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Abstract The C57BL/6 mouse, the most frequently uti-
lized animal model in biomedical research, is in use as
several substrains, all of which differ by a small array of
genomic differences. Two of these substrains, C57BL/6J
(B6J) and C57BL/6N (B6N), are commonly used but it is
unclear how phenotypically similar or different they are.
Here, we tested whether adolescent BON mice have a bone
phenotype and respond to the loss of weightbearing differ-
ently than B6J. At 9 weeks of age, normally ambulating BN
had lower trabecular bone volume fraction but greater bone
formation rates and osteoblast surfaces than corresponding
B6J. At 11 weeks of age, differences in trabecular indices
persisted between the substrains but differences in cellular
activity had ceased. Cortical bone indices were largely simi-
lar between the two substrains. Hindlimb unloading (HLU)
induced similar degeneration of trabecular architecture and
cellular activity in both substrains when comparing 11-week-
old HLU mice to 11-week-old controls. However, unloaded
B6N mice had smaller cortices than B6J. When compar-
ing HLU to 9 weeks baseline control mice, deterioration in
trabecular separation, osteoblast indices, and endocortical
variables was significantly greater in B6N than B6J. These
data indicate specific developmental differences in bone for-
mation and morphology between B6N and B6J mice, giving
rise to a differential response to mechanical unloading that
may be modulated, in part, by the genes Herc2, Myol8b, and
Acan. Our results emphasize that these substrains cannot be
used interchangeably at least for investigations in which the
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phenotypic makeup and its response to extraneous stimuli
are of interest.

Introduction

The genetic architecture of an individual regulates not only
normal physiological development but also plays a role in
the predisposition to diseases and their pathogenesis. For
polygenic traits, many genes with predominantly small effect
sizes influence the phenotype, but cumulatively, these genes
can produce large inter-individual phenotypic variation
(Plomin et al. 2009). For instance, genetic makeup accounts
for up to 80% of the differences in body height (Visscher
et al. 2008), a level similar to the genetic contribution to the
variability in bone mineral density (Eisman 1999). Analo-
gous to development, genetic predisposition or mediation
has been implicated in many diseases including cancer,
migraine, non-alcoholic fatty liver disease, and osteoporo-
sis (Eisman 1999; Haan et al. 1997; Hansen and Cavenee
1987; Romeo et al. 2008). Linkage analysis and genome
wide association studies (GWAS), correlating genomic
architecture with phenotypic variation, have allowed the
identification of genetic polymorphisms that either promote
susceptibility or resistance to disorders (Frazer et al. 2009;
Korte and Farlow 2013). For instance, specific mutations in
BRCA1 and BRCA2 introduce a heightened risk of breast
cancer (Mavaddat et al. 2010) while certain mutations in
PTPN?22 lower the risk of acquiring Crohn’s disease (Bayat
et al. 2004; Frazer et al. 2009; Korte and Farlow 2013; Vang
et al. 2005).

Discovery of putative genes often relies on associations
and inherently, gene function has to be confirmed directly,
such as through transgenic mouse models (van Amerongen
and Berns 2006). In knockout (KO) mice, however, the
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genetic background from which the gene is deleted can mod-
ify the phenotypic outcome (Lloyd et al. 2015). For instance,
IL10 null mice bred on a C3H/HeJBir (C3H) background
were highly susceptible to colitis whereas deletion of IL10
from a C57B6/J (B6J) background produced a mouse largely
impervious to colitis pathogenesis (Beckwith et al. 2005;
Mihler and Leiter 2002). This ostensible dichotomy should
not be entirely surprising when considering the large genetic
diversity between the C3H and B6 strains (Wilson et al.
2001), including more than 350 coding site single nucleo-
tide polymorphisms that can alter the amino acid sequence
of the resultant protein (non-synonymous SNPs). This large
genetic variability between these two inbred strains is also
reflected at the tissue level. For bone, C3H mice have a 50%
greater femoral BMD and a greatly reduced susceptibility
to disuse compared to B6J mice (Beamer et al. 1996; Rosen
et al. 2009).

Unlike the extensive genomic differences between inbred
mouse strains, much less is known about phenotypic dif-
ferences between inbred substrains of mice that comprise
only subtle genetic variability. Knockout mice have predomi-
nantly been bred on the C57B6/J (B6J) substrain but the
C57B6/N (B6N) substrain became popular with the imple-
mentation of the Knockout Mouse Project (KOMP) (Austin
et al. 2004; Simon et al. 2013). B6N and B6J mice only
differ by 34 single nucleotide polymorphisms (SNP) and two
insertion—deletion (INDELS) in the coding regions of their
genome, in addition to 15 structural variations (SV) within
chromosomal regions. BON mice have reduced vision, lower
systolic pressure, and greater fat mass compared to B6J
substrain (Simon et al. 2013). Not only do these substrains
exhibit basal differences in certain physiological indices but
they can also respond differently to a given stimulus. In a
model of diet-induced obesity, B6J mice experienced greater
weight gain than B6N accompanied by greater serum glu-
cose and serum leptin levels (Nicholson et al. 2010). These
differences were linked to a spontaneous loss-of-function
mutation in the nicotinamide nucleotide transhydrogenase
(Nnt) gene in the B6J mouse. In spite of clear evidence for
dissimilarity between the B6J and BON substrains, no bone
phenotype or differential skeletal response was previously
found in young adult 14-week-old B6N mice (Simon et al.
2013).

