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TAIL�tendon�break�time�(TTBT)�is�a�simple�and�robust�
assay�to�measure�the�strength�of�tail�tendon�collagen,�

the�primary�component�of�tendons.�TTBT�has�been�widely�
used�as�an� index�of� in�vivo�nonenzymatic�cross-linking,�
which�increases�with�age�(1–6).�During�aging,�the�extra-
cellular� matrix� (ECM)� undergoes� changes� believed� to��
result�in�part�from�cross-linking�of�ECM�proteins.�Elastin,�
collagen,� and� other� components� of� the� ECM,� located� in�
every� organ� and� tissue,� are� integral� in� the� formation� of�
connective� tissues� and� other� cellular� functions� (7–9).�
Within� the� ECM,� increased� nonenzymatic� cross-linking�
results� in�shrinking�of�collagen�fibers,�stiffened�tendons,�
and�decreased�overall�flexibility.�These�properties�are�re-
flected� in� reduced� solubility� and� digestibility� of� tissues�
(1–4)� and� may� contribute� to� the� physiological� declines��
associated�with�aging.

TTBT� varies� among� mouse� strains,� for� example,� in� a�
comparison�of�the�DBA/2�and�C57BL/6�mouse�strains,�the�
shorter� lived� DBA/2� mice� have� longer� TTBT� than� the�
C57BL/6� mice� at� all� ages� tested� (3,5,6).� Previous� studies�
have�relied�extensively�on�quantitative�genetic�analyses�to�
characterize� polygenic� influences� on� TTBT.� Quantitative�
trait�loci�(QTLs)�are�anonymous�loci�with�detectable�effects�
on� quantitative� traits� that� are� determined� by� associations��
between�marker�loci�(known�genes�or�polymorphic�regions�

of�the�chromosome)�and�variability�in�continuously�distrib-
uted�phenotypes.�The�procedure�for�their�identification�was�
originally�developed�in�agricultural�research,�particularly�in�
horticulture�and�livestock�(10–12),�and�has�been�extended�
for�use�in�a�wide�spectrum�of�quantitative�traits� including�
biomedical�research�on�rodents.

Research� on� QTLs� in� laboratory� animals� commonly�
uses� F2� and� recombinant� inbred� (RI)� mice.� Inbreeding�
from� a� genetically� heterogeneous� F2� population� derived�
from�two�inbred�strains�yields�RI�strains.�Animals�within�
each�strain�are�approximately�homozygous� in� like�allelic�
state�for�all�genes�(13),�but�strains�differ�from�each�other.�
The� BxD� RI� strains� (derived� from� a� cross� between� pro-
genitor�strains�C57BL/6J�and�DBA/2J)�are�the�most�com-
mon� of� many� RI� series� used� in� QTL� studies� due� to� the�
relatively� large�number�of� inbred�strains�within� the�BxD�
series� (14,15).�The� original� strains� in� the� BxD� RI� series�
were� developed� by� Benjamin� Taylor� from� the� Jackson�
Laboratories�(16).

The�objective�of� this�study�was� to� identify�QTLs� influ-
encing�TTBT.�QTLs�related�to�TTBT�were�nominated�in�F2�
mice� and� were� tested� for� verification� in� BxD� RI� mouse�
strains� from�the�same�progenitor�populations.�Age-related�
effects�on�TTBT�across�mice�at�200,�500,�and�800�days�of�
age�were�also�examined.
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Methods

Animals and Husbandry
All�mice�(Mus musculus)�in�this�study�(C57BL/6J�[B6],�

DBA/2J�[D2],�23�BxD�RI�strains,�and�B6D2F2�mice)�were�
born� and� housed� in� a� barrier� facility� maintained� by� the��
Center� for� Developmental� and� Health� Genetics� at� the�
Pennsylvania�State�University.�The�cross-sectional�analyses�
included�379�mice�at�200�days,�372�mice�at�500�days,�and�
265�mice�at�800�days�of�age�for�the�B6D2F2�(F2�generation�
of�C57BL/6J�and�DBA/2J�cross)�and�475�mice�at�200�days,�
385�mice�at�500�days,�and�230�mice�at�800�days�of�age�for�
the� means� for� the� 23� BxD� RI� strains.� For� each� BxD� RI�
strain,�the�numbers�of�mice�per�each�RI�strain�and�each�sex�
tested�at�each�age�were�as�follows:�200�days,�8–12�animals�
per�sex;�500�days,�5–12�animals�per�sex;�and�800�days,�4–10�
animals� per� sex.�These� animals�were� age�matched�within�
10–14�days�of�one�another.

