. The animal rooms were maintained under
standard conditions of temperature (22 + 1°C) and relative humidity (55 * 10%), with
a 12:12-h light/dark cycle (light on 07:00 a.m.), and 12-15 filtered air changes/hour.
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At the onset of each data collection, the rats from each group were 12 months old
when received from Charles River laboratories.

Over the study period, some animals were periodically removed from their respective
groups to be used in the experiments. The animal removed represented less than 50%
of the total starting number of animals, for all experimental groups.

For all groups, survival data were obtained by calculating at each age (months) the
proportion of the surviving animals making, wherever necessary, the appropriate cor-
rection for drop-out individuals (see Armitage, 1971). The causes of death were not
investigated in depth. Five statistical parameters for each group were evaluated:

- first quartile survival time (755), corresponding to the age at which the proportion of
surviving animals per group is 75%;

- median survival time (T’sg), that is the age at which the proportion of surviving animals
for a group is 50% (in the case of a symmetrical distribution, this parameter corre-
sponds to the life expectancy);

- third quartile survival time (7,s), corresponding to the age at which the proportion of
surviving animals for a group is 25%;

- maximal life span (7,,,,) (the last death observed for each group);

- the interquartile range (7,5~T;5 = Asg), which can be considered an index of the
survival curve slope.

To obtain quantitative indices summarizing the survival curves relative to each pop-
ulation in a model-free way, we utilized an approach based upon principal component
analysis (PCA) (Jones and Rice, 1992). Each population was defined by means of 4
quartiles (namely 75, Ty, 155, and T,,,) and of the interquartile range of the median
(AS50). This corresponds to a multivariate data matrix having N = 26 rows (= groups
= statistical units) and K = 5 columns (= statistical indices = variables). The corre-
lations among the variables make it possible to describe the data matrix by means of a
number P < K of components explaining most of the original variation (Lebart et al.,
1984; Stahle and Wold, 1988; Jones and Rice, 1992). The components are mutually
independent of construction and their meaning is easily interpretable by the inspection
of the correlation coefficients between the component scores and the original variables
(factor loadings) (Lebart et al., 1984). The inferential comparison between the compo-
nent scores relative to the different strains allows the differences between the survival
data to be evaluated statistically.

In addition to this model-free approach, we analyzed the differences between the
survival curves of the two strains by means of the classical Gompertzian model (Finch
et al., 1990; Wilson, 1993). In this latter case the survival curve of each group was
defined by the two parameters of the Gompertz equation (a and R;). The Gompertz
survival function was derived from the Gompertz mortality function, and can be ob-
tained directly from survival data as reported by Wilson (1993). The Gompertz survival
function is:

S = expl(Rya) ]l — e*9]
The Marquardt-Levenberg algorithm (Marquardt, 1963) for nonlinear regression anal-

ysis, available on SigmaPlot®, was used to calculate the best fit values of R, and « for
each group.
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The inferential comparisons were performed on the values of these parameters. The
two approaches were compared by correlating the component scores with the values of
the Gompertz parameters.

Unpaired two-tailed Student’s r-test was used as statistical inference method for all
comparisons between strains. The F-test was used to compare the two strains as for the
degree of within strain variability for all considered parameters. Correlations were
computed using the Pearson’s r coefficient.

RESULTS
Model-free analysis

Data from both strains are summarized in Table 1. Fischer 344 reached the T
quartile 2.5 months later than the Sprague-Dawley and this difference was statistically
significant. Instead, the Ts,, T,s, and T,,,, were reached at similar ages with no statis-
tically significant differences. As for the A5, parameter, the statistical analysis revealed
significant differences between the two strains, indicating for Fischer 344 rats a sharper
curve slope (see Fig. 1). This finding, together with the evidence from T, parameter,
indicates a higher survival rate over the second year of life for this strain. Principal
Component Analysis of the five parameters describing the survival curve for each
group of rats evidenced two components explaining the 90% of total variability (Table
2). Component 1 (PC1) was mainly related to the parameters T-s, Tsg, T5s, and T, the
location on the scale of age of the survival curve; component 2 (PC2) was mainly related
to Asy: the curve slope. As reported in Table 1, inferential analysis of PC scores
revealed that Fischer 344 and Sprague-Dawley groups differed significantly for PC2 but
not for PCI.