Phenotypic changes resulting from gene deletion can
exhibit age dependency. For instance, lymphoid enhance-
ment factor 1 (Lefl) null mice have low bone mass at 13
weeks of age but not at 34 weeks (Noh et al. 2009). Simi-
larly, bone’s response to catabolic signals such as unloading
can depend on age (Li et al. 2016). In an effort to test for
potential skeletal differences between B6N and B6J, here,
we targeted an age at which mice have reached sexual matu-
rity but are still growing significantly, and exhibit a high sus-
ceptibility to disuse (Li et al. 2016). Specifically, we tested

whether (1) the B6N and B6J substrains exhibit distinct tra-
becular and cortical bone morphology and cellular indices
at 9 and 11 weeks of age and (2) whether they respond dif-
ferently to 2 weeks of disuse (hindlimb unloading).

Methods
Experimental design

All procedures were reviewed and approved by Stony Brook
University’s Institutional Animal Care and Use Committee
(TACUC). Female mice of the C57BL/6J (Stock No. 000664)
and C57BL/6N (Stock No. 005304) substrains were received
from The Jackson Laboratory (Bar Harbor, ME). Mice were
either euthanized at 9 weeks of age (baseline control, 9wk,
n=10), were ambulatory between 9 and 11 weeks and eutha-
nized at 11 weeks (ambulatory age-matched control, 11wk,
n=12), or exposed to hindlimb unloading by tail suspension/
traction (Globus and Morey-Holton 2016) between 9 and
11 weeks and euthanized at 11 weeks (hindlimb unloaded,
HLU, n=12). The experiments were performed on adoles-
cent mice as at this age, overall bone mass of the C57BL/6J
appendicular skeleton has not plateaued yet but the age-
related decline of trabecular quantity and architecture has
commenced (Glatt et al. 2007).

All mice were housed individually, had access to rodent
chow and water ad libitum, and were maintained on a 12 h
light/dark cycle. Body mass was recorded at the beginning
of the experiment and monitored daily (HLU mice) or twice
a week (ambulatory controls). Mice were injected intraperi-
toneally (i. p) with 10 mg/kg calcein (Sigma Aldrich) 2d
and 9d prior to euthanasia for in vivo fluorescent labeling.
After euthanasia, femora were harvested, fixed in 10% neu-
tral buffered formalin for 3648 h, and stored in 70% ethanol
for further processing. Left femurs were used for pCT scan-
ning and histology while right femurs were processed for
histomorphometry.

Microcomputed tomography

Trabecular and cortical bone quantity and architecture of
the distal femoral metaphysis was evaluated by high-res-
olution (10 pm) pCT scanning (uCT 40, Scanco Medical,
SUI). Scans were performed at energy levels of 55 kV and
145 pA, with a 300 ms integration time and 1000 projec-
tions. A region beginning 650 pm proximal to the epiphyseal
growth plate and extending 1500 pm towards the diaphysis
was chosen for the analysis of the distal femur.

Trabecular and cortical bone were analyzed after
separating trabecular struts from the cortical compart-
ment using a semi-automated algorithm (Lublinsky et al.
2007). A thresholding procedure that was identical for
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both substrains of mice reconstructed trabecular and cor-
tical morphology (Judex et al. 2004b). Trabecular indices
including tissue volume (TV), bone volume (BV), bone
volume fraction (BV/TV), trabecular thickness (Tb.th),
trabecular number (Tb.N), trabecular separation (Tb.Sp),
connectivity density (Conn.D), and bone surface to bone
volume (BS/BV) were computed. Cortical indices included
cortical area (Ct.Ar), cortical thickness (Ct.Th), total area
(Tt.Ar), and marrow area (Ma.Ar).

Histology

After uCT scanning, left femurs were decalcified in 14%
EDTA (ethylene diamine tetra acetic acid). Decalcified
bones were embedded in paraffin, and two 5 um sections
per bone were stained with either toluidine blue to meas-
ure osteoblast surface per bone surface (Ob.S/BS, %) and
osteoblast number per bone surface (Ob.N/BS), or with
tartrate resistant acid phosphatase (TRAP) to quantify
osteoclast surface to bone surface (Oc.S/BS, %). For cor-
tical bone, these indices were calculated with either endo-
cortical perimeter (Ec.Pm) or periosteal perimeter (Pe.Pm)
as referent; Ob.S/Ec.Pm, Ob.N/Ec.Pm and Oc.S/ Ec.Pm at
the endocortical surface and Ob.S/Pe.Pm, Ob.N/ Pe.Pm,
Oc. S/ Pe.Pm at the periosteal surface. All analysis was
performed in Osteomeasure, (Osteometrics, Inc., Decatur,
GA, USA).