Mice�of�the�same�litter�and�sex�were�housed�four�per�mi-
croisolator�cage�upon�weaning.�All�mice�were�maintained�
on�a�schedule�of�12/12�hour�light/dark�cycle�at�a�tempera-
ture�of�21°C�±�2°C�with�approximately�50%�humidity.�Mice�
were�fed�autoclaved�Purina�Laboratory�Rodent�Chow�Diet�
#5010� and� water� ad� libitum.� Anaerobic� bacteria� via� the�
Schaedler�microflora� (17)�was� administered� to� the� axenic�
founding�population�of�the�barrier�colony.�The�microbiolog-
ical� status� of� the� colony� was� monitored� regularly� by� the�
University�of�Missouri�Research�Animal�Diagnostic�and�In-
vestigative� Laboratory� using� their� Comprehensive� Profile�
for�necropsy�and�serology.�Negative�results�were�consistent�
for�all�the�viral�and�bacterial�pathogens�included�in�this�di-
agnostic� profile.� Occasional� indicators� of� “opportunistic”�
bacteria,� Pasteurella pneumotropica� and� Pseudomonas 
aeruginosa,� were� identified,� with� no� or� minimal� health�
consequences�in�immunocompetent�mice.

Collagen Denaturation Assay
The�experimental�schedule�for�harvesting�tissues�was�ran-

domized�with�males�and�females�and�various�strains�sacri-
ficed�each�day.�Approximately�2,000�animals�were�sacrificed�
over�the�course�of�the�entire�study.�Age�cohorts�were�sacri-
ficed�together,�all�200-day-old�animals�before�500-day-old�
animals.� The� 800-day-old� animals� were� terminated� last.�
Tissues�of�the�B6D2F2�animal�group�were�harvested�prior�to�
the�BxD�RI�group�for�each�age.�Between�12�and�16�mice�
were�sacrificed�daily�via�cervical�dislocation.�Tails�were�col-
lected� and� placed� on� ice� until� the� tendons� were� removed�
prior�to�further�dissection�and�harvesting�of�tissues�for�other�
experimental�assays�reported�elsewhere.

Originally�devised�by�Verzar�(18)�in�rats,�the�TTBT�assay�
was� modified� by� Elden� and� Boucek� (19)� to� use� urea� as� a�
denaturation�agent.�Further�modifications�to�the�assay�were�
completed�by�Olsen�and�Everitt�(20)�and�Harrison�and�Archer�
(2).�The� procedure� used� for� collagen� fiber� removal� in� this�

study�was�a�modified�version�of�that�reported�by�Harrison�and�
Archer�(2).�Dorsal�tendons�were�removed�from�the�tail�and�
placed� in� distilled� water� to� prevent� the� tendons� and� tibers�
from�drying�out.�Individual�collagen�fibers�were�separated�by�
forceps�in�the�visual�field�of�a�dissecting�microscope.�Three�
fibers�of�intermediate�thickness�were�chosen�for�each�mouse.�
Each�fiber� (approximately�1�cm� in� length)�was�attached� to��
a� 2.0-g� weight� using� 5-0� surgical� silk� and� suspended� in� a�
125-mL�Erlenmeyer�flask�filled�with�a�7-M�urea�solution�to�
denature� the� collagen� fibers� at� 45°C�±� 0.1°C.� Fiber� break�
times�were�measured�by�recording�time�of�initial�suspension�
until�the�fiber�broke,�with�the�weight�dropping�to�the�bottom�
of�the�flask.

Genotyping
All� B6D2F2� mice� were� genotyped� for� 96� microsatellite�

markers�spaced�at�~20-cM�intervals� throughout�the�mouse�
genome�as�previously�reported�(21).�The�DNA�for�genotyp-
ing�was�extracted�from�tail-tips�collected�at�weaning.�Geno-
types�for�the�23�BxD�RIs�used�included�623�microsatellite�
markers,�a�subset�of�markers�already�determined�in�the�RI�
lines� from� the�Williams�and�colleagues�database� (22)� that�
only� included� informative� markers� with� duplicate� marker�
genotypes�removed.

QTL Analyses

Interval mapping.—Interval� mapping,� proposed� by�
Lander�and�Botstein�(23),�is�used�to�estimate�the�position�
of� a� QTL� between� two� markers.� Interval� mapping� was�
originally�based�on�the�maximum�likelihood�approach,�but�
now�may�simple�regression�as�an�alternate�method.�In�the�
present� data,� both� interval-mapping� methods� were� used.�
The�statistical�program�R/qtl�(24)�was�utilized�for�interval�
mapping� for� the� B6D2F2� data� using� multiple� regression�
with�sex�as�a�covariate�to�investigate�potential�sex�differ-
ences�in�TTBT.�QTL�Cartographer�(25)�was�used�for�inter-
val� mapping� in� the� BxD� RIs.� This� program� applied� the�
maximum� likelihood� approach� as� the� interval-mapping�
method.

