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Background. Little is known about the number or chromosomal location of genetic loci that might identify individ-
uals destined to have a long life span. Analysis of gene/life span associations in mice, which are short-lived compared
to humans, might provide guidance for an analysis of the genetic basis of life span in humans.

Methods. A group of 144 genetically heterogeneous mice, produced by a four-way cross between two F, hybrid
mouse stocks, was genotyped at 82 loci, and the mice were allowed to live either until their natural deaths or until they
became extremely ill. Each mouse was alsb necropsied to determine the probable cause of death. An analysis of vari-
ance was used to seek relationships between life span (dependent variable) and the independent variables sex and allele
for each marker locus.

Results. Five markers on different chromosomes were associated with differential longevity in male mice, and two
other markers were associated with longevity in female mice. Post hoc probabilities were suggestive but not definitive,
reaching p < .003 for the four strongest effects. Associations between marker loci and life span were sex-specific in
almost all cases, affecting either males or females but not both. The strongest effects led to differences in mean sur-
vival of about 20% in the affected sex. The survival curves are consistent with the idea that the markers are linked to
loci that influence the mortality risks of the longest-lived animals in the cohort. Associations between markers and life
span did not appear to reflect associations of these markers to specific diseases in these mice.

Conclusions. Associations between genetic markers and life span in mice bred by using a four-way cross are strong

Copyright 1998 by The Gerontological Society of America

enough to deserve further analysis and seem to be sex-specific in their effects.

BOUT 25-35% of the variation in life span is attrib-
utable to genetic factors in mice and in humans (1,2),

but the number, location, and nature of the responsible loci
are all still undetermined. Some studies (1) and some theo-
retical considerations (3) suggest that there may be a large
number of loci that contribute to differences among indi-
viduals in longevity; if this is true, then the quantitative
effect of any one locus is likely to be small. Other analyses
(4,5) are more consistent with the idea that much of the
variation in longevity among laboratory mice reflects varia-
tion at a fairly small number of loci (e.g., 5S-10 loci). Al-
though both heritability of a complex phenotype and the
number of effective segregating loci will depend on envi-
ronmental factors and on the source of genetic variance in
the population, a demonstration that individual loci had
detectably large effects on life span in a segregating popu-
lation would have important theoretical and practical impli-
cations. For example, such a demonstration would permit
the derivation of mouse populations that are closely related
and yet exhibit differential survival patterns, thus facilitat-
ing the analysis of physiological factors that regulate life
span and disease. To date, the analysis of the contributions
of defined genetic loci to exceptional longevity in human
populations has been limited to the study of alleles known
to influence specific late-life illnesses (6). Studies of mouse
populations, in which sibships of arbitrarily large size can
be produced at reasonable cost, may be helpfil in searching
for human genes that influence longevity and influence

health in old age. Our study was designed to count and map
mouse genes that have detectably large effects on life span,
and here we report preliminary evidence that such genes
may have sex-specific effects.

MATERIALS AND METHODS

Mice and Husbandry

Mice for this study were the progeny of a cross between
(BALB/c X C57BL/6)F, females and (C3H X DBA/2)F,
males; each mouse in the group is genetically distinct but is
derived from the same four progenitor genomes, which we
abbreviate as BALB, B6, C3H, and DBA. The population
is thus the genetic equivalent of a very large sibship. The
mice were housed in same-sex groups in one room of a spe-
cific pathogen-free colony. Screening tests for pathogens
were carried out every 3 months and were repeatedly nega-
tive throughout the course of this study.

Exclusion Criteria

The cohort of mice used for this analysis originally con-
tained 170 animals, of which 87 were male and 83 were
female. Six cages containing 22 male mice were eliminated
from the study at ages less than 12 months because fighting
had led to bite wounds. Four other males were also
excluded from the study: one because it was sacrificed in
error at the age of 18.7 months and three others because
they died spontaneously before 8§ months of age. Thus the

M257

GTOZ ‘vT ReIN uo ARiqiT 4SDN e /Bio'sfeulnolploxoAbojojuoeBpawoiq//:dny woly papeojumoq


http://biomedgerontology.oxfordjournals.org/

M258

population of mice included in the study included 61 males
and 83 females.

