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Summary

To better characterize aging in mice, the Jackson Aging Center carried out a lifespan study of 31

genetically-diverse inbred mouse strains housed in a specific pathogen-free facility. We carried

out clinical assessments every 6 months, measuring multiple age-related phenotypes including

neuromuscular, kidney and heart function, body composition, bone density, hematology, hormonal

levels, and immune system parameters. In a concurrent cross-sectional study of the same 31 strains

at 6, 12, and 20 months, we carried out more invasive measurements followed by necropsy to

assess apoptosis, DNA repair, chromosome fragility, and histopathology. In this report, which is

the initial paper of a series, we describe the study design, median lifespans, and circulating IGF1

levels at 6, 12 and 18 months for the first cohort of 32 females and 32 males of each strain.

Survival curves varied dramatically among strains with median lifespans ranging from 251 to 964

days. Plasma IGF1 levels, which also varied considerably at each time point, showed an inverse

correlation with median lifespan at 6 months (R=−0.33, P=0.01). This correlation became stronger

if the short-lived strains with a median lifespan<600 days were removed from the analysis (R=

−0.53, P<0.01). These results support the hypothesis that the IGF1 pathway plays a key role in

regulating longevity in mice and indicates that common genetic mechanisms may exist for

regulating IGF1 levels and lifespan.
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INTRODUCTION

Multiple studies in organisms ranging from flies and worms to humans have demonstrated

that genetics plays an important role in determining lifespan (Kuningas et al. 2008).

Furthermore, single gene manipulations can change the rate of aging. For example,

mutations in genes of the insulin/IGF1 pathway, a well known evolutionarily conserved

pathway, extend the lifespan in many taxa from worms to mammals (Kenyon 2005). In
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humans, polymorphisms of IGF1 pathway genes are significantly associated with longevity

(Bonafe et al. 2003).

The mouse is an excellent model for aging research: mice and humans share ~99% of their

genes (Boguski 2002), yet mice have a relatively short lifespan greatly facilitating aging

studies. Furthermore, the outstanding genetic resources for the mouse include hundreds of

inbred strains and mutants and sophisticated genetic engineering technology for

manipulating its genome (Paigen 1995; Peters et al. 2007). Among the many insights into

aging carried out in mouse models are retardation of aging caused by diet restriction

(Walford et al. 1973; Harrison et al. 1984) and mutations, either spontaneous or genetically

engineered, that increase lifespan such as pituitary hormone Pou1f1 and the growth hormone

releasing hormone receptor, Ghrhr (Brown-Borg et al. 1996; Flurkey et al. 2001; Flurkey et

al. 2002), insulin growth factor 1 receptor, Igf1r (Holzenberger et al. 2003), and the insulin

receptor substrates Irs1 and Irs2 (Taguchi et al. 2007; Selman et al. 2008). Recently, the

mouse has been used to test chemicals that may extend lifespan (Miller et al. 2007).

Quantitative trait loci (QTL) associated with aging in mice have been found (Klebanov et al.

2001; Miller et al. 2002), but these QTL studies utilized only a small number of inbred

strains: C57BL/6J (B6), BALB/cByJ (cBy), 129S1/SvImJ (129S1), C3H/HeJ (C3), DBA/2J

(D2), LP/J, NZW/LacJ (NZW), ST/bJ (ST), and MOLD/RkJ and CAST/EiJ. It has been

suggested that aging studies in mice be carried out in F1 progeny or in F2 progeny derived

from 4-way crosses (Miller 2006), but very little information about lifespan in multiple

strains has been available to help researchers choose which strains to cross. To better utilize

the genetic resources of the mouse in aging research, we initiated the Aging Phenome

Project with the goal of characterizing aging-related phenotypes of multiple inbred mouse

strains. This first report describes the design of our study, explains the rationale for many of

our methods, and describes our findings on median lifespan, plasma IGF1, and the

association of IGF1 with longevity.

RESULTS

We determined lifespan for the first cohort (32 females and 32 males/strain) of 32 inbred

strains. The details of strain selection and experimental design are described in methods.