Histomorphometry

Undecalcified right femora underwent sequential dehy-
dration in increasing concentrations of ethanol, cleared
in petroleum ether, and infiltrated with and embedded in
methyl methacrylate, n-butyl phthalate and benzoyl per-
oxide (Squire et al. 2008). Three 8 um frontal longitudinal
sections per femur were cut using a microtome (Leica Bio-
systems Inc., IL, USA) and analyzed for dynamic indices
of bone formation using Osteomeasure (Green et al. 2012;
Li et al. 2016). Mineralizing surface (MS/BS), mineral
apposition rate (MAR), and bone formation rate (BFR/BS)
were quantified for trabecular bone in the distal femur. One
femur of the 11wk group (B6J) could not be processed due
to technical issues and was excluded from the histomor-
phometric analysis. No double labels were detected in one
11wk sample of both B6N and B6J substrains as well as in
one B6J HLU sample. MAR and BFR/BS were assumed
to be zero in these samples whereas MS/BS, derived from
single labels, was included in the quantification. No histo-
morphometric analysis was performed on cortical bone
because of technical issues.
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Allelic differences in coding genomic regions

SNPs in the coding regions of the B6N and B6J genome
were identified using the Mouse Phenome Database (MPD,
The Jackson Laboratory). The SNP variation query func-
tion within MPD determined non-synonymous SNPs (SNPs
that alter the amino acid sequence of the encoded protein)
between B6N and B6J mice using Sanger SNP data (Alfred-
son et al. 1996; Grubb et al. 2014). SNPs within the same
gene were consolidated. The list of genes harboring SNPs
between BON and B6J were compared to the genetic targets
identified by our previous genetic linkage study in which we
identified bone quantitative trait loci (QTLs) in a F2 mouse
population both at baseline (4 mo old) and after 3 weeks of
unloading (Judex et al. 2013; Sankaran et al. 2015). To this
end, a pool of genes within the unloading QTL intervals that
modulated trabecular BV/TV, Tb.N, Tb.Th, Conn.D, and
BS/BV was generated (Judex et al. 2013). Olfactory recep-
tor genes were removed and SNPs within the same gene
were combined. The genetic targets within different bone
indices were merged to generate a distinct set of unloading
QTL genes which was then compared to the list of SNP dif-
ferences between B6N and B6J.

Statistics

Data were reported as mean + SD. Differences in body mass
between the two substrains at 9 weeks and at 11 weeks were
determined with two-tailed unpaired t-tests. Comparisons
of initial and final body mass within each substrain were
performed via two-tailed paired t-tests. Differences between
9wk, 11wk, and HLU mice within each substrain were
detected with ANOVA followed by a Tukey post-hoc test.
Between-strain differences (B6N vs. B6J) were tested with
two-tailed unpaired #-tests at 9 and 11 weeks. Differences
in the magnitude of bone’s response to hindlimb unloading
between the two substrains were quantified using two-way
ANOVA. Body mass at 9 weeks was used as a covariate in
all uCT comparisons between B6N and B6J mice. Statistical
tests were performed in SPSS for Windows. Significance
was set at @ <5%.

Results
Body mass

At 9 weeks of age and for both substrains, body mass of
9wk and HLU groups were not different from each other.
However, the body mass of 11wk B6N mice was 7.5% lower
compared to the corresponding group on the B6J substrain
(»<0.05) (Fig. 1). Despite lower starting body mass, 11wk
B6N mice gained about 13% in body mass between 9 and 11
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Fig.1 a Body mass of 9wk,
11wk and HLU mice at 9 weeks
of age. b Relative mean change
in body mass (and standard
error of the difference) over the
experimental period in control
and HLU of B6N and B6J mice.
Relative mean differences (and
standard error of the difference)
in (¢) BV/TV, Tb.N, and Tb.Th
and (d) Ct.Ar, Ct.Th, Ma.Ar,
and Tt.Ar between 9wk B6N
and B6J mice (n=10 each).
Microcomputed tomography
images of the (e) trabecular
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weeks, while 11wk B6J mice gained only about 5% in body
mass during the same period (all p <0.05) and consequently,
the differences between these groups at 9 weeks did not per-
sist at 11 weeks. Between 9 and 11 weeks of age, HLU B6J
mice lost about 6% in body mass (p < 0.05) while body mass
of HLU B6N mice was not different between these two time
points (Fig. 1). There were no differences in body mass for
HLU mice between substrains at 11 weeks. There were no
statistically significant differences in body mass between
groups within a substrain.

B6N versus B6J at 9 and 11 weeks (no HLU)
Trabecular bone

At 9 weeks of age, trabecular bone quantity and architec-
tural indices were consistently lower in B6N than in B6J
mice. 9wk B6N mice had lower BV/TV (-21%), Tb.Th
(—6%), and BS/BV (—8%) when compared to 9wk B6J (all
p <0.05) (Fig. 1; Table 1). However, bone formation rates
and osteoblastic surface were greater in 9wk B6N than B6J.
B6N mice had greater MS/BS (63%), BFR/BS (46%), Ob.S/
BS (35%), and Ob.N/BS (23%) (Table 3) when compared
to their B6J counterparts (all p <0.05). At 11 weeks, dif-
ferences in trabecular microarchitectural indices persisted.
11wk B6N mice had lower BV/TV (=29%), Tb.N (—10%),
Tb.Th (=7%). Tb.Sp (11%), and BS/BV (9%) were greater
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Table 1 Trabecular indices of 9wk, 11wk, and HLU groups of B6N

and B6J mice
9wk 11wk HLU

B6N
BV/TV (%) 6.1+0.2% 45+0.7"8 22+0.6%*
Conn.D (1/mm?®)  60.3+28.6 30.7+11.9™ 8.1+£8.5%F
Tb.N (1/mm) 3.9+029%  3.4+026™ 3.1+0.28%%
Tb.Th (um) 38.5+1.9%  38.8+23% 28.0£2.2%%
Tb.Sp (um) 261+21% 294 +2278 330+32%%
BS/BV (%) 753+52%  77.4+428 108.4+9.7#%