QTLs�at�particular�locations�on�the�chromosome�can�be�
displayed� on� a� likelihood� map� using� a� log� of� odds� ratio�
(LOD)�score�plotted�against�chromosomal�position�(12).�A�
LOD�score�is�an�estimate�of�the�likelihood�that�two�loci�lie�
near� each� other� on� the� chromosome� and� with� a� nonzero�
probability�are�transmitted�together.�Suggestive�and�signifi-
cant� thresholds� of� statistical� significance� (values� corre-
sponding�to�the�37th�and�95th�percentiles)�were�determined�
from� 10,000� permutations� of� the� data� (26).� Permutations��
resulted�in�the�estimates�of�the�thresholds�of�3.1�LOD�(sug-
gestive)�and�4.9�LOD�(significant)�for�the�B6D2F2s.�In�the�
BxD�RI�data,�the�threshold�estimates�for�suggestive�QTLs�
were�LOD�scores�of�2.6�for�all�three�ages;�the�significance�
threshold�at�200�days�was�a�LOD�score�of�3.9�and�at�500�
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and�800�days�of�age,�the�threshold�was�a�LOD�score�of�3.7.�
A�1.5-LOD�drop-off�interval�is�a�95%�confidence�interval�
for�interpretation�of�QTL�positioning,�calculated�by�identi-
fying� the�centimorgan�position�on�either� side�of� the�QTL�
peak�with�a�LOD�score�1.5�less�than�the�peak�score�(27).

Interval�mapping�in�the�B6D2F2s�was�conducted�on�raw�
data,�allowing�sex� to�be�used�as�a�covariate.�The�BxD�RI�
data�was�adjusted�for�sex�differences�by�subtracting�the�dif-
ference�of�mean�values�between�the�male�and�female�mean�
in�each�RI�strain�prior�to�interval�mapping.�The�male�mean�
value�was�changed�to�accommodate�this�by�either�adding�or�
subtracting� the� proper� value� to� correct� for� the� sex� differ-
ences�between�the�males�and�females.�Animals�with�scores�
exceeding� 4� SDs� from� the� overall� group� mean� were�
removed�as�outliers�for�both�the�B6D2F2s�(n�<�15)�and�the�
BxD� RIs� (n� <� 15).� In� addition,� the� BxD� 22� strain� was�
excluded�at�all�ages�from�the�analyses�as�an�extreme�outlier,�
with�all�individual�values�much�greater�than�4�SDs�from�the�
mean�of�the�other�strains.�Early�mortality�loss�resulted�in�the�
inability�to�include�the�BxD�13�strain�in�the�analyses�of�the�
500-� and� 800-day-old�mice.�Furthermore,� the� analyses�of�
the�800-day�BxD�RI�mice�did�not�include�the�BxD�8,�14,�16,�
and� 33� strains� because� fewer� than� four� animals� of� these�
strains� survived� to� 800� days� of� age,� totaling� 19� strains��
for�analysis.

Heritability�of�TTBT�in�the�BxD�RIs�(h2
RI)�was�estimated�

using�the�sum�of�squares�(SS)�from�a�one-way�analysis�of�
variance�by�strain�as�the�SSbetween�strains/SStotal�(12).

Candidate gene identification.—Candidate� genes� were�
sought�within�the�QTL�regions�through�first�determining�the�
genetic� map� location� of� the� peak� marker� locus.� Using� the��

1.5-LOD�drop�interval�(95%�confidence�interval),�candidate�
genes�were� identified�using�Mouse�Genome�Informatics�of�
The�Jackson�Laboratories.�The�physical�map�location�of�the�
peak� marker� locus� was� determined� to� identify� whether� the�
suggested�genes�were�applicable.�The�Perlegen�mouse�SNP�
database�was�used�to�determine�the�extent�of�haplotype�differ-
ences�between�B6�and�D2�strains.�The�Perlegen�database�con-
structed�through�resequencing�the�nuclear�DNA�genomes�of�
15�inbred�laboratory�mouse�strains�used�the�publically�avail-
able� sequence� of� strain� C57BL/6J� as� a� standard.�With� this�
approach,�candidate�genes�residing�within�regions�of�haplo-
type�similarity�may�be�excluded,�and�single�nucleotide�poly-
morphisms� of� potential� functional� importance� in� candidate�
genes�in�the�regions�of�haplotype�diversity�may�be�identified.�
The�search�for�candidate�genes�contributing�to�QTL�effects�
(Mouse�Genome�Informatics,�http://www.informatics.jax.org;�
NCBI�Entrez�Gene,�http://www.ncbi.nlm.nih.gov/gene)�was�
also�restricted�to�those�whose�function�was�related�to�tail�ten-
dons�and�potential�factors�influencing�tail�tendon�aging.

