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Summary

Recent studies have found associations of leukocyte telomere
length (TL) with diseases of aging and with longevity. However, it
is unknown whether birth leukocyte TL or its age-dependent attri-
tion — the two factors that determine leukocyte TL dynamics —
explains these associations because acquiring this information
entails monitoring individuals over their entire life course. We
tested in dogs a model of leukocyte TL dynamics, based on the fol-
lowing premises: (i) TL is synchronized among somatic tissues; (ii)
TL in skeletal muscle, which is largely postmitotic, is a measure of
TLin early development; and (iii) the difference between TL in leu-
kocytes and muscle (ALMTL) is the extent of leukocyte TL shorten-
ing since early development. Using this model, we observed in 83
dogs (ages, 4-42 months) no significant change with age in TLs of
skeletal muscle and a shorter TL in leukocytes than in skeletal mus-
cle (P < 0.0001). Age explained 43% of the variation in ALMTL
(P < 0.00001), but only 6% of the variation in leukocyte TL
(P = 0.035) among dogs. Accordingly, muscle TL and ALMTL pro-
vide the two essential factors of leukocyte TL dynamics in the indi-
vidual dog. When applied to humans, the partition of the
contribution of leukocyte TL during early development vs. telo-
mere shortening afterward might provide information about
whether the individual’s longevity is calibrated to either one or
both factors that define leukocyte TL dynamics.

Key words: aging; skeletal muscle; telomere; life span; lon-
gevity; mammals.

Introduction

In humans, leukocyte telomere length (TL) is associated with aging-
related diseases, cardiovascular disease in particular (Oeseburg et al.,
2010; Aviv, 2011). Furthermore, recent findings suggest diminished sur-
vival of elderly persons with relatively short leukocyte TL (Bakaysa et al.,
2007; Kimura et al., 2008; Fitzpatrick et al., 2011). As leukocyte TL
reflects hematopoietic stem cell (HSC) TL (Sidorov et al., 2009), it is possi-
ble that HSC TL dynamics (HSC TL at birth and its age-dependent shorten-
ing after birth) play a role in aging and longevity.

Correspondence

Abraham Aviv, The Center for Human Development and Aging, Room F-464,
MSB, New Jersey Medical School, University of Medicine and Dentistry of New
Jersey, 185 South Orange Ave, Newark, NJ 07103, USA. Tel.: +973 972 5280;
fax: +973 972 5576, e-mail: avivab@umdnj.edu

Accepted for publication 9 August 2011

© 2011 The Authors

Doi: 10.1111/).1474-9726.2011.00744.x

> A model of canine leukocyte telomere dynamics

Variations of 4-6 kb in leukocyte TL are commonly displayed among
individuals at birth (Frenck et al., 1998; Rufer et al., 1999; Okuda et al.,
2002; Akkad et al., 2006) and throughout the human lifespan (Rufer
et al.,, 1999; Alter et al., 2007; Barbieri et al., 2009). In addition, age-
dependent leukocyte TL attrition is highly variable among individuals
(Chen et al., 2011). For obvious reasons, cross-sectional studies are more
convenient than longitudinal examinations of age-dependent leukocyte
TL shortening over many years, but they require large cohorts comprising
individuals of a wide age range. Moreover, these studies can determine
age-dependent leukocyte TL attrition only for the group but not the
individual.

In humans, TL is highly synchronized (equivalent) at birth and in utero
among cells from different organs and tissues within the individual (Youn-
gren et al., 1998; Okuda et al., 2002; Kimura et al., 2010a). This syn-
chrony is largely maintained in adults (von Zglinicki et al., 2000; Gardner
et al., 2007; Kimura et al., 2010a; Granick et al, 2011). In addition,
reflecting proliferative history, TL in cells of the so-called postmitotic tis-
sues is consistently longer than that of proliferative tissues and cells
(Gardner et al., 2007; Granick et al., 2011). Neurons in the cerebellum
are perhaps the only human somatic cells that hardly replicate during
most of extra-uterine life (Spalding et al., 2005). In this sense, cerebellar
neurons are truly postmitotic. The numbers of skeletal muscle and fat
cells apparently increase during growth and development, but evidently
their replication during adult life is relatively small (Spalding et al., 2005,
2008). For instance, the estimated annual turnover rate of fat cells during
adult life is about 10% (Spalding et al., 2008) and the mean TL in human
skeletal muscle shows little or no change between the ages of 20 and
80 years (Ponsot et al., 2008), suggesting little replicative activity. In
contrast, leukocytes undergo tremendous turnover, which is particularly
fast for neutrophils, the circulation life of which is 68 h (Summers et al.,
2010). Consequently, the rate of leukocyte TL shortening in humans is
approximately 0.03 kilobase (kb) per year during adult life (Chen et al.,
2011) and is considerably faster during growth and development (Frenck
et al., 1998; Rufer et al., 1999; Sidorov et al., 2009). This has been
shown not only for humans but also for monkeys (Baerlocher et al.,
2007), a phenomenon attributed to the higher rate of HSC replication
during early life (Baerlocher et al., 2007; Sidorov et al., 2009).