Gompertz analysis

For each group of rats, the Gompertz parameter a and the initial mortality rate R,
were calculated through the Gompertz survival function.
Fischer 344 and Sprague-Dawley groups differed significantly for « and R, parame-

TABLE 1. DESCRIPTIVE AND INFERENTIAL STATISTICS FOR LONGEVITY PARAMETERS (MONTHS), GOMPERTZ
PARAMETERS, AND PRINCIPAL COMPONENTS (PC) FOR SPRAGUE-DAWLEY AND FISCHER 344 RAT GROUPS

Statistical
Sprague-Dawley (n = 10) Fischer 344 (n = 16) inference*
Parameters Mean £ SD Coef. Var. Mean + SD Coef. Var. p=

T 21.1 £ 2.4 0.113 236 = 2.1 0.090 0.0083
Tso 25.1 22 0.089 26.1 £ 1.9 0.074 0.2219
Tas 28.0 = 1.8 0.064 8.1 +23 0.082 0.8810
A 6.9 % 1.6 0.239 45 % 1.1 0.250 0.0001
max 31.7+ 29 0.093 30.2 =34 0.113 0.2588
Ry 0.55 x 1073 = 0.57 x 1073 1.029 0.048 X 10~* = 0.043 x 1073 0.893 0.0015
a 0.248 + 0.044 0.179 0.351 + 0.070 0.198 0.0003
PCI scores -0.298 = 0.970 0.186 = 1.003 0.2377
PC2 scores 0.853 = 0.775 —0.533 + 0.720 0.0001

*Unpaired two-tailed Student’s ¢ test.
tAbsolute maximum survival to 36 months was observed both for Sprague~-Dawley and Fischer 344 rats.
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FiG. 1. Average survival curves for the two strains together with the standard errors at the
individual ages.

ters (Table 1). Statistical analysis revealed a significant correlation between a values
and PC2 scores (r = —0.862; df = 24;t = —8.340; p < 0.0001). This is consistent with
the interpretation of both Ay, and o values as the derivative of the survival curve. As
for the initial mortality rate R,, statistical analysis revealed a significant correlation
between R, values and PC2 scores (r = 0.709; df = 24; ¢t = 4.924; p < 0.0001), but not
between R, values and PCl scores (r = —0.381; df = 24; ¢+ = —2.019; NS). The
correlation between the two parameters of the Gompertz curve is a well-known phe-
nomenon (Riggs, 1991). However, it is important to consider that the dimensional scale
of R, data from our sampling groups was very small and, moreover, highly variable.

Within-strain variability

The between-groups/within-strain variability of Fischer 344 and Sprague-Dawley
was compared for each considered parameter (755, Tsy, Tos, Asg, and T,,,,). F-tests did
not reveal significant differences between Fischer 344 and Sprague-Dawley. The entity

TABLE 2. MATRIX OF FACTOR LOADINGS

PCI PC2
. 0.922  -0.369
Tso 0.971 -0.020
Tos 0.889 0.365
Toax 0.700 0.408
Aso —0.265 0.946

% Explained variance 62.8 26.6
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of the between-groups variability is biologically relevant and of the same size in the two
strains. The between-groups variability is measured by the coefficients of variation
relative to the different parameters (Table 1). The relevance of this variability is easily
appreciable if we consider that T, goes from 23.1 to 29.6 in the Fischer rats and from
22.7 to 28.9 in the Sprague-Dawley strain (Fig. 2). This variability has nothing to do
with interindividual variability that is measured by the Asy and a values, where high
values of Ay, and low values of a correspond to high levels of interindividual variability.
The interindividual variability is significantly lower in Fischer rats than in Sprague—
Dawley. However, a striking result emerged: Fischer rats tended to modify their pa-
rameters as a function of their actual birth date. In fact, statistical analysis revealed a