However, we encountered a few problems with our selected strains. Two wild-derived

strains, MOLF and WSB, were not at the same high health status as the other strains because

they were housed in rooms that tested positive for the pathogens Helicobacter species,

Pneumocystis carinii, and Pasteurella pneumotropica. Because we wished to keep the room

and health status of all strains in the aging project consistent, we hysterectomy derived these

two strains at the start of the study. As a consequence WSB was started later than the other

strains, and since WSB is a long-lived strain, this has considerably delayed the completion

of the study. MOLF, which is a poor breeder and required a long time for hysterectomy

derivation and building up the colony, is not included in this paper, but MOLF data will be

added to MPD. We also had to eliminate studies for some males due to excessive fighting.

This report contains data for females of 31 strains (MOLF omitted) and males of 29 strains

(MOLF, CAST, and P omitted). The numbers of mice of each strain are summarized in S.

Table 1.

Types of death

Of the 1,913 mice entered into the longitudinal study, 366 (19.1%) were still living by the

date of data collection (S. Table 1). Mice found dead or euthanized because they were

moribund and about to die remained part of the dataset. Mice euthanized due to fighting

(2.7% of deaths), mice that failed to recover from blood sampling, and mice that died due to
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laboratory error were excluded from the dataset. Together, these excluded mice accounted

for 35 (4%) females and 46 (5%) males.

Survival curves

In most cases, survival curves for strains in the same genetic groups are presented on the

same graph (males and females on separate graphs) except that groups 3 and 5 are combined

in one graph and groups 6 and 7 in another (Figure 2). Survival curves varied widely within

a group. In group 1, AK mice died early from lymphomas (Karpova et al. 2002;Sommer et

al. 2007), and the premature deaths in this strain may not add much to our understanding of

normal aging. In group 2, SJL mice died early, and previous studies reported a high

incidence of reticulum cell sarcomas in this strain (Carswell et al. 1970;Stavnezer et al.

1989). Survival curves of group 4 strains, all members of the C57 family, were remarkably

similar except for L, whose survival curve dropped sharply after 550 days.

Lifespans

The median lifespans with 95% CIs, calculated from the survival curves, are listed in Table

1 in order from the shortest female median lifespan to the longest. AK females and males

had the shortest median lifespans (251 and 288 days respectively). PL males and females

had the second shortest lifespans (476 and 514 days respectively). Median lifespans were

more than 800 days for both sexes of strains 129S1, B6, BKS, BR, PWD and WSB and for

one sex in strains B10, LP, NON, and R3.

Within-strain median lifespans for males and females were significantly correlated with each

other (R=0.88; P < 0.001; Figure 3A), and sex differences did not significantly affect

lifespan (proportional hazard analysis, data not shown). In only one strain, NON, were the

survival curves significantly different (log-rank test, p=0.013) between the sexes (males 750

days and females 847 days).

All males from 6 strains and all females from 7 strains have died so far. The mean lifespans,

the ages of 25% and 75% death, and the mean lifespans of the 20% longest-lived mice from

these strains are presented in Table 2. Median and mean lifespans for these 13 groups were

highly correlated with each other (R=0.97; P < 0.001). The median and mean lifespans of

the top 20% of the longest-lived mice were also correlated (R2=0.70, P < 0.001).

Circulating IGF1

Comparison of IGF1 levels among inbred strains at the age of 6 months is shown in Table 3

with the males and females shown separately and with the strains arranged from the highest

to lowest IGF1 level. Similar tables for IGF1 levels at 12 and 18 months of age are shown in

S. Table 2A and 2B. Strain, sex, age, and interaction between sex and strains all had

significant effects (p<0.01) on IGF1 levels as shown by ANOVA (data not shown).

IGF1 levels for males and females of each strain were significantly correlated (R=0.74,

p<0.001) as shown in Fig. 2B, which contains data for 6, 12, and 18 months. For some

strains, female and male have significantly different levels of IGF1 as indicated by closed

symbols in Figure 3B. Females of BTBR and L have significantly higher IGF1 levels at all

three time points compared to males; in contrast, females of LP and WSB have significantly

lower IGF1 than males at 2 time points.