Results

Analyses of TTBT in B6D2F2 Intercross and BxD RI 
Strains

Among� the� B6D2F2� intercross� mice,� mean� TTBT� in-
creased�nonlinearly�with�age�from�200�to�800�days�of�age�
(Figure�1)�when�examining�the�200-,�500-,�and�800-day-old�
mice�from�the�cross-sectional�design�of�the�study.�The�con-
tinuous�nature�of�the�distribution�of�the�BxD�RI�means�indi-
cates�that�TTBT�is�likely�influenced�by�a�polygenic�effect�
rather�than�a�single�major�gene�(Figure�2).�The�distribution�
also� demonstrates� that� genetic� segregation� can� yield� RIs��

Figure�1.� Mean�TTBT�change�with�age�of�the�C57BL/6J,�DBA2/J,�and�B6D2F2�animals�at�200,�500,�and�800�days�of�age.�B6,�C57BL/6J;�D2,�DBA/2J;�and�F2,�
B6D2F2.�The�mean�values�for�200,�500,�and�800�days,�respectively,�are�B6s:�19.6,�50.14,�and�169.83;�D2s:�30.99,�107.08,�and�464.55;�and�F2:�23.97,�79.63,�and�
314.69.�The�values�at�each�age�represent�different�cohorts�because�the�mice�were�not�measured�longitudinally.
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beyond�the�range�of�the�progenitors.�Further�examination�of�
these� BxD� RI� strains� through� analyses� of� variance� illus-
trates�several�significant�and�marginally�significant�effects�
of�strain,�sex,�and�age.�At�200�days�of�age,�BxD�RI�strains�
11,�27,�29,� and�30� show�a� significant� sex�difference� (p�=�
.006,� .032,� .058,�and� .009,�respectively).�Fewer�significant�
and�marginally�significant�sex�differences�were�present�at�
500�and�800�days,�with�BxD�8�significantly�different�at�500�
days� (p� =� .001)� and� BxD� 6� (p� =� .059)� significant� at� 800�
days.�The�estimates�of�heritability�for�TTBT�derived�for�the�
BxDk� RI� population� for� males� and� females,� respectively,�
were�0.35�and�0.55�at�200�days�of�age;�0.38�and�0.69�at�500�
days�of�age;�and�0.47�and�0.35�at�800�days�of�age.

QTL Analysis of TTBT in B6D2F2 Intercross
Linkage� analysis� was� used� to� associate� microsatellite�

marker� genotypes� with� TTBT.� Suggestive� or� significant�
QTLs�influencing�TTBT�at�200,�500,�and�800�days�of�age�
were�identified�on�chromosomes�2,�3,�4,�5,�6,�10,�15,�and�17�
(Table�1).

At�200�days�of�age,�a�QTL�on�chromosome�10�at�marker�
D10Mit36� was� considered� significant,� with� remaining�
QTLs� on� chromosomes� 2� (D2Mit30),� 3� (D3Mit42),� 5�
(D5Mit227),� and� 17� (D17Mit93)� identified� as� suggestive.�
At�500�days�of�age,�two�suggestive�QTLs�were�identified�on�
chromosomes�6�(D6Mit111)�and�15�(D15Mit105),�and�data�
from�800�days�of�age�identified�one�suggestive�QTL�located�
on�chromosome�4�with�the�D2�allele�on�the�QTL�associated�
with� increased�TTBT.�Table�1�shows� the� increasing�allele�
associated� with� either� increased� or� decreased� TTBT� for�
each�nominated�QTL.

Figure�3�shows�the�modes�of�gene�action�for�males�and�
females�of�the�D2�and�B6�alleles�at�the�peak�marker�for�each�
QTL� identified.�At� 200� days� of� age,� the� allelic� effects� of�
three�of�five�QTLs�were�different�between� the� sexes.�The�
remaining�QTLs�at�200�days�of�age�and�those�at�500�and�800�
days�of�age�show�the�same�effects�between�sexes.�The�char-
acteristics�of�the�QTLs�including�1.5-LOD�confidence�inter-
vals,�variance�attributed� to�each�QTL,�p�value,�and�allelic�
model�for�the�three�age�groups�are�summarized�in�Table�1.

Figure�2.� Distributions�of�strain�means�with�standard�errors�of�tail�tendon�break�time�(TTBT)�at�200,�500,�and�800�days�of�age�in�the�BxD�recombinant�inbred�
(RI)�strains�and�progenitor�strains�(B6�and�D2)�sorted�in�order�of�increasing�female�TTBT�at�200�days�of�age.�Order�of�the�RI�strains�in�graphs�at�500�and�800�days�
are�based�on�the�order�at�200�days�of�age�for�easy�comparison.�For�each�RI�strain�and�sex,�n�=�8–12�animals�at�200�days,�5–12�animals�at�500�days,�and�4–10�animals�
at�800�days�of�age.�Strains�with�no�values�had�less�than�four�animals�at�that�age�or�did�not�survive�to�age�of�testing.
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The�multiple�regression�models�used�in�the�R/qtl�program�
included�sex�as�a�covariate�for�each�age�group�analysis.�The�
effects�of�the�five�QTLs�at�200�days�of�age�were�retained�in�
the� regression� model� at� different� levels� of� significance:�
chromosome�2�(p�<�.05),�chromosomes�5�and�17�(p�<�.01),�
and�chromosomes�3�and�10�(p�<�.001).�In�addition,�two�sta-
tistically�significant�Sex�×�QTL�interactions�were�identified�
at�200�days�of�age;�one�on�chromosome�5�(p�<�.01)�and�the�
other�on�chromosome�10�(p�<�.001).�At�500�days�of�age,�the�
QTLs�on�chromosomes�6�and�10�were�statistically�signifi-
cant�in�the�regression�model�(p�<�.01),�whereas�the�QTL�on�
chromosome�4�at�800�days�of�age�was�retained�in�the�model�
at�p�<�.001�level�of�statistical�significance.