Accordingly, we designed a model that transforms a cross-sectional
analysis into a quasi-longitudinal analysis of leukocyte TL by using TL in
skeletal muscle as an internal reference of TL in early life. The central pos-
tulate of the model is as follows: TL in skeletal muscle and the difference
between leukocyte and skeletal muscle TLs (ALMTL) provide a broad
account of leukocyte TL dynamics over the life course of the individual.
We tested this postulate in dogs.

Results

A total of 83 dogs (4-42 months old; 58% females) were included in the
study. They comprised a spectrum of breeds from Maltese (body weight
2.4 kg) to bernese mountain dog (body weight 55.8 kg). Their general
characteristics are presented in Table 1. (For a list of all breeds participat-
ing in this study, see Table S1) A few dogs did not have the complete set
of tissues (blood, muscle, and fat).

There was no sex-related difference in TL in any of the tissues after
adjustment for age and weight. There were too few dogs in each breed
to provide any meaningful evaluation of TL by breed.
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Table 1 General characteristics

Parameter All Males Females
N 83 35 48
Age (month) 13.45 + 8.24 15.34 + 9.85 12.06 + 6.60
Weight (kg) 13.69 £ 11.17  15.02 £ 11.27 1275+ 11.12
Telomere length (kb)
Muscle 16.48 + 1.21 16.58 + 1.11 16.41 + 1.29
Fat 16.30 = 1.31 16.58 + 1.39 16.13 £ 1.25
Leukocyte 15.21 + 1.40 15.22 + 1.38 15.21 £ 1.43
Leukocyte-muscle -1.25+0.65 -1.32+0.71 -0.98 + 0.65
Leukocyte—fat -1.11+074 -132+0.83 -0.98 + 0.65
Leukocyte-muscle/month  —0.11 + 0.06 —0.10 £ 0.06 -0.11 £ 0.05
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Fig. 1 Telomere length (TL) in skeletal muscle, fat, and leukocytes. The statistical
analysis is based on 68 dogs with complete set of samples (muscle, fat, and
leukocytes). ***Denotes significant difference for leukocyte TL from both muscle
and fat TL at P < 0.0001 (by paired t-test). The significance of comparisons using all
dogs (N = 79 for muscle, N = 76 for fat, and N = 78 for leukocytes) by nonpaired
t-test was also at P < 0.0001.

Leukocyte TL was considerably shorter than TLs in muscle or fat
(P < 0.0001; Fig. 1). Although TL was slightly shorter in fat than in mus-
cle, this difference was not statistically significant.

Wide inter-individual variations in TLs (~ 6 kb) were observed across
dogs in all tissues, but TLs were highly synchronized within tissues of the
individual dogs, so that dogs with short (or long) telomeres in one tissue
displayed short (or long) telomeres in other tissues (Fig. 2). As per Fig. 1
and Table 1, the linear regression describing the relations of leukocyte TL
with muscle or fat TL was below the identity line, in accordance with the
shorter leukocyte TL than muscle or fat TL. While there was no significant
relation between TL and age for muscle and fat, leukocyte TL shortened
with age at a rate of 0.04 kb month™" (R? = 0.06, P = 0.035) (Fig. 3).

To further explore age-dependent leukocyte TL attrition, we examined
the relation between ALMTL and age. Linear regression was the most par-
simonious model describing this relation, in which the change in ALMTL
with age was 0.052 kb month™ (R? = 0.43, P < 0.00001) (Fig. 4). That
said, it is also apparent that the rate of change in ALMTL was much faster
in younger than in older dogs. This is displayed in Fig. 5, which shows the
rate of change in ALMTL vs. age. This relation is best fitted by a curvilinear
function that describes a more rapid rate of change in ALMTL in younger
than in older dogs (Fig. 5).