The variation of IGF1 levels among these inbred strains is considerable (Table 3, S. Table

1A, 1B). At 6 months, female NOD.B10 mice have IGF1 levels that are 2.9-fold greater than

SM (468± SEM 22 and 159±7 ng/ml), and male MRL mice have IGF1 levels that are 1.8-

fold greater than SM (423±13 and 228±6 ng/ml). Similar differences are observed at the 12
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and 18-month times (S Table 1A, 1B). The SM strain (SM is short for small) was selected

for low body weight when young, and its low IGF1 levels may result from this selection.

Correlation of IGF1 levels with median lifespan

IGF1 levels at all three ages points are negatively correlated with median lifespan (solid

lines in Figure 4) but only the correlation at 6 months was significant. However, some of

strains died at a young age because of specific diseases. For example, most AK mice died of

lymphomas, and the median lifespans were 251 days (females) and 288 days (males). Until

the pathology is complete, we do not know which other strains died early from a specific

disease. However, we separated the strains which died early (median lifespan <600 days)

from the remainder and reanalyzed the correlations of IGF1 with aging for the two groups

separately. In the short-lived strains (median lifespan <600 days), there was either no

correlation or a modest, positive, but non-significant correlation of IGF1 and lifespan

(showed as dashed lines in Fig. 3). For the longer lived strains, the negative correlation of

IGF1 and lifespan became stronger and more significant (showed as dotted lines in Fig. 3): 6

months R=−0.53, p<0.01; 12 months R=−0.39, p<0.01; 18 months R=−0.3, p<0.05.

DISCUSSION

Environmental and genetic effects on longevity

Human and murine aging are defined by signs of change in phenotypes, such as increased

risk of frailty, disability, morbidity, and ultimately, mortality. In the past several decades,

human lifespan has dramatically increased in developed countries because of significant

improvements in environmental conditions and medical care (Oeppen & Vaupel 2002). This

phenomenon is also seen in studies of aging mice. Comparing the current lifespan study,

which is carried out in a specific pathogen free (SPF) environment, with a previous study

conducted in 1966 where the environment was not specified (Storer 1966), the lifespans are

considerably shorter in the 1966 study for most of the 22 inbred strains. For example, the

mean lifespans of B6 female and male mice in the 1966 study are 692 and 676 days,

considerably shorter than the 818 and 827 mean lifespans observed in a 1975 study in a

clean environment (Storer 1966; Goodrick 1975) and shorter than the median lifespan of 866

and 901 days for female and male B6 in our study (the mean lifespan is not yet available).

Genetics also plays an important role in determining longevity. Studies of human twins and

long-lived families estimate that 20~30% of the variation in human lifespan is determined

by genetic factors (Herskind et al. 1996; Mitchell et al. 2001; Hjelmborg et al. 2006).

Siblings of centenarians have a significantly higher chance of becoming centenarians

compared to other members of their birth cohort, and offspring of long-lived siblings have a

lower mortality risk already at middle age, whereas their spouses, with whom they share a

common environment, do not show this survival benefit (Schoenmaker et al. 2006). In the

current report, we observe dramatic strain-dependent variation in median lifespans. Median

lifespans of the shortest-lived strain AK are less than one third of longest female and male

median lifespans, found in WSB and B6.

Genetic regulation of IGF1 levels and its relationship with longevity

Epidemiological studies in normal human populations suggest that IGF1 levels are

genetically regulated. In a cross sectional study of a healthy human population in northeast

Germany, IGF1 levels varied from 30 to 460 ng/ml in 20~25 year old males (Friedrich et al.