In addition, 15 males were found, at necropsy, to be suf-
fering from mouse urinary syndrome (MUS), a syndrome
characterized by obstruction of the urethra with expansion
and (in extreme cases) rupture of the urinary bladder, which
has been observed previously in group-housed males of
several inbred strains (7,8) and is thought to represent a
response to the social stresses that arise in all-male groups.
These males were excluded from most of the analyses
described below; their mean age at death was 15.6 + 4.2
(SD) months.

Genotyping Assays

Polymorphic marker loci were selected for polymerase
chain reaction (PCR)-based genotyping using data provided
by the Mouse Simple Sequence Length Polymorphism
(SSLP) Database, Whitehead/MIT Center for Genome
Research (Cambridge, MA; http://www.genome.wi.mit.
edu/cgi-bin/mouse/) or the Mouse Genome Database 3.1,
Mouse Genome Informatics, The Jackson Laboratory (Bar
Harbor, ME; http://www.informatics.jax.org/). The 82
SSLP loci represent all chromosomes and provide a marker
within 25 ¢cM of approximately 90% of the genome (Jack-
son, Fornés, Galecki, Miller, & Burke, unpublished data).
Sixty-five of the markers are informative for both maternal
and paternal alleles; 16, including two X-linked loci, pro-
vide information only on maternally inherited alleles, and
one provided information only about paternally inherited
alleles. Genomic DNA samples were amplified and gel
electrophoresed, and SSLP alleles were scored by using
conventional methods, as described elsewhere (Jackson,
Fornés, Galecki, Miller, & Burke, unpublished data).

Necropsy

Mice were judged to be moribund if, in the judgment of
an experienced technician, they were considered unlikely to
survive more than another few days. This assessment was
based upon several criteria, including continued or severe
weight loss, hunched posture, poor grooming, failure to eat
or drink, extreme lethargy or partial paralysis, or the pres-
ence of a large ulcerated tumor. Mice judged to be mori-
bund were euthanized and subjected to necropsy, as were
mice found dead in their cages.

The methods used for pathology have been described in
detail earlier (9). In 11 cases the cause of death could not
be determined, either because advanced autolysis interfered
with histopathological assessment (5 cases) or because it
proved to be impossible to assign a probable cause of death
from among the multiple lesions found at necropsy (6
cases).

Statistical Analysis

Associations between alleles and life span were evalu-
ated by analysis of variance (ANOVA), using life span as
the dependent variable, and taking allele, sex, and the
[allele X sex] interaction as independent variables, exclud-
ing mice with a diagnosis of MUS. If the ANOVA F test
was significant (p < .05), post hoc tests were used to assess
the significance of the association between allele and

MILLER ETAL.

longevity in each sex separately. For those 65 loci at which
both maternal (BALB vs B6) and paternal (C3H vs DBA)
alleles could be distinguished, two separate calculations
were performed, one to seek associations between life span
and the maternally transmitted allele and one to seek for
effects of the alleles transmitted by the father.

Differences between males and females in proportions
dying of specific causes were tested by two-tailed Fisher’s
exact test. Fisher’s exact test was also used to assess the
probability of associations between inherited alleles and the
presence of specific lethal or incidental lesions; maternal
and paternal alleles were tested separately, with males and
females pooled, and mice with a diagnosis of MUS were
excluded. These procedures examine only the effects of alle-
les that are either fully or partially dominant. Experiment-
wise, significance levels were estimated by using a permuta-
tion test (10) based upon the backcross model implemented
in QTL Cartographer (http://statgen.ncsu.edu) and assessing
the maternal and paternal genotypes separately.