We analyzed multi-regression models of (i) ALMTL in which the inde-
pendent variables included age, muscle TL, weight, and sex or (ii) leuko-
cyte TL, normalized for fat (difference between leukocyte TL and fat TL),
in which the independent variables included, age, fat TL, weight, and sex.
Age explained most of the inter-individual variations in both models, but
it accounted for 43.6% of the variation in ALMTL and only for 14.2% of
the variation in leukocyte TL, normalized for fat TL.

Discussion

The central and inter-related findings of this work are as follows: first,
although TLs in skeletal muscle and subcutaneous fat, two poorly prolifer-
ative tissues, are longer than in leukocytes, considerable synchrony exists
in TLs among these three tissues and presumably other somatic tissues.
This TL synchrony was observed in other mammals, including monkeys
(Gardner et al., 2007) and humans (von Zglinicki et al., 2000; Gardner
et al., 2007; Kimura et al., 2010a; Granick et al., 2011). Second, assess-
ment of age-dependent leukocyte TL shortening based on leukocyte TL
data across dogs of different ages is confounded by the wide inter-indi-
vidual variation in leukocyte TL. Third, the change in ALMTL with age pro-
vides a much better account of leukocyte TL dynamics than that of
leukocyte TL across dogs of different ages. Moreover, as the ALMTL
model generates leukocyte TL dynamics data based on the individual
animals rather than across animals, the inter-individual variation in

20 1 20 - 20 -
¥ = 0.94x + 0.85 . = ¥ =0.95r+1.19 = ¥ = 0.87x +0.95
i R = 0.75, P < 0.0004 = R = 0.78, P < 0.0004 = /Y = 0.71, P < 0.0001
= 181 . = 181 = 184
= = s
= s s
E, 16 @ 16 - @ 16 -
@ L] @
s £ g
E 14 5 M- 5 141
2 > . -—
z & £
" 12 - 12 - 12 -
w = b=}
3 . E .
10 r r r . v y r . . T = = = = :
10 12 14 18 18 20 10 12 14 16 18 20 10 12 14 16 18 20

Muscle telomere length (kb)

Muscle telomere length (kb)

Fat telomere length (kb)

Fig. 2 Synchrony in telomere length between skeletal muscle, fat, and leukocytes. N values for the left, middle, and right panels are 73, 74, and 71, respectively.
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Fig. 4 The difference between telomere length in leukocyte and skeletal muscle
(ALMTL) vs. age. N = 74.

age-dependent leukocyte TL shortening can be evaluated in the context
of growth, development, aging, and longevity. This cannot be accom-
plished based on the cross-sectional evaluation of leukocyte TL.

Previous studies were unable to convincingly show age-dependent leu-
kocyte TL shortening in a sample of dogs of one breed or a sample of
dogs of different breeds (Nasir et al., 2001; McKevitt et al., 2002). We
confirmed the difficulty when using the conventional cross-sectional
design. That said, we did detect an age-dependent shortening in leuko-
cyte TL, where within the range of 4-42 months, age explained 6% of
the inter-individual variation in leukocyte TL among dogs. However, age
explained 43% of the inter-individual variation in ALMTL within this age
range.

The growth rate of dogs, like those of most mammals, is not constant,
that is, it is relatively fast early in life and gradually reaches its plateau
(Hawthorne et al., 2004; Trangerud et al., 2007). Moreover, larger dog
breeds display longer growth period than smaller ones, with an estimated
attainment of adult weight at around 9 months for small breeds and up

© 2011 The Authors

Fig. 5 The rate of change per month in the difference between telomere length in
leukocyte and skeletal muscle (ALMTL) vs. age. The figure displays the curvilinear
nature of the relation of the rate of change in ALMTL (N = 74).

to 15 months in large breeds. Different growth phases for different
breeds might explain the wide scatter of the rate of change in ALMTL in
the younger dogs and the leveling off in this parameter in the older dogs.

It is noteworthy that normalizing leukocyte TL for fat TL provided a
better account of age-dependent leukocyte TL shortening than leuko-
cyte TL itself. However, age explained only 14.2% of the inter-indi-
vidual variation in leukocyte TL, normalized for fat TL, suggesting
that fat telomere dynamics might be modified by a wider inter-indi-
vidual variation in the replication of fat cells than skeletal muscle cells
during growth and development, which is evidently the case for
humans (Arner et al., 2010).