2008). Human studies also reveal variations among different races. For example, among 503

nulligravid women between the ages of 17 and 35, black women had significantly higher

IGF1 levels than white women (Jernstrom et al. 2001). Human twin studies further confirm

the strong genetic regulation of IGF1 levels (Juul 2003). In the current study, our results
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showed considerable variation of IGF1 levels among inbred strains, confirming the

importance of genetic influence on IGF1 levels. For example, at the age of 6 months, SM

had IGF1 levels that were about one-third of the highest IGF1 levels found in NOD.B10

females and one-half those found in MRL males. These results suggest that genetic

polymorphisms regulate IGF1 levels in both humans and mice.

Repressing IGF1 signaling can significantly increase longevity in many species from yeast

to mammals (Longo & Finch 2003). In mice, the heterozygous knockout of Igf1r mice

showed lower IGF1 signaling and the female lifespan was extended 33% (Holzenberger et

al. 2003). In a human population study, one mutation in IGF1R, which was associated with

reduced receptor activity, was over-represented in centenarians (Suh et al. 2008). However,

whether circulating IGF1 levels are associated with longevity has not been fully

investigated. In human studies, patients with mutations in growth hormone or growth

hormone receptor have relatively low IGF1, but did not show extended longevity,

presumably because of the metabolic diseases that accompanied the mutations (Laron 2001;

Besson et al. 2003). In mouse studies, the Snell dwarf mouse, which has a mutation in

Pou1f1, exhibited lower IGF1 and longer longevity (Flurkey et al. 2002). Harper et al.

reported that IGF1 levels at the age of 15 months were associated with longevity in the

progeny of a four way cross (Harper et al. 2003). However, these studies tested the

relationship of IGF1 and longevity either in strains with pathological mutations, which

would affect longevities by companion diseases, or in limited strains, which does not reflect

broad genetic diversity of mice. The current study reports longitudinally measured IGF1

levels in multiple inbred strains. The correlation between IGF1 levels at 6, 12 and 18 months

with median lifespan (Figure 3) strongly suggests that IGF1 level is involved in regulating

longevity. This correlation also suggests that identifying the genetic regulators of IGF1

levels may provide insight for understanding the genetic regulation of longevity and clues

for interventions that may extend longevity.

There are two potential underlying mechanisms for the negative correlation between IGF1

level and longevity. First, increased IGF1 levels may increase diseases; for example it has

been suggested that elevated IGF1 increases the risk of cancer in human populations

(Janssen & Lamberts 2004). When the pathology for these inbred strains in our cross

sectional study is completed, the results may shed light on this issue. Second, decreased

IGF1 levels may decrease the signaling of the IGF1 pathway, and consequently reduce the

biological processes of aging and extend longevity (Longo & Finch 2003).

Selecting mouse strains for QTL crosses

QTL analysis is an unbiased, hypothesis-independent, genetic approach that has been used

for more than 20 years to study the genetic regulation of quantitative traits. It identifies a

particular region of the genome as associated with the trait being measured (Lander &

Botstein 1989). The efficiency of a QTL analysis is determined by genetic diversity and

phenotypic variation between parental strains (Sen et al. 2005). The data provided in this

report allow researchers more choice in the selection of parents for QTL crosses for IGF1 or

lifespan. This is true even if an investigator plans to carry out the aging study with

controlled heterogeneity as has been suggested to improve robustness (Committee on

Animal models for Research on Aging, 1981) and provide the genetic “buffering” that is

lacking when all alleles are homozygous (Phelan & Austad 1994). Indeed, five longevity

QTLs have been identified in two 4-way crosses (Klebanov et al. 2001; Miller et al. 2002).

Determining the right age for evaluating mice

To study the biological signs of aging, investigators have compared old mice with young

mice. However, studies of biological aging should avoid both very young and very old mice,
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particularly mice in the last surviving third of a population because young mice may not be

fully mature and old mice may have illnesses (Miller 2006). By characterizing age-related

phenotypes of 31 inbred mouse strains at 6-month intervals throughout their lives and

measuring their lifespan, we have accumulated baseline data that will help investigators

choose mice of the appropriate age for their research.