RESULTS

Exclusion of Male Mice With Lethal MUS

Early in the course of this study it became clear that a
proportion of male mice was dying at early ages with a
form of lethal disease rarely seen in most laboratory mouse
strains, the mouse urinary syndrome (7,8). This syndrome,
which is seen only in males and is virtually never seen in
individually housed animals (including those of the geno-
type used in this study [Miller, Chrisp, and Dysko, unpub-
lished data), is thought to result from the psychological
stresses that accompany intermale competition. Figure 1
compares the survival curves for males found at necropsy to
have died because of MUS with the survival curves for all
other males and for females. To avoid possible confounding
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Figure 1. Plot of cumulative survival for three groups of genotyped
mice: females, males that died of something other than MUS, and males
that died of MUS. Each symbol represents one mouse. Females survive
longer than males (p = .006 by log-rank test), and males without MUS
survive longer than males with MUS (p < .001). Median survival of the
longest-lived decile of females is 1050 days (range = 1007-1105, N = 8).
Median survival of the longest-lived decile of males is 1004 days (range =
927-1087, N = 5). Median survival of the longest-lived decile of males
dying of MUS is 666 days (range = 653-679, N = 2).
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effects of this unusual syndrome on associations between
genes and life span and other diseases, we excluded animals
dying of MUS from calculations of genotype/phenotype
associations presented throughout this report.

Differences Between Males and Females
in Causes of Death

Table 1 shows the main categories of lethal disease
observed in the 144 genotyped mice. Mean age at death did
not differ among the different diagnostic groups, except for
the short life span of mice that died of MUS. However, the
proportion of males to females did differ substantially
among the different diagnostic categories. Females were
significantly more likely than males to die of lymphoma,
fibrosarcoma, pituitary adenoma, and mammary carcinoma,
and were significantly less likely to die of pulmonary ade-
nocarcinoma or hepatocellular carcinoma.

Associations Between Genetic Markers and Life Span

The initial analysis for life span—associated markers uti-
lized an ANOVA method, in which allele (at the given locus),
sex, and the [sex X allele] interactions were treated as the
independent variables and life span was treated as the depen-
dent variable, with the MUS mice excluded. A post hoc pro-
cedure was then used to estimate the effect of the allele on
survival in the sex that was most affected. Seven loci, on six
chromosomes, had evidence for sex-specific effects at a crite-
rion of p < .01; these are listed in Table 2. Loci with effects
on male longevity were found on chromosomes 7, 10, 12, 18,
and 19; loci with effects on female longevity were found on
chromosomes 16 and 19. In six of these seven cases the inter-
action parameter was significant at p < .05, showing that the
effect of allele on longevity differed between males and
females. Ten other loci, distributed on chromosomes 1, 2, 4,
10, 11, 15, and 18, were associated with differential longevity
with .01 < p < .05 (data not shown); in nine of these cases
there was a statistically significant (p < .05) difference
between the effects of the allele in males and females.
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Figure 2 illustrates the relationship between genotype
and survival for four loci selected from those listed in Table
2. The accompanying survival plots (right-hand column of
Figure 2) show that in these instances loci affect not only
mean longevity but also the life span of those mice dying at
advanced ages. The most potent alleles, for example at
DI19Mit10, lead to differences in mean survival of about 5
months, or 20% of the mean lifetime of the affected sex.

The data are consistent with the idea that the effects of
the strongest alleles may be approximately additive. For the
two loci with strongest effects on male offspring, for exam-
ple, the BALB allele at D7Mit91 confers an additional 117
days of mean longevity, whereas the DBA allele at
D19Mit10 confers an additional 139 days; male mice that
inherit both of these alleles live, on average, 254 days
longer than males that inherit neither allele. (The corre-
sponding effect sizes for females are respectively 31, -10,
and -6 days.) For the two loci with strongest effects on
female offspring, the BALB allele at D16Mit182 confers an
additional 103 days, whereas the BALB allele at D19Mit19
confers an additional 91 days; female mice that inherit both
alleles live, on average, 180 days longer than females that
inherit neither allele. (The corresponding effect sizes for
males are, respectively, -39, -25, and -32 days.)