It�is�notable�that�the�identified�QTLs�are�different�in�each�
age� group.� Figure� 4� displays� an� overlapping� view� of� the�
three�ages�illustrating�changes�of�the�QTLs�over�time�from�
young�adult�mice�to�elderly�mice.

QTL Verification Testing and Linkage Analysis in BxD RI 
Strains

Consistent�with�other�QTL�studies�in�the�literature�(28),�
statistical�methods�to�verify�QTLs�nominated�in�the�B6D2F2�
mice�and�confirm�in�the�BxD�RI�mice�were�performed.�For�
each�QTL�nominated�in�the�B6D2F2�analyses,�the�1.5-LOD�
drop-off� interval� was� calculated� (Table� 1),� followed� by�
identification�of�the�markers�in�the�BxD�RIs�that�fell�within�
these�support�intervals.�Analysis�of�variance�was�performed�
on�single�markers�using�TTBT�strain�means.�Furthermore,�
the�statistically�significant�relationships�within�each�interval�
were�corrected�for�multiple�comparisons�(ie,�the�number�of�
markers�within�the�interval�in�the�BxD�RI�database)�by�the�
Bonferroni� method� (28).�A� one-tailed� test� was� used� as� a�

conservative� method� for� multiple� comparisons� because�
comparisons�are�not�independent�due�to�linkage�of�micro-
satellite� markers.� Following� the� adjustment� for� multiple�
comparisons,�the�effect�on�chromosome�4�remained�statisti-
cally� significant� (p� <� .05),� providing� confirmation� of� the�
QTL�at�800�days�of�age�from�the�B6D2F2�intercross�results�
in�the�BxD�RI�mice.�The�effects�of�the�QTLs�at�200�and�500�
days�of�age�were�not�significant�in�the�RIs�after�adjusting�for�
multiple�comparisons.

Interval�mapping�was�also�used�to�search�for�QTLs�(not�
nominated� in� the� F2� analyses)� influencing� TTBT� in� the�
BXD�RI�strains.�One�QTL�at�800�days�of�age�on�chromo-
some�1�was�identified�in�a�combined�analysis�of�males�and�
females.�This�QTL,�positioned�at�59.7�cM,�had�a�peak�LOD�
score�of�3.40,�with�the�1.5-LOD�drop-off�interval�from�54.2
�to�62.2�cM.�Like�most�QTLs�identified�in�this�study,�this�
QTL�is�genome-wide�suggestive.�The�D2�allele�contributed�
to�increased�TTBT�for�this�QTL.

Candidate Genes
Candidate�genes�were�identified�in�two�of�the�eight�sup-

port�intervals�for�the�QTLs�nominated.�The�Col11a1�gene�
located�on�chromosome�3�was�situated�within�the�identified�
1.5-LOD� support� interval,� coding� for� an� alpha� subunit� of�
Type�XI�collagen.�Type�XI�collagen�is�expressed�in�the�tail�
during�mouse�development�and�controls�matrix�assembly�in�
the�ECM�(29–31).�The�region�of�the�support�interval�of�the�
QTL� on� chromosome� 4� contains� three� candidate� genes:�
Col8a2, Col9a2,� and�Ddost.�Col8a2� and�Col9a2� are�both�
alpha�subunits�of�Type�VIII�and�Type�IX�collagens,�respec-
tively.�The�function�of�the�Type�VIII�alpha�2�subunit�entails�
interactions� with� proteins� in� the� ECM� (32),� whereas� the�

Table�1.� Multiple�Regression�Model�for�TTBT�at�Different�Ages�of�B6D2F2�Mice

Age��
(days) Chromosome

Peak��
Marker

Source�of��
Variance

1.5-LOD��
(confidence�interval)�cM

%��
Variance

p�Value�
(loci)

Increasing��
Allele

Allelic��
Model*

200 Sex 8.5 .00
2 D2Mit300 Chromosome�2�at�46�cM 7.0–109.0 2.1 .01 D2 ♀�H�♂�A
3 D3Mit42 Chromosome�3�at�55�cM 34.4–64.4 3.4 .00 D2 H
5 D5Mit227 Chromosome�5�at�15�cM 9.0–39.0 4.2 .00 ♀�B6�♂�D2 ♀A�♂�R

Chromosome�5�at�15�cM:�sex 2.1 .01
10 D10Mit36 Chromosome�10�at�29�cM 22.0–38.0 5.3 .00 ♂�B6�♀�D2 ♀H�♂�D