significant correlation between birth dates of groups and scores from PC1 (r = —0.830;
df = 14;t = —5.576; p < 0.0001), but not between birth dates of groups and scores
from PC2 (r = —0.388; df = 14;t = —1.577; NS). Consistent results were obtained

with the PC1 and PC2 related parameters (755, Tsq, T5s, and Asy, o), respectively.
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Fi1G. 2. Survival curves relative to the individual groups of Fischer 344 and Sprague-Dawley
rats.
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Regarding Sprague-Dawley rats, birth dates did not correlate significantly with PCl
scores and related parameters, nor with PC2 scores and related parameters. These
results point to a general shifting over the years of the survival curves of Fischer 344
toward a decreasing life span, together with a maintenance of their slopes.

DISCUSSION

The overall results from the present study demonstrate that Fischer 344 and Sprague-
Dawley rats maintained under the same environmental conditions have a similar life
span. However, for Fischer 344, aging processes seem to begin later than Sprague—
Dawley. The disposable soma theory predicts that life span is regulated through the
efficiency of key maintenance processes (Kirkwood, 1992). The survival over the sec-
ond year of life (in our case measured by T,5) was significantly higher for Fischer 344
than for Sprague-Dawley rats. This indicates that the efficiency of repair and homeo-
static processes, as well as the good maintenance of physiological status, last longer for
Fischer 344 than for Sprague-Dawley rats.

This work raises some problems of a methodological and a biological nature. From a
methodological point of view it is worth noting that any nonlinear model, for example,
the Gompertz equation of survival, implies a discrepancy between the model fitted to
the average values (in our case the survival data averaged over all the groups) and the
average of the individual Gompertz parameters (in our case the Gompertz equations
relative to the individual groups). In our case the mean value of the a parameter
(averaged over all the individual fittings) is 0.351 for the Fischer rats (see Table 1),
while the a value deriving from the fitting of the average survival data (Fig. 1) is 0.293.
The same discrepancy is observed for the other strain. The amount of this discrepancy
depends on the between-groups variability: in this case, this variability is not negligible
and implies substantially different estimates of the survival parameters (Fig. 2). It is
important to stress that this behavior does not depend on the fitting of the Gompertz
equation to real data because the same discrepancy can be observed in simulated
curves too (data not shown).

The PCA approach, due to its model-free character, allows this problem to be over-
come from the purely data analysis perspective. In any case the ‘‘biological’’ aspect of
this problem persists, casting doubts on the reliability of the survival parameters esti-
mates. The average values of the survival parameters we found in this study are in
substantial agreement with the literature ones. Table 3 reports some literature data
referring to animals maintained in environmental conditions comparable to ours.

When dealing with the issue of biological variability it is important to keep separate
the hierarchical levels to which the observed variability pertains. There are three basic
levels of variability that are in principle mutually independent: intraindividual variabil-
ity, between-individuals variability, and between-populations variability. The first level
deals with the temporal variability of physiological signals like EEG and EKG (Chialvo
et al., 1990) relative to a single animal, the second level pertains to the differences
between individuals of the same population and it is the most studied variability in
biomedicine (Phelan and Austad, 1994), the last one is linked to differences between
populations and it is the kind of variability mainly exploited by ecological studies.

The original contribution of this work consists, in our opinion, of the highlighting of
a level of between-populations variability typical of species living in natural conditions
but that is surprising in animals kept under strictly controlled conditions.



492 0. GHIRARDI et al.