Might the findings in dogs be applicable to humans? Humans are
endowed with much shorter telomeres than dogs and live much longer.
Therefore, in principle, TL in HSCs, as expressed in leukocyte TL, might
reach a critical length that sets a limit to the individual’s life course. This is
unlikely to be the case for dogs, at least based on their mean TL.

Aging Cell © 2011 Blackwell Publishing Ltd/Anatomical Society of Great Britain and Ireland
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The question then is to what degree do HSC telomere dynamics define
and to what extent are they defined by human aging. After all, elderly
persons may die with short leukocyte TL and not because their leukocyte
TL is short. Our model might help solving this puzzle by partitioning in a
quantitative way the contribution of TL during early development as
opposed to telomere shortening afterward to leukocyte TL at any given
age. The relative contribution of these factors to the relation between
leukocyte TL and aging has been intractable based on conventional
cross-sectional analyses or short-duration longitudinal evaluations of leu-
kocyte TL.

In practice, specimens of skeletal muscle (and leukocytes) for TL mea-
surements can be obtained during surgeries in the elderly. Moreover,
studies that utilize autopsy specimens might be undertaken with a view
to measure leukocyte and muscle TLs and compute the ALMTL. It is note-
worthy that little is known about the effect of injury and physical activ-
ity/exercise on TL dynamics in human skeletal muscle because most
studies examining these matters were performed in a few subjects. Given
the wide inter-individual variation in TL among individuals, the findings of
these studies are inconclusive (reviewed in Kadi & Ponsot, 2010). It is evi-
dent, nonetheless, that little, if any, skeletal muscle TL erosion occurs in
adults (Ponsot et al., 2008) even though satellite cells in skeletal muscle
may undergo division because of injury and perhaps other factors includ-
ing exercise (Kadi & Ponsot, 2010). Certainly, even if some telomere
shortening takes place after birth, it is but a fraction of leukocyte TL
shortening.

In conclusion, our model assigns in quantitative terms the relative con-
tribution of TL during early development vs. ALMTL to leukocyte TL
dynamics in the individual. If a relatively long TL during early develop-
ment, expressed in muscle TL, explains leukocyte TL in exceptionally old
persons or in healthy elderly individuals, it is likely that HSC TL is a deter-
minant in human aging and longevity. However, if short leukocyte TL in
persons displaying aging-related diseases and diminished longevity is
explained by a greater loss of telomere repeats since early development,
expressed in ALMTL, it is likely that leukocyte TL shortening simply regis-
ters the pace of human aging. Given that among newborns, the inter-
individual variation in TL, as expressed in leukocytes and other somatic
tissues, is at least 4 kb (Okuda et al., 2002; Akkad et al., 2006), it is evi-
dent that at any age throughout the human life course, the main determi-
nant of leukocyte TL, and by inference HSC TL, is TL at birth. We
therefore predict that if telomere biology plays a role in human aging and
longevity, it would be primarily mediated through HSC TL at birth.

Finally, there is still no coherent picture about the connection between
TL and predilection to cancer in the general population, based on the
measurements of leukocyte TL (Wentzensen et al., 2011). This might
relate in part to different methods used to measure leukocyte TL, the
measurement errors of which are quite large in some laboratories, and
confounding by chemotherapy and irradiation — treatments that create
havoc in the hematopoietic system and might impact leukocyte TL. Mea-
surements of muscle TL in laboratories that measure this parameter reli-
ably would therefore provide a better account of the TL-cancer nexus.

Experimental procedures

Dogs and sample collections

We studied dogs of all breeds undergoing spaying or neutering. We
recorded the age from dates of birth provided by the dog owners, breed,
body weight, and sex of each animal. During surgery, we collected blood,
subcutaneous fat, and skeletal muscle (cremaster muscle for male and
rectus abdominis muscle for female dogs).

Telomere length measurement

DNA was extracted by the phenol/chloroform method, and TL was mea-
sured by Southern blot analysis of the terminal restriction fragment
length, as previously described (Kimura et al., 2010b).