Chromosome�10�at�29�cM:�sex 4.6 .00
17 D17Mit93 Chromosome�17�at�46�cM 26.2–56.7 2.4 .01 D2 A

Model�total 19.3
500 Sex 6.8 .01

6 D6Mit111 Chromosome�6�at�64�cM 48.5–70.5 5.2 .00 B6 A
15 D15Mit105 Chromosome�15�at�36�cM 17.8–52.8 3.2 .00 D2 D

Model�total 10.3
800

4 D4Mit190 Chromosome�4�at�79�cM 3.9–79.0 7.1 .00 D2 R
Model�total 7.1

Notes: �1.5-LOD,�cM,�support�interval�of�1.5-LOD�drop�in�cM�determined�from�interval�mapping;� A,�additive;�D,�dominant�(dominant�effect�of�the�allele�associ-
ated�with�an�increase�in�TTBT);�H,�heterosis;�R,�recessive�(recessive�effect�of�the�allele�associated�with�an�increase�in�TTBT);�See�Figure�3�for�graphs�of�the�allelic�
models�for�each�identified�QTL.�The�increasing�allele�is�noted�followed�by�the�allelic�model.

*�Listed�as�combined�sexes�unless�different�for�sex�as�noted.
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Type�IX�alpha�2�subunit�is�involved�at�the�attachment�site�of�
bone�and�tendon�(33).�The�tail�contains�coccygeal�(caudal)�
vertebrae� (34)� and� the� collagen� attaches� to� the� bone� and�
ECM.�Therefore,�Type�IX�collagen�from�the�attachment�site�
may�be�intertwined�with�the�other�tail�tendon�components.�
The� dolichyl-di-phosphooligosaccharide-protein� gly-
cotransferase�gene,�Ddost�located�on�chromosome�4,�is�lo-
cated�near�the�peak�of�the�chromosome�4�QTL�identified�at�
800�days.�It�is�a�receptor�for�advanced�glycation�end�prod-
ucts�(35),�which�accumulate�with�age�in�collagen�from�B6�

and�D2�mice�along�with�an�increase�in�TTBT�(6,36).�The�
Ddost� gene� appears� to� be� a� strong� candidate� gene� for� a�
reproducible�age-related�QTL.

Discussion
Mouse�tail�tendon�fiber�denaturation�in�urea�measured�as�

TTBT�has�long�been�used�as�a�biomarker�of�aging,�although�
the� underlying� genetic� basis� for� interstrain� variation� has�
not�yet�been�determined.�The�results�of�this�study�show�an�
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Figure�3.� Allelic�effects�of�the�markers�closest�to�the�quantitative�trait�loci�(QTL)�peak�in�the�B6D2F2�intercross�at�200,�500,�and�800�days�of�age.�Values�are�
means�±�standard�error�for�males�and�females�separately.�B6,�homozygous�for�C57BL/6J;�H,�heterozygous;�and�D2,�homozygous�for�DBA/2J.
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age-related�decline� in�heritability� and�changes� in� identifi-
able� QTLs.� The� QTLs� identified� at� 200� days� exhibited� a�
greater� influence�on�TTBT� than� the�QTLs�at�500�days�of�
age,�with�the�least�influence�at�800�days�of�age.�These�re-
sults�are�consistent�with�environmental�or�other�nongenetic�
factors,�for�example,�disease,�affecting�the�TTBT�at�the�oldest�
age�group.

The�total�phenotypic�variance�accounted�for�by�the�QTLs�
with�the�covariates�was�19.3%,�10.3%,�and�7.1%�for�200,�
500,� and� 800� days,� respectively,� with� most� of� the� pheno-
typic� variance� attributable� to� sex� (8.5%� at� 200� days� and�
6.8%�at�500�days�of�age).�Furthermore,� the�effects�of� the�
QTLs�contribute�a�small�proportion�of�the�estimated�herita-
bilities�for�each�age�group.�These�results�indicate�that�many�
genes� may� contribute� to� TTBT,� presumably� many� genes�
with�small�effect�size�contributing�to�the�total�variation.