The significance levels shown in Table 2 are nominal and
do not take into account adjustments needed for simultaneous
assessment of multiple linked and unlinked loci. A permuta-
tion test (10) was used to assess the experiment-wise signifi-
cance of these associations. None of the associations shown in
Table 2 meet the experiment-wise significance threshold at p
< .05, although the effect of D16Mit182 on female longevity
was marginally significant at p < 0.1. Thus the relationships
shown in Table 2 and Figure 2 need to be considered tentative
rather than definitive at this stage of the analysis.

Associations Between Genetic Markers
and Pathological Findings
It was important to determine whether the relationships

Table 1: Mean Life Spans and Sex Ratios for Various Lethal Illnesses Among Genotyped Mice

% Fisher Exact Survival

Diagnosis Total Males Females Male p Value* (mean £ SD)
Lymphoma 35 4 31 11 <.0001 839 + 164
Other neoplasms 18 7 11 39 80 786 + 125
Fibrosarcoma 18 3 15 17 .02 859 + 115
Pulmonary CAt 11 10 1 91 .0008 812+ 154
Nonneoplastic 12 7 5 58 36 744 £ 166
Mammary CA 11 1 10 9 .025 842 + 110
Hepatocellular CA 7 7 0 100 .002 817+ 73
Pituitary adenoma 6 0 6 0 .038 811130
Undetermined 11 7 4 64 .20 688 + 197
Total without MUS 129 46 83 36 808 + 150
{Males w/o MUS) 46 753 £ 147
[Females) 83 839+ 83
MUS 15 15 0 100 <.0001 470 + 128
Total 144 61 83 42 773 £ 180

*Significance test for the hypothesis that the distribution of males and females with the indicated diagnosis is the same as the distribution for all other

mice (excluding MUS).
1CA = carcinoma.
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Table 2. Associations Between Genetic Markers and Life Span

in Four-Way Cross Mice

Long- Allele Sex

Lived  Affected  Effectt  Difference}
Marker Allele* Sex** (p value) (p value) N (mice)
D7Mit91 BALB M .003 113 44
D10Mit40 DBA M .008 .043 46
DI12Mit38 BALB M .002 .046 45
D16Mitl82 BALB F .002 .010 74
D18Mit55 DBA M .004 .049 44
DI9Mit19 BALB F .005 .034 78
DI9Mit10 DBA M .001 .012 34

*Long-lived allele: the grandparental strain contributing the allele asso-
ciated with increased longevity.

**Affected sex: the sex in which the locus has the stronger effect on
life span.

TPost hoc probability that the difference in life span would be obtained
by chance; tested by Student-Newman-Keuls test for males and by least-
significant-difference test in females (which were more numerous); not
corrected for effects of comparisons at many loci.

fInteraction p, derived from ANOVA, which tests the likelihood that
the association between the marker and life span differs between males
and females.

seen in Table 2 and Figure 2 could be explained by a
genetic predisposition to one or more specific forms of
common late-life illness. If, for example, a specific marker
locus was linked to genes that tended to promote a form of
early-life lymphoma, this effect by itself might lead to an
association between the marker locus and life expectancy.
To assess this possibility, associations between genotype
and terminal pathology were sought both for lethal and for
incidental findings at necropsy. Figure 3 displays those
associations in which the Fisher exact test statistic met the
arbitrary criterion p < .01. At this significance level three
loci are associated with an increased risk of lethal lym-
phoma (chromosomes 1, 10, and 19). Two loci are associ-
ated with either lethal (D8Mit42) or incidental (D7Mit76)
fibrosarcoma. Associations are also seen between genetic
markers and diagnoses of pituitary adenoma, mammary
(breast) adenocarcinoma, pulmonary (lung) carcinoma, and
hepatocellular carcinoma (liver). It is noteworthy that the
B6 allele at D10Mit40 is associated with lymphoma,
whereas the BALB allele at the same locus is associated
with pulmonary carcinoma. At D8Mit42, the allele from the
BALB strain is associated with risk of lethal pituitary ade-
noma, whereas the C3H allele is associated with lethal
fibrosarcoma.

A similar analysis revealed an association between marker
locus D6Mit268 and MUS. These data are also included in
Figure 3. Of the 14 mice with MUS for which a paternal
allele at D6MIt268 could be determined, 13 had received the
C3H allele and only one the DBA allele (p < .002).