Statistical analysis

Data presented in Table 1 are expressed as means + SD. Data presented
in the figures in the form of bar graphs are expressed as mean + SEM. For
each tissue, mean values of TL were compared using a paired Student’s
t-test (Fig. 1). Relationships between continuous variables were deter-
mined using Pearson’s correlation coefficients. Logarithmic model pro-
vided the best fit for the relationship between the rate of ALMTL per
month vs. age (Fig. 5). Multiple linear regression analysis was used to
identify the best independent predictors of ALMTL and the difference
between leukocyte TL and fat TL. P value < 0.05 was considered
significant.

Acknowledgments
This work was supported by NIH grant AG030678.

References

Akkad A, Hastings R, Konje JC, Bell SC, Thurston H, Williams B (2006) Telomere
length in small-for-gestational-age babies. B/JOG 113, 318-323.

Alter BP, Baerlocher GM, Savage SA, Chanock SJ, Weksler BB, Willner JP, Peters
JA, Giri N, Lansdorp PM (2007) Very short telomere length by flow fluores-
cence in situ hybridization identifies patients with dyskeratosis congenita.
Blood 110, 1439-1447.

Arner E, Westermark PO, Spalding KL, Britton T, Rydén M, Frisén J, Bernard S,
Arner P (2010) Adipocyte turnover: relevance to human adipose tissue mor-
phology. Diabetes 59, 105-109.

Aviv A (2011) Genetics of leukocyte telomere length and its role in atherosclero-
sis. Mutat. Res. doi:10.1016/j.mrfmmm.2011.05.001.

Baerlocher GM, Rice K, Vulto |, Lansdorp PM (2007) Longitudinal data on telo-
mere length in leukocytes from newborn baboons support a marked drop in
stem cell turnover around 1 year of age. Aging Cell 6, 121-123.

Bakaysa SL, Mucci LA, Slagboom PE, Boomsma DI, McClearn GE, Johansson B,
Pedersen NL (2007) Telomere length predicts survival independent of genetic
influences. Aging Cell 6, 769-774.

Barbieri M, Paolisso G, Kimura M, Gardner JP, Boccardi V, Papa M, Hjelmborg
JV, Christensen K, Brimacombe M, Nawrot TS, Staessen JA, Pollak MN, Aviv A
(2009) Higher circulating levels of IGF-1 are associated with longer leukocyte
telomere length in healthy subjects. Mech. Ageing Dev. 130, 771-776.

Chen W, Kimura M, Kim S, Cao X, Srinivasan SR, Berenson GS, Kark JD, Aviv A
(2011) Longitudinal vs. cross-sectional evaluations of leukocyte telomere
length dynamics: age-dependent telomere shortening is the rule. J. Gerontol.
Biol. Sci. Med. Sci. 66, 312-319.

Fitzpatrick AL, Kronmal RA, Kimura M, Gardner JP, Psaty BM, Jenny NS, Tracy
RP, Hardikar S, Aviv A (2011) Leukocyte telomere length and mortality in the
cardiovascular health study. J. Gerontol. Biol. Sci. Med. Sci. 66, 421-429.

Frenck RW Jr, Blackburn EH, Shannon KM (1998) The rate of telomere sequence
loss in human leukocytes varies with age. Proc. Natl Acad. Sci. USA 95, 5607—
5610.

Gardner JP, Kimura M, Chai W, Durrani JF, Tchakmakjian L, Cao X, Li G, Peppas
AP, Skurnick J, Wright WE, Shay JW, Aviv A (2007) Telomere dynamics in
macaques and humans. J. Gerontol. A Biol. Sci. Med. Sci. 62, 367-374.

Granick M, Kimura M, Kim S, Daniali L, Cao X, Herbig U, Aviv A (2011) Telo-
mere dynamics in keloids. ePlasty 11, e15.

Hawthorne AJ, Booles D, Nugent PA, Gettinby G, Wilkinson J (2004) Body-
weight changes during growth in puppies of different breeds. J. Nutr. 134(8
Suppl), 20275-2030S.

Kadi F, Ponsot E (2010) biology of satellite cells and telomeres in human skeletal
muscle: effects of aging and physical activity. Scand. J. Med. Sci. Sports 20,
39-48.

© 2011 The Authors

Aging Cell © 2011 Blackwell Publishing Ltd/Anatomical Society of Great Britain and Ireland



Kimura M, Hjelmborg JV, Gardner JP, Bathum L, Brimacombe M, Lu X, Christian-
sen L, Vaupel JW, Aviv A, Christensen K (2008) Telomere length and mortality:
a study of leukocytes in elderly Danish twins. Am. J. Epidemiol. 167, 799-806.