Identifying new mouse models for age-related diseases

One of our objectives was to identify new models of age-related disease. We have already

found models for muscular dystrophy, arthritis, renal disease, and abnormal

electrocardiograms (reports are in preparation). This report, combined with those of the

pathological analyses and genotyping using high density SNPs, will help identify the genetic

determinants of age-related diseases. For example, this study includes five strains of the

related C57 family originally derived from one mating in 1920s (B6, B10, BKS, BR, and L).

Interestingly, although 4 of 5 strains have similar median lifespans (females: 853~888;

males: 770~901 days), L has a much shorter median lifespan (females: 728 days; males: 736

days). Survival curves (Figure 2) show that survival in L mice dramatically decreased at the

age of 18~19 months. Once the pathology has established the cause of death, the genetic

determinants of that disease most likely will be contained in those small regions of the

genome where L differs from the other 4 related strains.

This integrated aging project will provide the aging research community with a

comprehensive survey of the health characteristics of many mouse strains at regular

intervals throughout their lifespan. The mouse strains represent a broad diversity of genetic

backgrounds, and the phenotypes range from molecular to cellular to organ function levels.

The significant correlations of IGF1 levels with median lifespan strongly suggest that

elucidating the genetic regulation of IGF1 will provide valuable insight into understanding

of the genetic regulation of longevity. The IGF1 and lifespan strain survey data provide the

research community with the information to optimize the design of genetic studies to

understand the regulation of IGF1 and longevity.

EXPERIMENTAL PROCEDURES

Choice of strains

We selected the 32 strains because of their wide genetic diversity, which we estimated from

the SNP genotyping used to separate 102 strains into 7 genetically related groups (Petkov et

al. 2004). We chose the sequenced strain B6, the 15 strains resequenced by Perlegen

Sciences (http://www.perlegen.com), and then added strains for diversity so that each of the

7 genetic groups was represented by 3–7 strains (Figure 1, Table 1). These strains included

the 4 wild-derived strains representing the 4 major subspecies of laboratory mice: WSB/EiJ

(WSB) for Mus mus domesticus, PWD/PhJ (PWD) for M. m. musculus, CAST for M. m.

castaneus, and MOLF/RkJ (MOLF) for M. m. molossinus. NOD/LtJ (NOD), which is a

resequenced strain, develops diabetes and dies early. Therefore, we substituted NOD.

B10Sn-H2b/J (NOD.B10), a congenic strain with the NOD genetic background but a

histocompatibility locus from a diabetes-resistant strain. We could not obtain sufficient

quantities of P males so they were omitted from the study. We had to euthanize mice with

severe fight-wounds from a few strains. In fact, so many CAST males were euthanized that

we withdrew CAST males from the lifespan study. Males of strains SJL and BUB also

fought. We replaced SJL males, and data on these replacements will appear in subsequent

publications. However we could not obtain enough BUB male replacements. We had to

euthanize several female BUB mice that attacked each other. Presumably, the fights were

triggered by incompletely healed incisions made to implant the microchip identifiers. In the
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future, BUB mice implanted with a chip should be isolated until the skin heals completely.

Furthermore, we were able to obtain only 25 instead of 32 CAST females.

Mice and husbandry

All mice were obtained from the Jackson Laboratory. After weaning, they were incorporated

into the study in staggered cohorts over 3 months, except for WSB, which was started 6

months later. They were housed 4/pen in pressurized individually ventilated (PIV)

polycarbonate cages measuring 31 ×31 × 21.4 cm divided into two pens supplied with high

efficiency particulate air (HEPA) filtered air (Thoren Caging Systems Inc., Hazleton,

Pennsylvania). These cages were located in the Genetic Resources Building, a barrier

facility. Room entry procedures required personnel to don caps, facemasks, disposable

gowns, shoe covers, and gloves. Personnel working in this facility are not allowed to have

rodent pets. Mouse colonies in this facility are monitored four times a year for (and are free

of) 15 viruses (mouse hepatitis virus, two mouse parvoviruses, reovirus, Theiler’s mouse

encephalomyelitis virus, ectromelia virus, mouse rotavirus, thymic virus, pneumonia virus

of mice, Sendai virus, murine cytomegalovirus, lactic dehydrogenase-elevating virus, K

virus, mouse adenovirus, and polyoma virus), 17 bacterial species (including Helicobacter

spp. and P pneumotropica), two Mycoplasma spp., external and internal parasites, and