TABLE 3. REPORTED LONGEVITY DATA OF BARRIER MAINTAINED, AD LIBITUM FED, AND SOCIAL HOUSED
MALE FISCHER 344 AND SPRAGUE-DAWLEY RATS

Longevity Parameters (months)

median
Strain T,s (Tsy) Tss T, ax Reference
Fischer 344 23.7 26.1 28.1 30.1 Sigma-Tau laboratories
oldest: 36 (Average 1986-1993)
21.8 24.6 26.6 30.1 IFFA Credo, 1990
29.0 35.0 Coleman er al., 1977
27.5 Sass et al., 1975
28.0 Hoftman, 1979
Sprague-Dawley 21.1 25.1 279 31.7 Sigma-Tau laboratories
oldest: 36 (Average 1986-1993)
22.0 26.5 30.5 36.0 IFFA Credo, 1990
30.0 Adelmann er al., 1978

The inbred or outbred character of the strain exerts its influence on the interindivid-
ual variability (As, and o parameters) but has no visible influence on the between-
populations variability.

Particularly in aging research, the choice of an inbred or outbred strain depends upon
the desired level of variability between subjects. Keeping in mind that the equation
inbred = low phenotypic variability can be misleading (Phelan and Austad, 1994), in
any case the characteristics of biological material are assumed to be maintained strictly
constant between different populations of the same strain (low between-populations
variability). We purposely avoid discussions about the causal factors explaining our
results: the main point of this article is not to explain why, but to measure how much
different populations of the same strain can differ in their life expectancy. The popu-
lations we analyzed can be considered.a typical sample of the biological material used
in aging research: the animals were kept in SPF conditions by Charles River and by our
Institute, they experienced the same dietary conditions throughout their life (during his
life span a rat experiences at least 10 different food lots, so this source of variability
cannot generate any systematic differences between populations). Other noncontrolla-
ble variations regarding holding sites, etc. during the 7 years of the overall duration of
the study were randomly scattered among the populations: so it is extremely difficult
(and perhaps without any real meaning) to emphasize one or more of these variations
as causal factors of the observed variability. In any case, high variability is character-
istic of the great majority of aging subjects and this must be kept in mind when com-
paring different studies.

In conclusion, in association with the standard genetic quality control currently
adopted by the principal breeding laboratories (Charles River and IFFA Credo), the
results from this study emphasize the necessity of keeping under control the nongenetic
variability also to achieve a rigorous phenotypic quality control of the fundamental
parameters linked to biological aging processes, such as longevity curves (see also
Festing, 1993).



RAT STRAINS VARIABILITY IN LONGEVITY 493

Acknowledgments —The authors wish to thank Mr. Enrico Sorci for technical assistance in animal mainte-
nance and Professor Alfredo Colosimo of the University of Rome ‘‘La Sapienza’’ for helpful discussions. We
would like also to thank Professor lan McGilveroy for linguistic assistance.

REFERENCES

ADELMAN, R.C., BRITTON, G.W., ROTEMBERG, S., CECI, L., and KAROLY, K. Endocrine regula-
tion of enzyme activity in aging animals of different genotypes. In: Genetic Effects on Aging, Birth defect
original article series, Bergsma, D. and Harrison, D.E., (Editors), pp. 355-364, A.R. Liss Inc., New York,
1978.

ARMITAGE, P. Statistical Methods in Medical Research, Blackwell Scientific Publications, Oxford, 1971.

CHESKY, J. and ROCKSTEIN, M., Life span characteristics in the male Fischer rat. Exp. Aging Res. 2,
399407, 1976.

CHIALVO, D.R., GILMOUR, R.F., and JALIFE, J. Low dimensional chaos in cardiac tissue. Nature 343,
653-656, 1990.

CLOUGH, G. Suggested guidelines for the housing and husbandry of rodents for aging studies. Neurobiol.
Aging 12, 653-658, 1991.

COATES, M.E. Nutritional considerations in the production of rodents for aging studies. Neurobiol. Aging
12, 679-682, 1991.

COLEMAN, G.L., BARTHOLD, S.W., OSBALDISTON, G.W., FOSTER, S.J., and JONAS, A.M. Patho-
logical changes during aging in barrier-reared Fischer 344 male rats. J. Gerontol. 32, 258-278, 1977.

COMMITTEE ON ANIMAL MODELS FOR RESEARCH ON AGING, (Editor) Mammalian Models for
Research on Aging. National Academy Press, Washington D.C., pp.75-132, 1981.