The�results�presented�here�are�in�agreement�with�previous�
studies�documenting�an� increase�with�age� in�mean�TTBT�
for�each�strain,�with�the�shorter�lived�DBA/2�mice�exhibit-
ing�higher�break�times�than�the�C57BL/6�animals�(3).�Sell�
and�Monnier�(6)�reported�TTBT�values�and�tissue�pentosi-
dine�(an�advanced�glycated�end�product)�concentrations�in-
creasing�with�age� in�DBA/2�and�C57BL/6�mice,�with� the�
rate�of� increase� in�TTBT�occurring� faster� in�DBA/2�mice�
(6).� They� also� found� that� dietary� restriction� significantly��
inhibited�the�age-related�increase�of�both�TTBT�and�pento-
sidine�formation�in�DBA/2�mice,�but�only�affected�TTBT�in�
C57BL/6� mice.� Furthermore,� dietary� restriction� also� had�
differential�effects�on�lysyl�oxidase–mediated�cross-linking�
and�nonenzymatic�glycation�of�collagen�(36).�Though�both�
increased�with�age,�nonenzymatic�glycation�of�collagen�was�
attenuated� by� dietary� restriction,� whereas� lysyl� oxidase–
mediated� cross-linking� was� not.� These� data� suggest� that��
nonenzymatic�glycation�may�be�an�important�variable�influ-
encing�TTBT,�though�possibly�not�the�primary�factor�influ-
encing�change�in�TTBT�with�age.�Genetic�variation�in�the�
generation�and�metabolism�of�advanced�glycation�end�prod-
ucts�may�therefore�influence�the�TTBT.�The�finding�that�the�
Ddost�gene�is�associated�with�TTBT�is�consistent�with�this�
hypothesis.

Most�QTLs�identified�in�this�study�were�nominated�in�the�
F2�population�and�not�confirmed� in� the�RI�mouse� strains,�
with�the�only�confirmation�at�800�days�of�age�through�statis-
tical�tests�correcting�for�multiple�comparisons.�Although�it�
was�confirmed�through�statistical�tests,�it�is�more�surprising�
that�the�one�QTL�present�at�800�days�was�not�confirmed�in�
the�RIs.�The�RI�strains� that�died�prior� to�800�days�of�age�

Figure� 4.� (A)� Log� of� odds� ration� (LOD)� plots� of� interval� mapping� in� the�
200-,�500-,� and�800-day�old�B6D2F2� intercross;�black� line� is�200�days,�gray�
solid�line�is�500�days,�and�dashed�black�line�is�800-day�age�group.�Thresholds�of�

significance�marked�by�horizontal�dotted�lines�were�determined�by�10,000�per-
mutations.�The�suggestive�and�significant�thresholds�for�TTBT�were�3.1�and�4.8
�for�200�days�of�age,�3.1�and�4.9�for�500�days�of�age,�and�3.1�and�4.9�for�800�days�
of�age,�respectively.�(B)�Separate�LOD�plots�of�interval�mapping�of�the�200,�500,�
and�800�days�of�age�in�the�BxD�RI�strains.�Thresholds�of�significance�marked�by�
the�horizontal�dotted�lines�were�determined�by�10,000�permutations.�The�sug-
gestive�thresholds�for�TTBT�at�all�three�ages�were�2.6.�The�significant�thresholds�
for�TTBT�were�3.9�at�200�days�of�age�and�3.7�for�500�and�800�days�of�age.
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differed� in� genotype� at� the� location� where� the� QTL� was�
identified,�indicating�that�not�all�the�important�variance�re-
sided�in�this�allele.�The�surviving�RI�strains�also�varied�in�
their�genotype�between�the�B6�and�D2�alleles�at�this�loca-
tion.�Furthermore,�the�smaller�sample�size�of�the�BxD�RIs�
(n�=�23�strain�means�used)�contributes�to�low�power,�pre-
sumably�limiting�detection�of�QTLs�in�the�analyses�(26).�As�
a�result,�QTLs�with�small�effects�may�be�undetectable�in�the�
BxD�RI�mouse�population.�However,�lack�of�verification�is�
not� conclusive� evidence� that� the� QTLs� do� not� exist:� they�
suggest�hypotheses�for� further� research�such�as�genotypic�
selective� breeding� and� further� investigations� of� candidate�
genes.�Therefore,�all�QTLs�nominated�were�examined.

Gender�also�influenced�the�action�of�QTLs.�The�regres-
sion�model�indicated�a�Sex�×�QTL�interaction�at�200�days�
for�QTLs�on�chromosomes�5�and�10.�Examination�of�allelic�
effects�(Figure�3)�for�the�QTL�on�chromosome�5�revealed�
differences�for�males�and�females�with�females�exhibiting�
an� additive� effect� and� males� expressing� heterosis� (hybrid�
vigor)�in�the�direction�of�shorter�TTBT.�The�QTL�on�chro-
mosome� 10� presents� significantly� different� effects� for��
the� males� and� females,� with� males� showing� dominance,�
whereas�the�females�display�heterosis�in�a�decreasing�direc-
tion�(shorter�TTBT).�These�are�the�only�QTLs�noted�in�the�
regression�and�allelic�effects�models�for�the�three�age�groups�
that� confirm� significant� sex� differences.� The� mechanisms�
underlying�these�sex-specific�effects�are�unknown�and�could�
be� caused� by� interactions� of� mitochondrial� or� sex-linked�
genes�or�hormonal�influence�of�the�polymorphic�genes.