Encephalitozoon cuniculi. Autoclaved white pine shavings (Crobb Box Co. Ellsworth,

Maine) were used as bedding. Cages and bedding were changed every two weeks. Mice had

ad libitum access to acidified water (pH 2.8–3.1) and autoclaved pelleted diet with 6% fat

(Lab diet 5K52, PMI Nutritional International, Bentwood, Mo). Temperature was

maintained between 21–23 °C. To identify mice in the longitudinal group that were used for

aging-related phenotype studies, microchips (Locus Technology, Inc., Manchester, MD

21102) were implanted subcutaneously.

Longitudinal study

Using pooled male and female unpublished lifespan data from a coauthor (DEH) and

assuming that the standard deviations in this study would be similar, we calculated that 70

mice were required to detect a 10% increase in lifespan with a p value of 0.05 and a power

of 0.8. We set up two cohorts for this longitudinal study. The first cohort of mice included

32 males and 32 females of each strain. With additional funding one year later, we added a

second cohort of 32 females to give a total of 64 mice for one sex and 96 for pooled sexes.

Every 6 months, 8 males and 8 females were tested by multiple clinical evaluations. We

assessed neuromuscular function by forelimb grip strength and automated gait analysis,

kidney function by blood urea nitrogen and urinary albumin and creatinine levels, liver

function by alanine aminotransferase, albumin and total bilirubin levels, and immunological

function by a fluorescent-activated cell sorting (FACS). Each 6-month evaluation included a

complete hematological screen including complete differential blood count, hemoglobin,

hematocrit, mean red blood cell volume and other 20 parameters, and routine clinical blood

chemistries including blood urea nitrogen, albumin, total protein, lipase and other 18

parameters. In a 3-day test, we used comprehensive laboratory animal monitoring cages to

assess food and water consumption, respiratory exchange ratios, metabolic heat production,

rest/activity patterns, and sleep behavior. We also measured levels of hormones thought to

be involved in the basic mechanisms of aging: insulin-like growth factor 1 (IGF1), insulin,

leptin, and thyroxin.

Cross sectional studies

Fifteen females and fifteen males were euthanized at each of the three time points, 6-, 12-

and 20-months old. We determined their body composition, bone mineral density, and heart

function using an electrocardiogram. We necropsied them and preserved their tissues and

organs (including tumors) for molecular, cellular, histological, and pathological analyses. To
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determine whether aging is associated with the accumulation of DNA damage, we carried

out micronuclei tests, measured apoptosis, evaluated DNA repair ability, and measured

chromosomal rearrangements by spectral karyotyping at the 12- and 20-month time points.

Estimating age of death (lifespan)

To determine the time and type of death, mice were inspected at least once daily. If older

mice appeared to be too weak to obtain food, a mush of ground pellets and water was placed

on the cage bottom so that they did not die from starvation. Moribund mice were euthanized

if severely ill and it was judged they would not survive another 48 hours. A mouse was

considered severely moribund if it exhibited more than one of the following six clinical

signs: inability to eat or drink; abnormally low body temperature; severe lethargy

(reluctance to move when gently prodded with forceps); severe balance or gait disturbance;

rapid weight loss for a week or more; an ulcerated or bleeding tumor. The age at which a

moribund mouse was euthanized was taken as the best available estimate of its natural

lifespan.

Mice excluded from our analyses

Mice dying abnormally, such as those euthanized because of severe bites, those not

recovering from blood sampling, and those dying as a result of laboratory error were

excluded from our analyses. Mice were considered to have severe bites if their wounds

covered over 20% of the skin or were bleeding or infected and did not significantly improve

after a week of antibiotics. Fighting accounted for 2.7% of the deaths and was particularly

troublesome for BUB and CAST females and BUB, FVB, and SJL males. We also excluded

7 females and 15 males that died within 24 hours after blood sampling at 18 months of age.