B6J
BV/TV (%) 7.8+1.0 6.4+0.8% 44+1.1%%
Conn.D (I/mm®*  812+159 559+159% 40.6+27.3*
Tb.N (1/mm) 41+0.19  3.8+0.17% 3.6+0.23%%
Tb.Th (um) 412423  41.8+1.6 33.8+3.4%1
Tb.Sp (um) 244412 264+ 127 278 +19%
BS/BV (%) 69.4+48  70.7+3.4 87.9+9.6%*

*11wk versus HLU, f9wk versus HLU, f9wk versus

11wk,

#B6N 9wk versus B6J 9wk, §B6N 11wk versus B6J 11wk,
8Gene*(HLU vs. 9wk), Gene*(HLU vs. 11wk)

in B6N than B6J (all p <0.05) (Table 1). No differences
were observed in bone formation rates or osteoblastic sur-
face between 11wk BON and B6J mice. Osteoclastic activity
was similar between B6N and B6J mice at both 9 and 11
weeks. When body mass was not used as covariate (uCT),
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the differences between BON and B6J mice persisted at both
time points.

Developmental growth between 9 and 11 weeks was
compared between the two substrains by comparing tra-
becular indices between 11wk mice and 9wk mice. Tra-
becular microarchitectural indices were lower in 11wk
mice when compared to 9wk mice in both substrains. When
compared to 9wk mice, 11wk B6N mice had lower BV/TV
(—=26%), Tb.N (—=11%), Tb.Sp (13%), and Conn.D (—49%)
(all p<0.05). Similarly, in the B6J substrain, 11wk B6J
mice had lower BV/TV (—=19%), Tb.N (—=7%), Tb.Sp (8%)
and Conn.D (—31%) when compared to 9wk B6J mice (all
p <0.05). Bone formation rates and osteoblastic activity
were either lower or were not different in 11wk B6N mice
when compared to corresponding 9wk B6N mice. 11wk
B6N mice had 29% lower MS/BS and 18% lower Ob.S/BS
when compared to 9wk B6N mice (all p <0.05). Other indi-
ces of bone formation and osteoblastic activity were similar
between 11wk and 9wk BON mice (Fig. 1; Tables 1, 3).
In B6J mice, bone formation and osteoblastic surface were
greater at 11 weeks than at 9 weeks with 92% greater BFR/
BS, and 23% greater Ob.S/BS (all p <0.05). Osteoclastic
activity was not different between 11wk and 9wk mice in
both substrains (Table 3). In B6N mice, trabecular growth
had plateaued or slowed at 11 weeks compared to 9 weeks
(MS/BS: —29%, BFR/BS: nsd, Ob.S/BS: —18%). In contrast,
trabecular growth indices in B6J had accelerated at 11 weeks
when compared to mice at 9 weeks (MS/BS, nsd; BFR/BS,
92%; Ob.S/Bs, 23%) (gene*age, p <0.05).

Cortical bone

Cortical geometry was similar between B6N and B6J mice
both at 9 weeks and 11 weeks of age independent of whether
body mass was used as covariate (Table 2). Osteoblastic
activity and osteoblast number were also similar between
B6N and B6J mice on both the periosteal and endocorti-
cal surface at both time points, with the exception that at
11 weeks, B6N mice had 29% lower Ob.N/Ec.Pm than B6J
mice (p <0.05). Osteoclast activity was not different between
B6N and B6J both on the endocortical and periosteal surface
at both time points (Table 4).

Unlike the trabecular compartment in which bone dimin-
ished between 9 and 11 weeks, cortical indices were greater
at 11 weeks than at 9-week mice in both substrains. Com-
pared to 9wk mice, in the B6N substrain, 11wk mice had 15
and 17% greater Ct.Ar and Ct.Th, while 11wk mice in the
B6J substrain had 13 and 17% greater Ct.Ar and Ct.Th (all
p <0.05). Ma.Ar, Tt.Ar and osteoblast number and surface
on both the endocortical and periosteal surface were not
different between 11wk and 9wk mice in both substrains
(Tables 2, 4). Cortical growth between 9 and 11 weeks
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Table 2 Cortical indices of 9wk, 11wk, and HLU groups of B6N and
B6J mice

9wk 11wk HLU
B6N
Ct.Th (um) 103.4+5.3 120.5+7.3° 110.0£9.5%
Ct.Ar (mm?) 0.57+0.04 0.66 +0.05" 0.54+0.05%°
Ma.Ar (mm?) 1.6 +0.06 1.6+0.08 1.5+0.07
Tt.Ar (mm?) 23+0.11 2.3+0.09 2.2+0.09%®
B6J
Ct.Th (um) 103.8+4.3 121.1 +4.47 112.2+5.9%%
Ct.Ar (mm?) 0.60+0.04 0.68 +0.04" 0.58 +0.04*
Ma.Ar (mm?) 1.6+0.08 1.6+0.05 1.6+0.06
Tt.Ar (mm?) 2.3+0.10 2.4+0.08 2.3+0.09

*11wk versus HLU, f9wk versus HLU, f9wk versus 11wk,
#B6N 9wk versus B6J 9wk, §B6N 11wk versus B6J 11wk,
8Gene*(HLU vs. 9wk), pGene*(HLU vs. 11wk)

followed similar patterns and were not different between
the two substrains (Tables 2, 4).

Hindlimb unloading
Trabecular bone

The effects of hindlimb unloading were quantified by com-
paring HLU mice to both 11wk and 9wk normal-control
mice. In both substrains, HLU mice had a severely depleted
trabecular compartment when compared to either age-
matched 11wk controls or 9wk baseline controls. The com-
promised trabecular structure in unloaded mice was reflected
by architectural degeneration, suppressed bone formation,
and lower osteoblastic surface.