DiscussION

This article presents the first results from our ongoing
study searching for relationships between mouse genetic
markers and life span and includes data on the genetic asso-
ciations of common late-life diseases in our four-way cross
population. Although the sample size (46 males and 83
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females) for this initial cohort is too small to generate
unambiguous evidence for loci that regulate mouse life
span, the strongest associations seen are sufficiently im-
pressive (seven loci with p < .01 in Table 2) to provide a
rationale for further study using more closely spaced mark-
ers and larger numbers of animals.

Tests for associations between a single trait (life span)
and a large number of marker loci are likely to produce
type I errors, i.e., an impression of significant effect despite
the lack of a true association between genotype and trait;
confident assessment of these apparent linkages must await
the outcome of a replicate study now in progress. Approxi-
mately 300 tests were carried out to seek relationships be-
tween markers and life span: 162 (81 loci tested in males
and 81 tested in females) for markers inherited from the
mother and another 132 (66 loci X 2 sexes) for paternally
inherited markers. Chance alone is expected to produce one
such association that exceeds a criterion of p = .0033 in a
group of 300 such tests (.0033 = 1/300). Four of the associ-
ations listed in Table 2 met or exceeded this criterion. Thus
our data are consistent with the idea that the mouse genome
may contain a fairly small number of independently segre-
gating loci with detectable effects on longevity and suggest
that further analysis of marker loci on chromosomes 7, 10,
12, 16, 18, and 19 (from Table 2) may be rewarding.

The finding that the genetic effects on life span were in
nearly all instances specific either for males or for females
was striking. Theoretical speculation about the causes of
aging often focuses on mechanisms, such as free radical
production, glycation-based damage to macromolecules,
somatic mutations, and accumulation of senescent cells,
that seem likely to be equally hazardous in both males and
females. For example, if a particular marker were linked to
a locus that retarded aging and lengthened life span via
improved protection against free radical mediated damage,
one would expect it to be associated with increased lon-
gevity in both sexes. Our data suggest that the loci that
influence life span and age-associated illness in males may
be different from those that affect females. In this context it
is noteworthy that quantitative trait locus (QTL) mapping
of Drosophila genes has also identified loci with strong
influences on male longevity but no effects on the life span
of female flies (11) as well as other loci with effects in
female flies only.

Our results can be usefully compared to those of two
other groups that have also attempted to find relationships
between genetic variation in laboratory mice and life span.
Covelli and his colleagues (5) have investigated F,, F,, and
backcross populations generated from two heterogeneous
stocks that had been selected for differences in early life
antibody responses to sheep erythrocytes but were later
found also to differ in mean and maximal longevity. Their
data indicated that a fairly small number of independently
segregating loci—between 3 and 10, depending on assump-
tions of the analysis—seemed to account for the differences
between the two parental stocks in humoral immunity and
in longevity. Puel et al. (4) then carried out a QTL study of
F. mice generated from the same parental stocks, seeking
associations between marker loci and antibody responses.
They reported evidence for strong effects of five loci, and
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Figure 2. Associations between marker loci and longevity. The panels on the left show mean life span (+ SE) for male and female mice (MUS excluded)
in groups distinguished by the allele at the locus indicated. The p values represent the significance of the genetic effect in the affected sex and were calcu-
lated as described for Table 2. The panels on the right show cumulative survival curves for the affected sex. Table 2 contains a more complete list of such

associations.