Kimura M, Gazitt Y, Cao X, Zhao X, Lansdorp PM, Aviv A (2010a) Synchrony of
telomere length among hematopoietic cells. Exp. Hematol. 38, 854-859.

Kimura M, Stone RC, Hunt SC, Skurnick J, Lu X, Cao X, Harley CB, Aviv A
(2010b) Measurement of telomere length by the Southern blot analysis of ter-
minal restriction fragment lengths. Nat. Protoc. 5, 1596-1607.

McKevitt TP, Nasir L, Devlin P, Argyle DJ (2002) Telomere lengths in dogs
decrease with increasing donor age. J. Nutr. 132(6 Suppl 2), 16045-1606S.
Nasir L, Devlin P, Mckevitt T, Rutteman G, Argyle DJ (2001) Telomere lengths
and telomerase activity in dog tissues: a potential model system to study

human telomere and telomerase biology. Neoplasia 3, 351-359.

Oeseburg H, de Boer RA, van Gilst WH, van der Harst P (2010) Telomere biology
in healthy aging and disease. Pflugers Arch. 459, 259-268.

Okuda K, Bardeguez A, Gardner JP, Rodriguez P, Ganesh V, Kimura M, Skurnick
J, Awad G, Aviv A (2002) Telomere length in the newborn. Pediatr. Res. 52,
377-381.

Ponsot E, Lexell J, Kadi F (2008) Skeletal muscle telomere length is not impaired
in healthy physically active old women and men. Muscle Nerve 37, 467-472.
Rufer N, Briimmendorf TH, Kolvraa S, Bischoff C, Christensen K, Wadsworth L,
Schulzer M, Lansdorp PM (1999) Telomere fluorescence measurements in granu-
locytes and T lymphocyte subsets point to a high turnover of hematopoietic stem

cells and memory T cells in early childhood. J. Exp. Med. 190, 157-167.

Sidorov |, Kimura M, Yashin A, Aviv A (2009) Leukocyte telomere dynamics and
human hematopoietic stem cell kinetics during somatic growth. Exp. Hematol.
37, 514-524.

Spalding KL, Bhardwaj RD, Buchholz BA, Druid H, Frisén J (2005) Retrospective
birth dating of cells in humans. Cell 122, 133-143.

Spalding KL, Arner E, Westermark PO, Bernard S, Buchholz BA, Bergmann O,
Blomaquist L, Hoffstedt J, Naslund E, Britton T, Concha H, Hassan M, Rydén M,

© 2011 The Authors

Canine telomere dynamics, A. Benetos et al. 995

Frisén J, Arner P (2008) Dynamics of fat cell turnover in humans. Nature 453,
783-787.

Summers C, Rankin SM, Condliffe AM, Singh N, Peters AM, Chilvers ER
(2010) Neutrophil kinetics in health and disease. Trends Immunol. 31, 318-
324.

Trangerud C, Grgndalen J, Indrebg A, Tverdal A, Ropstad E, Moe L (2007) A lon-
gitudinal study on growth and growth variables in dogs of four large breeds
raised in domestic environments. J. Anim. Sci. 85, 76-83.

Wentzensen IM, Mirabello L, Pfeiffer RM, Savage SA (2011) The association of
telomere length and cancer: a meta-analysis. Cancer Epidemiol. Biomarkers
Prev. 20, 1238-1250.

Youngren K, Jeanclos E, Aviv H, Kimura M, Stock J, Hanna M, Skurnick J, Barde-
guez A, Aviv A (1998) Synchrony in telomere length of the human fetus.
Hum. Genet. 102, 640-643.

von Zglinicki T, Serra V, Lorenz M, Saretzki G, Lenzen-Grossimlighaus R, Gessner
R, Risch A, Steinhagen-Thiessen E (2000) Short telomeres in patients with vas-
cular dementia: an indicator of low antioxidative capacity and a possible risk
factor? Lab. Invest. 80, 1739-1747.

Supporting Information

Additional supporting information may be found in the online version of
this article:

Table S1 Breeds used for the study.

As a service to our authors and readers, this journal provides supporting
information supplied by the authors. Such materials are peer-reviewed and
may be re-organized for online delivery, but are not copy-edited or typeset.
Technical support issues arising from supporting information (other than
missing files) should be addressed to the authors.

Aging Cell © 2011 Blackwell Publishing Ltd/Anatomical Society of Great Britain and Ireland