FESTING, M.F.W. Genetic quality control of laboratory animals used in aging studies. Neurobiol. Aging 12,
673677, 1991.

FESTING, M.F.W. Genetic variation in outbred rats and mice and its implications for toxicological screen-
ing. J. Exp. Anim. Sci. 35, 210-220, 1993.

FINCH, C.E., PIKE, M.C., AND WITTEN, M. Slow mortality rate accelerations during aging in some
animals approximate that humans. Science 249, 902-905, 1990.

FOISIL, L. Identification gAnAtique de la souche nonconsanguine de rats: Ofa. Sprague—Dawley & stratA-
gie d’Alevage pour le maintien de la variabilitA gAnAtique. ThAse d’universitA, UniversitA d’Orleans,
1989.

HOFFMAN, H.J. Survival distributions for selected laboratory rat strains and stocks. In: Development of
the Rodent as a Model System of Aging, Book 11, Gibson, D.C., Adelman, R.C., and Finch, C. (Editors),
pp- 19-34, DHEW Pub. No. (NIH) 79-161, U.S. Department of Health, Education, and Welfare, Wash-
ington, D.C., 1979.

HOLLOSZY, J.O., SMITH, E.K., VINING, M., and ADAMS, S. Effect of voluntary exercise on longevity
of rats. J. Appl. Physiol. 59, 826-831, 1985.

IFFA CREDO, (Editor) Laboratory Animals (catalogue). Edico Publicis-ATL, France, pp. 30-55, 1990.

IWASAKI, K., GLEISER, C.A., MASORO, E.J., MCMAHAN, C.A_, SEO, E., and YU, B.P. The influ-
ence of dietary protein source on longevity and age-related disease processes of Fischer rats. J. Gerontol.
43, 5-12, 1988.

JONES, M.C. and RICE, J.A. Displaying the important features of large collections of similar curves. Am.
Star. 46, 140-145, 1992.

KIRKWOOD, T.B.L. Comparative life spans of species: Why do species have the life spans they do? Am.
J. Clin. Nutr. 55, 1191S-11958S, 1992.

LEBART, L., MORINEAU, A., and WARWICK, K.M. Multivariate Descriptive Statistical Analysis. John
Wiley & Sons, New York, 1984.

MARQUARDT, D.W. An algorithm for least-squares estimation of nonlinear parameters. J. Soc. Ind. Appl.
Math. 11, 431-441, 1963.

MASORO, E.J. Use of rodents as model for the study of ‘‘normal aging’’: Conceptual and practical issues.
Neurobiol. Aging 12, 639-643, 1991.

PHELAN, J.P. and AUSTAD, S.N., 1994. Selecting animals models of human aging: Inbred strains often
exhibit less biological uniformity than F1 hybrids. J. Gerontol. 49, B1-B11.

PITSIKAS, N. and ALGERI, S. Deterioration of Spatial and nonspatial reference and working memory in
aged rats: Protective effect of life-long calorie restriction. Neurobiol. Aging 13, 369-373, 1992.



494 O. GHIRARDI e al.

RIGGS, J.E. Longitudinal ‘Gompertzian analysis of prostate cancer mortality in the U.S. 1962-1987: A
method of demonstrating relative environmental genetic, and competitive influences upon mortality. Mech.
Ageing Dev. 60, 243-253, 1991.

SASS, S.H., RABSTEIN, L.S., MADISON, R., NIMS, R.M., PETERS, R.C., and KELLOFF, G. Inci-
dence of spontaneous neoplasms in F344 rats throughout the natural life span. J. Natl. Cancer Inst. 54,
1449-1456, 1975.

STAHLE, L. and WOLD, S. Muitivariate data analysis and experimental design in biomedical research.
Prog. Med. Chem. 25, 292-337, 1988.

WILSON, D.L. A comparison of methods for estimating mortality parameters from survival data. Mech.
Ageing Dev. 66, 269-281, 1993.