Candidate Genes
The�search�for�candidate�genes�contributing�to�QTL�effects�

(Mouse�Genome�Informatics,�http://www.informatics.jax.org;�
NCBI�Entrez�Gene,�http://www.ncbi.nlm.nih.gov/gene)�was�
restricted�to�those�whose�function�was�already�established�as�
related�to�TTBT�physiology.�These�identified�candidate�genes�
were�within�the�1.5-LOD�support�interval�of�the�QTLs�identi-
fied� and� were� in� a� region� of� haplotype� diversity� between�
C57BL/6�and�DBA/2�strains.

TTBT�largely�reflects�the�ability�of�the�tendon�structure�
to� withstand� tensile� force,� which� is� primarily� due� to� the�
presence�and�arrangement�of�collagen�fibrils�in�the�ECM�of�
the� tail� tendon.�Tendon� fibrils� are� predominately,� though�
not�exclusively,�comprised�Type�I�collagen�(37).�The�gene�
for� Type� I� collagen� would� thus� be� an� obvious� candidate�
gene.� However,� the� results� did� not� nominate� or� confirm��
a�QTL� in� the� regions�of�Type� I� collagen�genes� (alpha�1:�
chromosome�11,�56.0�cM�and�alpha�2:�chromosome�6,�0.68�
cM;� Mouse� Genome� Informatics,� http://www.informatics
.jax.org),� suggesting� that� C57BL/6J� and� DBA/2J� strains�
may�not�be�polymorphic� for� this�gene�or� that� it�does�not�
affect�TTBT.�No�polymorphisms�exist�in�the�Col1a1�gene�
between� the� C57BL/6J� and� DBA/2J� strains,� although� 15�
single� nucleotide� polymorphisms� were� identified� in� the�

Col1a2� gene:� 1� in� a� synonymous� region� that� does� not�
change�the�polypeptide�sequence�and�14�in�intronic�regions�
of� the� gene� (NCBI� Entrez� SNP,� http://www.ncbi.nlm.nih
.gov/snp).�Type�VI� collagen� is� present� during� mouse� tail�
development�as�well�as�among�thick�collagen�fibrils�in�the�
adult�tendon.�(38)�Type�XI�collagen�is�also�expressed�in�the�
tail�during�mouse�development.�The�process�whereby�the�
long�parallel� collagen�fibrils�are�deposited� into� the� ECM�
has�not�been�completely�described,�but�it�is�believed�that�a�
variety�of�molecules�may�affect�tail�tendon�structure�(31).�
Growth� differentiation� factor� 5� deficiency� increased� the�
proportion�of�medium�diameter�collagen�fibrils�in�tail�ten-
don�(39).�No�QTLs�were�identified�in�the�regions�that�en-
code�growth�differentiation�factor�5.�However,�the�effects�
from� QTLs� that� reside� elsewhere� but� still� influence� this�
gene,�for�example,�through�regulatory�mechanisms,�cannot�
be�excluded.

Developmental Change
The�different�QTLs�identified�across�the�life�span�suggest�

that�the�effects�of�aging�are�polygenic.�None�of�the�QTLs�de-
tected�at�200�days�influenced�TTBT�at�500�or�800�days,�nor�
did�the�QTLs�identified�at�500�days�influence�TTBT�at�800�
days�of�age.�These�findings�imply�that�the�QTLs�and�underly-
ing�genes�influencing�TTBT�at�200�days�of�age�may�be�“turned�
off”� or� are� not� detectable� at� 500� or� 800� days,� whereas� the�
QTLs�and�underlying�genes�at�500�days�may�not�have�been�
“turned�on”�or�do�not�have�a� significant�effect�at�200�days.�
Between�200�and�500�days�of�age,�the�QTLs�identified�at�500�
days�exhibit�greater�influence�on�the�trait,�whereas�the�effect�of�
the�QTLs�at�200�days�of�age�declines.�At�800�days,�the�influ-
ence�of�the�QTLs�detected�at�500�days�has�decreased,�resulting�
in�nonsignificant�or�absent�QTLs,�whereas�evidence�for�a�new�
QTL�appeared,�which�was�not�detectable�at�earlier�ages.

Low�statistical�power�is�likely�the�reason�only�one�QTL�
was�identified�as�significant�(on�chromosome�10)�and�one�
confirmed�QTL�(on�chromosome�4).�Regardless,�all�identi-
fied�regions�were�targeted�for�potential�candidate�genes�and�
are�worth�examining�further.�Perhaps,�QTLs�do�not�interact�
independently� and� need� to� be� identified� in� groups.� This�
would�require�a�greater�number�of�RI�strains�(greater�than�
23)� to� increase� the�power� to� identify�QTLs�whether� inde-
pendently� or� in� groups.� In� summary,� TTBT-influencing�
QTLs� have� been� identified� whose� influence� is� evident� at�
some�but�not�other�ages.�The�heritability�estimates�of�TTBT�
for�females�were�calculated�to�be�greater�than�males�in�all�
age� groups� and� all� values� decrease� over� time,� consistent�
with�the�identification�of�more�QTLs�at�200�days�of�age�than�
in�the�older�age�groups.
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