weaker effects of three loci, distributed throughout the
genome. Gelman and her colleagues (1) have reported life
span analysis of a set of recombinant inbred mouse lines
derived from a cross between B6 and DBA inbred parents.
Two statistical approaches, one based on marginal effects
of discriminatory loci considered individually and the other

using a proportional hazards model to construct sets of
independently predictive loci, were used to seek assign-
ments for chromosomal regions with effects on the shape of
the survival curve or on mean survival. Taken together,
these approaches produced evidence for effects of genes on
eight different autosomes; studies of other mouse strains
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Figure 3. Associations between markers and diagnoses. Each panel shows the number of mice with (“Yes”) and without (“No”) the indicated diagnosis
for each of the two alleles indicated in the panel. Pit = Pituitary. Only alleles from the parent whose alleles were associated with the diagnosis are shown.
The p value reflects the result of an analysis, by Fisher exact test, that the association between allele and diagnosis would be obtained by chance, without
correction for multiple comparisons; only associations where p < .01 are illustrated. A “+” sign before the diagnosis indicates that the calculation includes
both lethal and nonlethal diagnoses; the other panels include lethal diagnoses only. Mice with MUS were excluded from the calculations except for the

may well provide evidence for alleles with similar effects
on other chromosomes. Attempts to seek correspondences
between our results and those of the Puel and Gelman anal-
yses are not likely to be very helpful at this early stage, in
part because of differences in the sources of genetic varia-
tion among the mouse populations studied, but we note that
our marker D18Mit55 in Table 2 is 10 cM away from a
marker implicated in the Puel study and that D7Mit91 and
DI12Mit38 are, respectively, 7 cM and 22 cM away from
loci implicated in the Gelman analyses.

The hunt for human loci that contribute to late-life ill-
nesses has already achieved some successes, including dis-
coveries of genes that influence risks of Alzheimer’s disease,
adult onset diabetes, a variety of forms of neoplasia, and
other prominent disease syndromes. The associations be-
tween disease and marker loci shown in Figure 3 do not
meet accepted standards for statistical confidence after
adjustment for multiple comparisons. Evaluation of possible
gene/disease associations at high statistical power will
require analysis of additional numbers of mice; this work is
now in progress. Nonetheless, the available data tend not to
support the idea that the associations between a genetic
marker and life span are attributable to a corresponding

association between the marker and a specific form of late-
life illness. In most cases the life span—associated markers
listed in Table 2 are not associated strongly with any one
form of illness (Figure 3). D10Mit40 is an exception, ap-
pearing in both Table 2 and Figure 3, but the life span result
represents an association between the paternally inherited
DBA allele and survival in males, whereas the disease asso-
ciation concerns the maternally inherited BALB allele and
lymphoma, a disease rarely seen in our male mice.

Analysis of larger sample sizes will be needed to show
whether the associations between markers and life span are
equally strong after stratification for cause of death. It will
be of interest to discriminate among loci that alter the tim-
ing of all disease processes—if any such loci exist—{rom
those that affect only the timing of neoplasia or other spe-
cific forms of late-life disease. It will also be of great inter-
est to see if loci that predict longevity also are associated
with individual differences in the rate of change of age-sen-
sitive physiological traits, such as loss of protective immu-
nity, decline in muscle strength, and accumulation of bio-
chemical lesions including oxidation damage to proteins
and nucleic acids. Linkage evidence from these murine
studies may also prove useful in guiding a search for human
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genes, in homologous chromosomal intervals, that influence
the likelihood of disease-free survival into old age.
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experience in medical education are required.

Academic Geriatrician

The Veterans Administration Medical Center, Washington, DC

Chief of Geriatrics/Associate Chief of Staff for Extended Care

The VA Medical Center, Washington, DC, seeks an academic geriatrician to serve as Chief of
Geriatrics as well as Associate Chief of Staff for Extended Care. This dual position includes
educational, research, and clinical activities in conjunction with a VA-funded fellowship program
and formal affiliation with George Washington University. Board-certification and significant

The VA Medical Center, Washington, DC, seeks an academic geriatrician to join its

interdisciplinary team for teaching, clinical care, and research in the setting of a 120-bed nursing
home and adjacent acute-care hospital, also encompassing home care and rehabilitation. Faculty
appointment is at George Washington University. Candidates should have completed a fellowship
in Geriatrics or be board-certified. Research experience is highly desirable.

Please send CV to Jerome Herbers, MD, Medical Service (111), VA Medical Center, 50 Irving St.,
NW, Washington, DC 20422. Fax: (202) 745-8184. Equal opportunity employer.
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