Reasoning that death may have occurred from age-related intolerance to the stress of blood

loss, we eliminated a few measurements for older mice, thus requiring a smaller blood

sample (maximum 200 µl) and eliminating this cause of death. Five females and 1 male died

as a result of laboratory error (escape, malfunctioning water bottle).

IGF1 assay

At the age of 6 months, 8 healthy mice of each strain and sex were selected from the

longitudinal cohort for IGF1 measurements. At 12 and 18 months, if any of these mice were

dead or obviously ill, they were replaced by other healthy mice. About 250 µl of blood was

obtained by submandibular bleeding (Golde et al. 2005) using heparin-coated

microhematocrit tubes. This method does not require anesthesia. Plasma was centrifuged at

14,000 rpm for 10 minutes at 4°C. Samples were saved at −70 °C prior to analysis. IGF1

levels were measured by a radioimmunoassay as previously described (Rosen et al. 2000).

Statistical methods

Before being analyzed, lifespan data were stratified by sex. We drew the survival curves

using the Kaplan Meier method excluding censored mice. From these curves, we calculated

median lifespans and 95% confidence intervals (CIs). We tested for differences between

female and male longevity using the log-rank method. To correct for multiple testing, we

used the Benjamini and Hochberg method (Smith et al.). Survival analyses were carried out

using R language 2.40 (http://cran.r-project. org/bin/windows/base/). To determine the

effects of genetic and sex differences on lifespan, we performed a proportional hazard fit

study. Additional analyses were carried out using JMP 6.03 (The SAS institute, Cary, NC).

For IGF1, analyses were carried out using JMP 6.03. Z scores for each sample were

calculated in each sex-strain- time point group. Outliers were defined as z score more than 2

and excluded from further analyses. ANOVA was used to compare IGF1 levels among
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inbred strains at different ages and between sexes. To correct for multiple testing,

significance was adjusted by Turkey HSC method.

Because MOLF mice were started later than other strains, their IGF1 levels at 12 and 18

months have not been measured. Most AK mice died before 12 months, so that their IGF1

levels at 12 and 18 months are absent. Five outliers (z score > 2) of 1358 measurements

were excluded from the analysis.

Public availability of data

The protocols for all studies are listed in www.agingmice.org. We are placing the raw data

from this study in three publicly accessible databases, MPD (www.jax.org/phenome), the

Mouse Tumor Biology Database (MTB, http://tumor.informatics.jax.org) and the Mouse

Pathology Database (Pathbase, http://www.pathbase.net).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Strain selection. The mouse family tree was generated by Petkov et al. (2004). Strains

involved in this study are framed. † NOD/LtJ (NOD) is susceptible to diabetes so we

substituted the diabetes-resistant strain NOD.B10Sn-H2b/J (NOD.B10), which was

generated by transferring the diabetes-resistant major histocompatibility locus H2b

haplotype from the C57BL/10J (B10) to the NOD strain. Δ We used the PWD/PhJ (PWD)

instead of the related PWK/PhJ strain; both were inbred from wild M. m. musculus pairs

caught in the central Czech Republic.
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Figure 2.

Survival curves.

Yuan et al. Page 13

Aging Cell. Author manuscript; available in PMC 2009 October 27.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



Figure 3.

A. Correlation of female and male median lifespans. B. Correlation of female and male

IGF1 levels. IGF1 was measured at 6 (circles), 12 (squares) and 18 (rectangles) months;

closed symbols indicate the IGF1 levels that were significantly different between female and

male mice of the same strain.
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Figure 4.

Correlation of median lifespans with IGF1 levels. IGF1 was measured at 6-(A), 12- (B), or

18-(C) months. Females and males are indicated by circles and rectangles. Solid symbols are

strains with median lifespans less than 600 days; open symbols are strains with median

lifespan greater than 600 days. Correlations are given for all strains (solid line), strains with

median lifespan less than 600 days (dashed line), or strains with lifespan greater than 600

days (dotted line).
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