In the BON substrain and compared to 11wk controls,
HLU mice had lower BV/TV (—=52%), Tb.N (—11%), Tb.Th
(—=27%), Tb.Sp (12%), BS/BV (40%), and Conn.D (—74%)
(all p<0.05). Further, HLU mice had 51 and 48% lower
Ob.S/BS and Ob.N/BS and 73% greater Oc.S/BS when com-
pared to their corresponding 11wk controls (p <0.05), with
no statistically significant differences in dynamic indices of
bone formation between these two groups (Fig. 2; Table 1).
In the B6J substrain, HLU mice had lower BV/TV (=31%),
Tb.N (—=5%), Tb.Th (—19%), and BS/BV (24%) when com-
pared to 11wk controls (all p <0.05). This architectural
decline was accompanied by lower MS/BS (-39%), BFR/
BS (—=56%), Ob.S/BS (—40%), and Ob.N/B.Pm (—31%) (all
p<0.05). HLU induced differences in BS/BV were greater
in B6N than in B6J mice (40 vs. 24%; Gene*HLU, p <0.05).
No other differences in trabecular variables were observed
between B6N and B6J when comparing HLU to 11wk
(Fig. 2; Table 1).

Even when compared to 9wk baseline control mice,
rather than 11wk-old age-matched controls, HLU mice in
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Fig. 2 Relative mean differences (and standard error of the differ-
ence) in Tb.Sp, BS/BV, Tb.N, and Tb.Th between HLU (n = 12/sub-
strain) and 9wk (n=10/substrain) mice of B6N and B6J substrains.
*p<0.05 for differences between HLU and 9wk within each sub-
strain; Gene*HLU =p value for the interaction between the factors
gene (substrain) and HLU (unloading)

both substrains had lower trabecular indices. In the BON
substrain, HLU mice had lower BV/TV (-65%), Tb.N
(=20%), Tb.Th (—27%), Tb.Sp (26%), BS/BV (44%),
and Conn.D (-86%). B6J HLU mice also had lower
BV/TV (—44%), Tb.N (—=12%), Tb.Th (-18%), Tb.Sp
(14%), BS/BV (27%), and Conn.D (—=50%) (all p <0.05;
Fig. 2; Table 1). For cellular indices, HLU B6N mice had
lower MS/BS (-29%), Ob.S/BS (—=60%), and Ob.N/B.
Pm (—=52%) while HLU B6J mice had 26% lower Ob.S/
BS (all p <0.05; Fig. 3; Table 3). When comparing the
magnitude of unloading-induced trabecular degeneration
between the two substrains, BON mice were more suscepti-
ble than B6J. Compared to their respective 9-week control
groups, unloaded B6N mice had a nearly twice as large
increase in Tb.Sp (26 vs. 14%) and BS/BV (44 vs. 27%)
than unloaded B6J mice (Gene*HLU, p <0.05). Further,
statistical trends of greater differences in Tb.Th and Tb.N
were observed in B6N mice when compared to the B6J
substrain (Gene*HLU, p =0.08 and 0.06; Fig. 2; Table 1).
When body mass was not used as covariate, differences
persisted. Further, differences in the HLU response
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Fig. 3 Relative mean differences (and standard error of the differ-
ence) in osteoblast surface/bone surface (Ob.S/BS), and osteoblast
number (N.Ob/B.Pm) between HLU (n=12/substrain) and 9wk
mice (n=10/substrain). *p <0.05 for differences between HLU and
9wk within each substrain; Gene*HLU =p value for the interaction
between the factors gene (substrain) and HLU (unloading)

between B6N and B6J were also observed in dynamic indi-
ces of bone formation and bone cell indices. Briefly, HLU
B6N mice exhibited greater suppression of Ob.S/BS (—60
vs. —26%) and Ob.N/BS (—=52% vs. nsd) with respect to
its corresponding 9-week mice when compared to its B6J
counterparts (Gene*HLU, all p <0.05; Fig. 3; Table 4). No
difference in osteoclastic activity was observed between
HLU and 9-week controls in both substrains.

Table 3 Dynamic indices of trabecular bone formation, osteoblast
number, and osteoblast surface of 9wk, 11wk and HLU groups of
BO6N and B6J mice

9wk 11wk HLU
B6N
MS/BS (%) 10.1+23*% 7242137 7.1+221F
MAR (um/d) 114028 144072 1.1+044
BFR/BS (um*um%d) ~ 0.11+0.03* 0.12+0.06 0.08+0.06
Ob.S/BS (%) 68+13"  56+14" 2640778
N.Ob/B.Pm (1/mm) 5710 53409 274059
Oc.S/BS (%) 10.1+4.9 8.0+50 13.8+6.1%
B6J
MS/BS (%) 62+23 8.1+3.9 5.0+1.82"
MAR (um/day) 1.1£047  1.6+0.61  1.1+0.33
BFR/BS (um*/um?day) 0.07+0.04 0.14+0.10" 0.06+0.04
Ob.S/BS (%) 51+0.8 62+1.17  37+07%F
N.Ob/B.Pm (1/mm) 46+0.8 54+1.2 3.8+0.6%
0c.S/BS (%) 11.6+51 107+34 11.6+69

*11wk versus HLU, f9wk versus HLU, f9wk versus 11wk,
#BON 9wk versus B6J 9wk, §BO6N 11wk versus B6J 11wk,
8Gene*(HLU vs. 9wk), pGene*(HLU vs. 11wk)
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Table 4 Indices describing osteoblast cell number and activity on
endocortical and periosteal surface of 9wk, 11wk, and HLU groups
of B6N and B6J mice

9wk 11wk HLU
B6N
Ob.S/Ec.Pm (%) 122433 127422 6.1+2.0%*
N.Ob/Ec.Pm (1/mm) 72+13 7.5+1.2% 4.0+1.2%F
Oc.S/Ec.Pm (%) 047+0.04 0.85+0.83 1.9+1.9%%
Ob.S/Pe.Pm (%) 158+4.0  13.8+24 8.6+2.7%%
N.Ob/Pe.Pm (1/mm)  10.8+3.2 9.0+1.7 6.0+£2.0%%
Oc.S/Pe.Pm (%) 23+1.8 58+11.1 2.8+19
B6J
Ob.S/Ec.Pm (%) 127439 111425 6.6+ 1.6%*
N.Ob/Ec.Pm (1/mm) 7.7+2.0 77417 5.4+13%F
Oc.S/Ec.Pm (%) 25+33 1.3+2.1 1.1+14
0b.S/Pe.Pm (%) 141+32  151+37 125433
N.Ob/Pe.Pm (1/mm) 99+19  127+3.8  113+26
Oc.S/Pe.Pm (%) 2.1+28 1.6+1.0 6.2+5.0%59

*11wk versus HLU, f9wk versus HLU, f9wk versus 11wk,
#BON 9wk versus B6J 9wk, §BO6N 11wk versus B6J 11wk,
8Gene*(HLU vs. 9wk), pGene*(HLU vs. 11wk)

Cortical bone

HLU also compromised the cortical compartment of both
BO6N and B6J substrains of mice. When compared to 11wk
controls, HLU B6N mice had lower Ct.Ar (—18%), Ct.Th
(=9%), and Tt.Ar (=5%), while Ma.Ar was not different
between the two groups (all p <0.05). When compared to
11wk controls, HLU B6J mice had 15% lower Ct.Ar and
7% lower Ct.Th (all p <0.05; Table 2; Fig. 4), while Ma.Ar
and Tt.Ar was not different between the two groups. Com-
pared to the B6J substrain, B6N mice exhibited greater HLU
induced suppression of Ct.Ar (—18 vs. —15%) and Tt.Ar
(—=5% vs. nsd) when 9-week body mass was used as covari-
ate (Gene*HLU, p <0.05). No differences were observed
between the two substrains if no covariates were used. Fur-
ther, B6N HLU mice had 47 and 52% lower Ob.N/Ec.Pm
and Ob.S/Ec.Pm when compared to 11wk mice while HLU
B6J mice had 30 and 41% lower Ob.N/Ec.Pm and Ob.S/
Ec.Pm (all p <0.05). However, no difference in the magni-
tude of the cellular response was detected between the two
substrains. On the periosteal surface, HLU B6N mice exhib-
ited a greater suppression of Ob.N/Pe.Pm (—34% vs. nsd)
and Ob.S/Pe.Pm (—37% vs. nsd) when compared to the B6J
substrain (Gene*HLU, p <0.05). On the endocortical sur-
face, osteoclastic surface was not different between HLU and
11wk mice of the B6J substrain. In the B6N substrain, 2%
of the endocortical surface of HLU group exhibited osteo-
clastic surface compared to 1% of the endocortical surface in
11wk B6N mice (p < 0.05 for the difference; Table 4). On the
periosteal surface of B6N mice, HLU did not significantly
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Fig. 4 Relative mean difference (and standard error of the difference)
in Ct.Ar and Tt.Ar between HLU (n=12/substrain) and 11wk (n=12/
substrain) mice of B6N and B6J substrains. *p <0.05 for differences
between HLU and 11wk within each substrain; Gene*HLU =p value
for the interaction between the factors gene (substrain) and HLU
(unloading)

affect osteoclast surface. In B6J mice, however, osteoclast
surface increased fourfold with HLU (p <0.05), an increase
that was significantly greater in B6J than B6N (Gene*HLU,
p <0.05; Table 4).

In both substrains, cortical morphology was largely simi-
lar between HLU and 9wk controls, with the exception of
greater Ct.Th (8%) in HLU B6J mice than 9wk controls
(p <0.05; Table 2). However, HLU resulted in suppressed
osteoblastic surface and number in both substrains. HLU
B6N mice had 45 and 50% lower Ob.N/Ec.Pm and Ob.S/
Ec.Pm when compared to 9wk mice, while HLU B6J mice
had 30 and 48% lower Ob.N/Ec.Pm and Ob.S/Ec.Pm when
compared to 9wk mice (all p <0.05). On the periosteal
surface, HLU B6N mice exhibited greater suppression of
Ob.N/Pe.Pm (—45% vs. nsd) and Ob.S/Pe.Pm (—46% vs.
nsd) than HLU B6J mice when using 9-week mice as refer-
ent (Gene*HLU, p <0.05; Table 4). In the B6N substrain,
unloading significantly increased (fivefold) osteoclastic
resorptive surfaces at the endocortical surface (p <0.05;
Table 4), contrasting with B6J mice in which no increase
osteoclast surfaces was observed (Gene*HLU, p < 0.05).
At the periosteal surface, HLU did not increase osteoclastic
surface in B6N while in B6J a three-fold difference between
HLU and 9wk controls was observed (all p <0.05; Table 4),
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a differential response between the two substrains which did
not reach statistical significance in two-way ANOVA.

Allelic differences in coding genomic regions

To identify genomic variations between B6N and B6J mice
that may have contributed to the differences in baseline bone
architecture and the response to unloading, we compared
the non-synonymous SNP variations between B6N and
B6J mice to an earlier genetic linkage study (Judex et al.
2013). This genetic linkage study in F2 BALBxC3H mice
was aimed at identifying QTLs that modulate basal bone
morphology, as well as its response to mechanical unload-
ing. From the baseline QTLs in this genetic linkage study,
we identified 326 SNPs that potentially modulate BV/TV,
which amounted to 165 distinct targets after consolidating
SNPs within the same gene and removing olfactory genes.
Following identical data retrieval procedures for other uCT
indices, we identified 95 SNPs and 56 genetic targets for
BS/BV; 216 SNPs and 102 genetic targets for Tb.Th; 592
SNPs and 282 genetic targets for Tb.N; and 312 SNPs and
160 genetic targets for Conn.D. Similarly, from the SNPs
within the unloading QTLs (Judex et al. 2013; Sankaran
et al. 2015), we identified 681 SNPs and 335 distinct genes
for BV/TV, 574 SNPs, and 263 genetic targets for BS/BV,
410 SNPs, and 162 genetic targets for Tb.Th, 125 SNPs, and
65 genetic targets for Tb.N, and 739 SNPs and 353 genetic
targets for Conn.D. The SNPs at baseline and during unload-
ing were separately compared to the SNPs between B6N
and B6J mice. The mouse phenome database generated 60
non-synonymous SNPs between B6N and B6J mice. After
consolidating SNPs within the same gene and removing
olfactory receptor genes, we identified 52 distinct genetic
targets that could contribute to the differences between BON
and B6J mice. From this list, the Herc2 and Acan were the
only two genes that overlapped between the baseline QTL
gene list and the SNP differences between B6N and B6J gen-
erated gene list, potentially contributing to basal differences
between B6N and B6J substrains. Comparison of unloading
QTL genes and the allelic differences between B6N and B6J
yielded Herc2, Myol8b, and Acan as potential genes that
may have influenced the differential response of B6N and
B6J to unloading.

Discussion

The extent of genetic differences between commonly used
substrains of the C57BL/6 mouse (Austin et al. 2004;
Simon et al. 2013) is small. Nevertheless, C57BL/6N ver-
sus C57BL/6J substrains displayed distinct bone architecture
and indices of bone formation at 9 and 11 weeks of age. At
9 weeks, B6N mice had lower trabecular indices than B6J

whereas cortical indices were similar between the two sub-
strains. In B6N, cellular indices of trabecular metabolism
decreased between 9 and 11 weeks while in the B6J sub-
strain, bone formation and bone cell indices increased. In
contrast, cortical osteoblastic surface and number were not
different between 9 and 11 weeks in both substrains. When
compared to age-matched ambulatory controls, hindlimb
unloading, a strongly catabolic (anti-anabolic) signal to
bone, produced a similarly devastated trabecular compart-
ment deterioration in the two strains. However, as trabecular
bone development was different between 6N and 6J in ambu-
latory controls over the 2 weeks experimental duration, the
response to HLU differed between the two substrains. B6N
mice exposed to HLU exhibited a significantly greater dete-
rioration of trabecular architecture and cellular indices from
their 9 weeks baseline levels than B6J mice. Unloading also
resulted in greater suppression of the cortical apposition in
BON. The differential sensitivity of bone to subtle genomic
differences associated with individual mouse substrains may
not only be important to the skeletal field but, by extrapola-
tion, may also be applicable to other tissues and systems
(Kiselycznyk and Holmes 2011).

Our data demonstrated that B6N mice had lower tra-
becular microarchitectural indices (BV/TV and Tb.Th) but
greater osteoblastic indices (BFR/BS and Ob.N/BS) than
B6J mice at 9 weeks (no differences at 11 weeks) while
cortical architecture and osteoblastic indices were largely
similar both at 9 and 11 weeks of age. This contrasts with
a previous study in 14-week-old male and female B6N and
B6J mice investigating differences in tibial bone proper-
ties as well as serum levels of osteocalcin (bone formation
marker) and urinary creatinine (resorption marker) (Simon
et al. 2013). No differences between the two substrains were
found in either male or female mice. Given that trabecular
differences in our study were observed only at 9 weeks but
not 11 weeks without concomitant cortical differences, it is
likely that the discrepancy between the two studies is related
to the age of the mice (9 vs. 14 weeks) (Glatt et al. 2007).
Moreover, the earlier study (Simon et al. 2013) used sys-
temic markers versus site-specific histology in our study, and
differences in sensitivity, specificity, and circadian influence
on systemic markers, may have also contributed to differ-
ences in results (Eastell et al. 1992; Megraud 1996; Otter
etal. 1997).

Unloading-induced trabecular degeneration was measured
comparing HLU mice to either 9- or 11-week normal-control
mice. The differential trabecular response between B6N and
B6J substrains was evident only when comparing HLU to
9wk mice, with losses significantly greater in B6N mice
when compared to B6J. In B6N mice, trabecular bone for-
mation indices declined between 9 and 11 weeks of age and
HLU further suppressed these indices. In B6J mice, however,
trabecular bone formation indices increased between 9 and
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11 weeks and HLU largely prevented this increase. Previous
studies have shown that even in the absence of genetic differ-
ences (i.e., within an inbred strain), the response to mechani-
cal signals (or lack thereof) can be modulated by basal bone
formation indices (Squire et al. 2008). For instance, young
adult (16 weeks) C3H mice with moderately high basal oste-
oblastic function were only mildly responsive to mechanical
loading, but at 32 weeks when basal osteoblastic activity
tapered, these mice responded to cyclic mechanical loading
significantly with anabolic bone formation (Poliachik et al.
2008). Conversely, 16 weeks old C3H mice were unaffected
by 2 or 3 weeks of hindlimb unloading (Amblard et al. 2003;
Judex et al. 2004a) but growing C3H mice (9 weeks) with
very high basal bone formation indices were highly suscepti-
ble to unloading (Li et al. 2016). Thus, skeletal regulation of
mechanical loading and unloading are distinct (Judex et al.
2013; Kesavan et al. 2006) but basal bone formation rates
can play a critical role in bones’ response to these signals.
Extrapolated to our study, it is possible that the differences
in HLU induced bone indices between B6N and B6J were
mediated by the distinctly different basal bone formation
rate and differential bone development pattern inherent to
these two substrains.

Genetic control of skeletal structure and adaptation has
been investigated both in human subjects and mouse models.
For instance, Afro-Caribbean and African American men
have significantly greater bone mineral density across femo-
ral neck, hip, and lumbar spine when compared to Caucasian
men (Nam et al. 2010). Preclinical studies consistently show
large differences in bone’s susceptibility to disuse between
inbred strains of mice (Amblard et al. 2003; Judex et al.
2004a; Squire et al. 2004). The difference between these pre-
vious and our current study is that the extent of the polymor-
phisms across the genome is much smaller. Identification of
specific genes underlying the differences in the magnitude
of the skeletal response to disuse is challenging. Inherently,
the pool of candidate genes grows with the number of poly-
morphisms between mouse strains and may comprise several
hundred genetic targets (Judex et al. 2013). By comparison
to genes suggested in a previous genetic linkage study, here,
we identified Herc2 and Acan as potential genes accounting
for the basal skeletal differences between B6N and B6J and
Herc2, Myol8b, and Acan as potential genetic modulators
of the differential skeletal adaptation to unloading. These
genes add to a previously identified structural variation in
the intronic portion of CSMD1 between B6N and B6J mice
(Simon et al. 2013), which also lies within the interval of our
earlier unloading QTL analysis (Judex et al. 2013).

Herc2 plays a role in regulatory ubiquitination in dam-
aged DNA (Bekker-Jensen et al. 2009). Mice with muta-
tions in the Herc2 gene also exhibit neuromuscular disorders
(Lehman et al. 1998; Walkowicz et al. 1999) and suffer from
impaired growth and movement coordination (Scheffner and
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Kumar 2014). CSMD1 (Cub and Sushi multiple domain
protein 1) is postulated to be a membrane protein (Kamal
et al. 2010) and as a tumor suppressor, plays a role in sig-
nal transduction. Loss or mutations of this gene have been
reported in cancers (Ding et al. 2010; Kamal et al. 2010;
Yokota et al. 1999). The regulatory function of Herc2 and
the signal transduction capability of CSMD1 could be acti-
vated differently or to a varying extent in B6N and B6J mice
upon initiating the catabolic signal of hindlimb unloading.
Our data, however, somewhat argue against this possibility
as the differential response to unloading between B6N and
B6J was likely due to differential growth rather than to dif-
ferences in signal transduction.

Myo18b is commonly expressed in cardiac and skeletal
muscle, regulating intracellular transport or controlling gene
transcription (Salamon et al. 2003; Simon and Wilson 2011).
Polymorphism in Myol8b may have differentially modulated
muscle adaptation between B6N and B6J mice (not meas-
ured here) and, via altered muscle-bone interactions, directly
affected basal bone morphology as well as bone’s suscepti-
bility to unloading (Burr 1997). Aggrecan, the product of the
Acan gene, is found predominantly in cartilage and regulates
tissue hydration and mechanical properties. A 50% reduction
in aggrecan gene expression was observed with unloading in
rats, and while the protein is mainly expressed in cartilage,
it is also found in bone (Sibonga et al. 2000; Wong et al.
1992). Thus, a polymorphism in Acan between B6N and B6J
has the potential to trigger a differential unloading response.
Other polymorphisms known between these two substrains
of mice, for instance the ns-SNP in BMPr2 (bone morpho-
genetic protein receptor 2), ADAMTS3 or ADAMTS12 (a
disintegrin-like and metalloprotease, thrombospondin) also
play a role in bone metabolism and growth (Le Goff et al.
2006; Shi and Massagué 2003) and may have influenced
differences observed between B6N and B6J mice.

The distinct bone microarchitecture, developmental
paradigm, and unloading response between B6N and B6J
mice identified here, when taken in the context of the het-
erogeneous human population, suggest that patient specific
medical care is not only beneficial for genetically diverse
ethnic/racial demographics but may even be applicable to a
relatively homogenous population (Schwartz 2001; Wilson
et al. 2001; Witherspoon et al. 2007). For preclinical models,
this data highlight that subtle allelic differences within a
mouse strain can induce a bone phenotype, suggesting that
for many investigations the B6N and B6J substrains cannot
be used interchangeably and that transgenic mouse models
built on these two closely-related substrains may be afflicted
with differential physiologic responses.
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